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Sediment records from proglacial lakes between 9 and 10 S in the western Cordillera of the Peruvian
Andes document the waxing and waning of alpine glaciers since the end of the Lateglacial stage. These
records from the southern tropical Andes provide supporting evidence that the early Holocene (between
12 and 8 ka) was relatively warm and dry, and the middle Holocene (between 8 and 4 ka) was marked by
a shift to cooler, and possibly wetter conditions in certain regions, leading to glacial advances. Although
there were multiple periods of brief ice advances that interrupted the overall trend, glaciers in multiple
valleys generally retreated from w4.0 ka through the Medieval Climate Anomaly (1.0e0.7 ka). This late
Holocene pattern of ice retreat occurred during a period when lake level studies, and both lacustrine and
speleothem stable isotopic records indicate wetter conditions relative to the middle Holocene, suggesting
that higher temperatures contributed to the pattern of ice retreat. Following this period of glacial retreat,
multiple proxy records suggest that the start of the Little Ice Age (w0.6e0.1 ka) was a colder and wetter
time throughout much of the tropical Andes. There appear to be two primary synoptic-scale climatic
controls on temperature and precipitation linked to insolation dynamics that drive changes in ice cover
in the southern tropical Andes during the Holocene: 1) the strength of the South America Summer
Monsoon, which is linked to Northern Hemisphere temperatures and the mean position of the Intertropical Convergence Zone over the Atlantic, and 2) sea surface temperature distributions in the tropical
Paciﬁc Ocean and its inﬂuence on atmospheric temperature, precipitation and circulation patterns.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Discerning the timing and causes of Holocene temperature and
precipitation variations in the tropical Andes is important for our
general understanding of global climate change (IPCC, 2007). The
tropical hydrologic cycle, for example, plays a critical role in lowlatitude climate dynamics through ocean and atmospheric circulation (Baker et al., 2001; Münnich and Neelin, 2005; Cruz et al.,
2009), and our ability to predict future environmental changes
linked to these processes requires a better understanding of how
these parameters changed during the Holocene (Seltzer et al.,
2000). Recent studies of glacier ﬂuctuations document the timing
and pattern of high-altitude environmental changes that are linked
to ocean-atmospheric dynamics (Francou et al., 1995; Vuille et al.,
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2008a; Bradley et al., 2009; Rabatel et al., 2013). However, fundamental questions remain regarding the relative contributions of
precipitation and temperature to glacier mass-balance in the
tropical Andes, and the synoptic-scale mechanisms that caused the
observed changes over longer, pre-instrumental time-scales
(Jomelli et al., 2009).
Rodbell et al. (2008) provide a review of clastic sediment records
from the tropical Andes, highlighting the potential for using proglacial lake sediment cores to document the history of glaciation,
and discuss the potential mechanism for the observed changes.
They focused on the timing and magnitude of variations in clastic
sediment ﬂux to proglacial lakes during the last local glacial
maximum and Lateglacial stage (w30e10 ka). Many of the lake
sediment records they used are from drainage basins that have
been devoid of glaciers for the entire Holocene. Here, we build on
this work by focusing on lakes from catchments in the western
Cordillera of central Peru that are presently glacierized, and likely
have been for much of the Holocene. A compilation of three lake
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sediment records, with west-facing slopes in the Cordilleras Blanca,
Huayhuash and Raura, document changes in clastic sediment ﬂux
in their respective valleys since the end of the Lateglacial stage (ca
12 ka). We compare our ﬁndings with proxy reconstructions of
regional precipitation (Baker et al., 2001; Cruz et al., 2009; Bird
et al., 2011a; Strikis et al., 2011), ice core records (e.g. Thompson
et al., 2006) and dated positions of paleo-ice margins (Buffen
et al., 2009; Licciardi et al., 2009) in order to differentiate between the effects of temperature and precipitation on glacial
variability during the Holocene.
2. Study site
2.1. Regional geology
The three proglacial lakes discussed in this study are from westfacing slopes of adjacent mountain ranges in the tropical Peruvian
Andes that collectively form the NW-SE-trending, western-most
glacierized cordillera of Peru (Fig. 1). From north to south, these
ranges are the Cordillera Blanca, the Cordillera Huayhuash and the
Cordillera Raura. The Cordillera Blanca is a w200-km-long mountain range that is actively uplifting due, in part, to the prominent
southwest-facing Cordillera Blanca Detachment Fault (McNulty and
Farber, 2002). Modern glaciers in the Cordillera Blanca sit almost
entirely on Miocene to Pliocene granite and granodiorite. There are
also Cretaceous and Jurassic metasedimentary rocks that are
mostly hornfels and quartzite (Clapperton, 1993). The Cordillera
Huayhuash is located between the Cordillera Blanca and the Junin
Plain. Most of the Huayhuash is southeast of the inﬂuence of the
major normal faulting that is occurring in the Cordillera Blanca, and
instead, thrust faulting and folding of Mesozoic sedimentary and
metasedimentary rocks are evident along with Tertiary volcanic
and intrusive rocks (Coney, 1971). Likewise, the Cordillera Raura
exhibits thrust faulting and folding of rocks that are the similar in
composition and age as those in the Huayhuash. The bedrock in
these regions is mostly Cretaceous sedimentary and metasedimentary rocks, with some Tertiary volcanic and intrusive rocks, and
descriptions of these units are found in Coney (1971), Cobbing et al.
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Fig. 1. Location map of sites discussed in the text. Shaded areas represent surface
elevation greater than 4000 m asl. Arrows indicate predominant moisture-bearing
easterly wind direction that causes higher precipitation on the eastern slopes of the
central Peruvian Andes.

(1981), and Cobbing and Garayar (1998), with geochemical data in
Stansell (2009).
2.2. Laguna Queshquecocha e Cordillera Blanca
The Queshque massif is in the southern Cordillera Blanca, Peru
(Fig. 2). The headwall of the watershed is w5600 m asl. Laguna
Queshquecocha (9 480 S, 77180 W, 4260 m asl), with a maximum
water depth of w8.3 m, is dammed by moraines and outwash fans
of the last local glacial maximum (Rodbell, 1991). Approximately
600 m up-valley from Laguna Queshquecocha is a smaller lake that
is impounded by a Lateglacial moraine, dated by cosmogenic 10Be to
w12.5 ka (Farber et al., 2005); a sediment record from this upper
lake was discussed in detail in Rodbell et al. (2008). There are two
glacierized drainages that feed sediment to the upper lake, with an
outlet feeding lower Laguna Queshquecocha. The bedrock beneath
the active glaciers is a combination of granodiorite and metasedimentary rocks, and glaciers advance to override proportionally
higher amounts of granodiorite.
2.3. Jahuacocha e Cordillera Huayhuash
Laguna Jahuacocha (Fig. 3) is located on the west side of the
Cordillera Huayhuash (10140 S, 76 560 W, 4076 m asl). The headwall
of the watershed is w6406 m asl. The bedrock beneath the active
glacier is dominated by carbonates and granitic intrusions, which
contrasts markedly with the siliciclastic rocks that underlie the lake
and much of the catchment that is not presently ice-covered
(Coney, 1971). The lake is dammed by an end moraine that has
been dated by cosmogenic 10Be methods to the early Holocene
(10.1  0.9 ka; Hall et al., 2009). The Jahuacocha watershed has the
greatest topographic relief and highest headwall elevation of the
sites presented in this study. A prominent and very large moraine
above Jahuacocha has not been dated, and it is possible that it is a
compound moraine that was built during multiple glacial advances
during the Holocene. The modern glaciers that provide meltwater
and sediment to Laguna Jahuacocha are located mostly on the Santa
Formation, which consists largely of carbonates, as well as granitic
rocks. Bedrock beyond these active glaciers is dominated by the
Carhuaz Formation that consists mostly of siliciclastic rocks.
2.4. Lutacocha e Cordillera Raura
Laguna Lutacocha (10 330 S, 76 430 W, 4320 m asl) is located in
the southern Cordillera Raura (Fig. 4). The headwall of the watershed is w5250 m asl. The lake is dammed by bedrock and has a
water depth of w6.5 m. The lake is the second in a series of three
paternoster lakes that extend down-valley from an active glacier.
The upper lake acts as a sediment trap, leading to the deposition of
relatively ﬁne-grained sediments in Laguna Lutacocha. There are
multiple till deposits of varying ages in the Cordillera Raura, and
most of these deposits have not been dated. Till in the vicinity of
Laguna Lutacocha was initially interpreted as being Neoglacial by
Clapperton (1972, 1983), although the deposits themselves have
not been dated and could correspond to older events. These presumed Neoglacial till deposits extend down to an elevation as low
as 4350 m, which is only w30 m above the present shoreline of
Laguna Lutacocha. This implies that meltwater from glaciers would
have been ﬂowing directly into the lake at times of glacial advances,
resulting in changes in the composition of sediments being
deposited. Topographic maps from A.D. 1965 identify multiple
glaciers in the northeast and southwest quadrants of the watershed, but only one glacier in the northeast remains today
(McFadden et al., 2011). The modern glacier for Lutacocha is located
on the Jumasha limestone that consists of bioclastic and pelletal
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Fig. 2. Shaded relief map of the Laguna Queshquecocha watershed and photograph of coring site in the lower lake (inset) with present-day ice limits generated from LiDAR data
collected in 2008. The mapped positions of the A.D. 1962 ice limits are from Mark and Seltzer (2005). A moraine that impounds the upper Laguna Queshquecocha has been dated to
the Lateglacial stage (Farber et al., 2005). Pre-LIA Neoglacial moraines in the main Queshque valley are situated above the Queshquecocha lakes (Röthlisberger, 1987; Rodbell et al.,
2008). The other mapped Neoglacial and Lateglacial stage ice limits are also indicated. The bedrock beneath the active glaciers is a combination of granodiorite and metasediment
rocks, and glaciers advance to erode proportionally higher amounts of granodiorite.

limestone and dolomite with layers of ﬁne-grained carbonate and
rare calcareous siltstone. Bedrock beyond the active glacier includes interbedded gray and brownish shale, calcareous shale,
bituminous shale, siltstone, sandstone, quartzite and limestone.
Although not formally mapped in the Lutacocha watersheds, our
ﬁeldwork identiﬁed Tertiary intermediate composition ﬂows and
pyroclastic rocks that are similar to what has been identiﬁed in
nearby valleys (Cobbing and Garayar, 1998).

Fig. 3. Shaded relief image of the Laguna Jahuacocha watershed and adjacent regions
in the Cordillera Huayhuash. The coring site at Laguna Jahuacocha is indicated in the
inset photograph. The bedrock beneath the active glacier is mostly carbonate rocks
with granitic intrusions, whereas the rocks that underlie the non-glacierized portions
of the catchment are dominantly siliciclastic. The ages of moraines and basal ages from
lakes and bogs are reported in Hall et al. (2009), Rodbell et al. (2009) and this study.
Although discontinuous, these ages suggest that ice retreated at the end of the Lateglacial stage and remained at elevations above Laguna Jahuacocha throughout the
Holocene. There is a prominent moraine up-valley from Laguna Jahuacocha that has
not been dated, and is possibly a compound feature of middle and late Holocene ice
advances.

2.5. Modern climate and conditions that affect glacier mass balance
The climate of the tropical Andes is typical of low latitudes,
where the diurnal temperature range is greater than the annual
range. Precipitation is derived mostly from Atlantic Ocean
moisture that is transported to the Andes via the easterlies
(Garreaud et al., 2009). Seasonal rainfall variability in the

Fig. 4. Shaded relief image and photograph (inset) of the Laguna Lutacocha watershed
and surrounding Cordillera Raura. The bedrock beneath the active glacier is mostly
limestone (above w4600 m asl), whereas that underlying the non-glacierized portions
of the catchment is dominated by siliciclastic rocks and sedimentary units of mixed
composition. Clapperton (1983) reported ages of 2.5  0.8 ka for peat capped by till
approximately 800 m in front of Glacier Niñococha. The Neoglacial ice limit was
mapped by Clapperton (1972), although absolute ages have not been assigned.
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tropical Andes is linked to the position of the Intertropical
Convergence Zone (ITCZ) over the Paciﬁc and Atlantic Oceans,
and by the strength of the South American Summer Monsoon
(SASM) over the Amazon Basin (Zhou and Lau, 1998; Maslin and
Burns, 2000; Maslin et al., 2011; Vuille et al., 2012). Inter-annual
and multi-decadal rainfall patterns and temperature ﬂuctuations
over South America are affected by variability in mean-state
conditions in the Atlantic and Paciﬁc Oceans (Johnson, 1976;
Nobre and Srukla, 1996; Henderson et al., 1999; Vuille et al.,
2000; Bradley et al., 2003; Vuille and Werner, 2005). For
example, the warm phase of the El Niño Southern Oscillation
(ENSO) typically produces higher wet season rainfall amounts at
low elevations along the Paciﬁc coast of Peru, and the opposite
during cold phases (Coelho et al., 2002). At altitude, glaciers are
affected by ENSO through large-scale circulation dynamics and
zonal ﬂow anomalies in the upper troposphere that affect
snowfall (Vuille et al., 2008b). Detailed meteorological data for
the Cordilleras Raura and Huayhuash are currently lacking, but
monthly records since A.D. 1948 are available for the nearby
Cordillera Blanca. Although the relationship breaks down during
certain years, El Niño events generally cause warm and dry
conditions, whereas La Niña events are cold and wet in alpine
regions of the southern tropical Andes (Vuille et al., 2008b). In
addition, precipitation amounts are affected by positive sea-level
pressure anomalies in the North Atlantic Ocean, as these usually
result in a displacement of the ITCZ and a shift in the strength of
the SASM (Chiessi et al., 2009). Cloud cover data from satellite
imagery, and relative humidity values from station data also
indicate a seasonal pattern, with generally higher levels during
the wet season (Fairman, 2006).
Aspect and the orientation of glaciers in the western Cordillera
of South America are largely controlled by the structural trend of
the Andes, and also reﬂect regional gradients in precipitation and
solar radiation (Hastenrath, 2009). The NWeSE trend of the
mountain ranges in central Peru generally explains the distribution of glaciers (Kaser and Georges, 1997). While precipitation
moisture originates from easterly winds, the local geologic
structure of the Cordillera Blanca and resulting diurnal shading
favors the development of more and larger glaciers in SW facing
valleys like Queshque (Kaser and Georges, 1997; Mark and Seltzer,
2005). On the western side of western Cordillera, where our work
is focused, mean annual precipitation decreases with decreasing
elevation, producing arid conditions below 2000 m asl altitude
(Seltzer, 1992). For example, an average of w1200 mm/yr of waterequivalent frozen precipitation falls on the existing glaciers in the
Cordillera Raura (station elevation: 4900 m asl) (Ames and
Hastenrath, 1996), and only w520 mm/yr of precipitation occurs
at a meteorological station in the town of Oyon, w10 km southwest of the Lutacocha watershed (3600 m asl) (Lawrimore et al.,
2011).
The mass balance of glaciers in the tropical Andes responds
to both temperature and precipitation changes. From a glaciological perspective, the western Cordillera of central Peru (w8e
11 S) is intermediate between the inner and outer tropics, with
precipitation and humidity being seasonal, yet high enough to
limit substantial ice loss to sublimation (Kaser and Osmaston,
2002). The dominant mode of ablation in these regions is
melting, and the equilibrium line altitude (ELA) of glaciers
mimics the local freezing level height (or 0  C isotherm). Modern temperature values and radiosonde observations indicate
that ELA’s in the central Andes have risen by at least w70 m
since wA.D. 1962, as a consequence of warming temperatures
(Mark and Seltzer, 2005). At the same time, precipitation has
decreased, accelerating the rate of recent glacial retreat (Vuille
et al., 2008b).

3. Methods
3.1. Fieldwork
Proglacial lakes in the western Cordillera of Peru that contain
continuous sediment records through the Holocene were targeted
for coring and analyzes. Water depth at each site was measured by
sonar prior to coring. A 1090-cm-long composite sediment core
was taken from the depocenter (8.3 m) of Laguna Queshquecocha
in 2009 using a square-rod piston corer (Wright et al., 1984), and
stored in split PVC tubes in the ﬁeld. A surface core was also
collected from nearly the same location using a piston and polycarbonate tubing in order to capture the ﬂocculent material that
comprises the sedimentewater interface. The top 25 cm of the
surface core were sampled in the ﬁeld at 0.5-cm intervals. Similarly,
a 582-cm-long composite sediment core was collected from Laguna
Lutacocha in 2006 (water depth: 6.5 m) also using a square-rod
piston corer, and we were able to collect the modern section of
the record in split PVC. Likewise, a w1200-cm-long composite core
that included the modern section of the record was collected from
Jahuacocha in 2003 (water depth: 3.5 m) using a square-rod piston
corer and stored in split PVC. Glacial till and bedrock samples were
collected from exposed units in each watershed for geochemical
analysis, and to characterize the source material for clastic sediments that accumulate in the studied lake basins.
3.2. Geochronology
The sediment chronology for each lake is based on radiocarbon
ages of charcoal and aquatic macrofossil samples that were picked
under a binocular microscope (Table 1). Samples were pre-treated
using standard acidebaseeacid protocols (Abbott and Stafford,
1996), and measured using accelerator mass spectrometry at the
Keck Radiocarbon facility at the University of California, Irvine.
Radiocarbon ages were then calibrated and converted to calendar
ages (with present deﬁned as A.D. 1950) using Oxcal version 4.1 and
the Intcal 09 dataset (Reimer et al., 2009). Ageedepth models are
based on polynomial functions for median ages that were generated using Bayesian statistical methods and the depositional model
program in Oxcal (Fig. 5) (Bronk Ramsey, 2008). The Queshquecocha core was also measured for 210Pb activity (Oldﬁeld and
Appleby, 1984) at the University of Pittsburgh.
3.3. Sedimentology and geochemistry
Multiple methods were used to measure the geochemistry for
each sediment core. First, the sediments were analyzed using an
ITRAX scanning X-Ray Fluorescence (XRF) instrument (Croudace
et al., 2006; Rothwell and Rack, 2006) at the Large Lakes Observatory at the University of Minnesota, Duluth. The sediments were
measured by XRF at 1- to 4-mm spacing with 30-s exposure time
for each interval. Between 30 and 50 freeze-dried samples from 1cm-thick sections of the Queshquecocha and Lutacocha sediment
cores were also analyzed by the ALS Chemex commercial facility in
Reno, Nevada using both ICP-MS and ICP-AES in order to convert
XRF values (counts per second) to units of concentration. This also
enabled us to merge the geochemical data from the extruded
Queshquecocha samples with the longer sediment record that was
measured by scanning XRF. The Jahuacocha geochemical data were
not converted to concentrations and are presented here as counts
per second (CPS). Magnetic susceptibility (MS) was measured at a
2- to 5-mm interval using a Tamiscan high-resolution surfacescanning sensor connected to a Bartington susceptibility meter
either at the University of Pittsburgh or at Union College. In addition, total inorganic carbon (TIC) and total carbon (TC) values were
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Table 1
Radiocarbon ages used in this study. The calibrated age ranges were calculated using OxCal v4.2 and the Intcal 09 dataset (Bronk Ramsey, 2008; Reimer et al., 2009). The
modeled ages are the result of the depositional model method within the OxCal program. The range represents the 2-sigma values, and the median ages are in parentheses.
Lab #
Queshquecocha
UCI-75960
UCI-75961
UCI-75962
UCI-75963
UCI-75964
UCI-75984
UCI-75985
UCI-75986
UCI-75987
Jahuacocha
UCI-113089
UCI-113090
UCI-113091
UCI-113092
UCI-113093
UCI-113094
UCI-113095
UCI-113096
UCI-113097
UCI-113098
UCI-113099
UCI-113100
Lutacocha
UCI-22772
UCI-37625
UCI-37626
UCI-37627
UCI-37628
UCI-22773
UCI-37541
UCI-22850
UCI-25181
UCI-22851
UCI-32730
UCI-25180

14

2 s calibrated age (cal yr BP)

Oxcal modeled age (cal yr BP)

326-(469)-509
1182-(1279)-1307
1542-(1610)-1695
3265-(3347)-3383
4627-(4735)-4893
5309-(5404)-5469
7435-(7538)-7650
9453-(9511)-9551
15265-(15,946)-16486

327-(470)-509
1181-(1277)-1307
1545-(1615)-1697
3263-(3344)-3382
4645-(4749)-4846
5310-(5399)-5467
7460-(7550)-7658
9452-(9510)-9551
15164-(15,682)-16321

Depth (cm)

Measured

68
129
172
304
471
520
703
782
1064

390
1340
1705
3110
4200
4650
6670
8520
13,130

25
30
30
20
30
35
55
50
45

183
331
377
705
797
900
930
966
1061
1119
1171
1201

1140
3065
3480
4355
4635
4730
5100
5195
6245
7210
7410
7520

30
35
70
40
20
70
100
15
30
110
140
110

968-(1033)-1169
3169-(3290)-3369
3575-(3755)-3958
4845-(4924)-5039
5310-(5418)-5450
5319-(5467)-5590
5607-(5836)-6174
5915-(5942)-5990
7026-(7196)-7258
7828-(8040)-8311
7956-(8225)-8506
8052-(8323)-8546

978-(1058)-1172
3165-(3279)-3365
3475-(3642)-3784
4851-(4935)-5039
5305-(5322)-5442
5495-(5575)-5710
5654-(5773)-5897
5917-(5956)-5991
7028-(7197)-7258
7719-(7926)-8096
8030-(8209)-8369
8197-(8363)-8541

61
77
89
109
137
182
202
227
254
292
576
131

520
205
520
930
1260
2000
1935
2435
3030
4615
8330
370

25
40
25
30
30
30
20
35
30
30
60
20

510-(530)-622
0-(180)-310
510-(530)-622
781-(850)-926
1088-(1210)-1281
1880-(1950)-2035
1825-(1880)-1929
2353-(2480)-2701
3084-(3250)-3345
5292-(5410)-5461
9136-(9350)-9476
427-(450)-500*

475-(486)-503
481-(492)-504
509-(533)-621
778-(847)-925
1090-(1214)-1281
1829-(1896)-1935
1878-(1920)-1986
2354-(2478)-2700
3157-(3253)-3350
5083-(5327)-5457
9140-(9356)-9483
*
Omitted

C age

Measured error ()

measured for all 3 cores by coulometry (Englemann et al., 1985;
Dean, 1999) every 3e5 cm down core. Total carbon was measured
by combusting samples at 1000  C using a UIC 5200 automated
furnace, and TIC was measured by acidifying samples in 1.0 N HClO4
using a UIC 5240 acidiﬁcation module; the carbon dioxide liberated
in both cases was measured using a UIC CoulometricsÔ carbon
dioxide coulometer in the Core Analysis Laboratory at Union College. Finally, weight percentage total organic carbon (TOC) was
calculated by subtracting TIC from TC (TOC ¼ TC-TIC).
0

The till matrix (n ¼ 8) and bedrock samples (n ¼ 12) collected
from the Queshquecocha watershed were analyzed using ICP-MS
methods at Union College (Moy, 1998). The till matrix (n ¼ 3) and
bedrock (n ¼ 9) samples representing the exposed units in the
Lutacocha and Jahuacocha watersheds were collected in 2006, and
the samples were sent to the ALS Chemex commercial facility in
Reno, Nevada where they were crushed, pulverized, digested using
four-acid (near total) methods and measured for elemental chemistry using both ICP-AES and ICP-MS (Stansell, 2009).
0
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Fig. 5. Ageedepth models using polynomial functions for sediment cores discussed in text. The ages represent the median values from the depositional model program in OxCal
and the error bars represent the 2-sigma values (Table 1).
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time-series were then re-sampled at even 100-year time increments using the spline interpolation function in MATLAB
(Trauth, 2010). Next, each re-sampled clastic sediment ﬂux value
was converted to units of standard deviation (z-scores) from the
mean values for each sediment core. These re-sampled z-score
values were then averaged to produce a stacked record of clastic
sediment ﬂux.

Discrimination plots of Ti, Fe and Ca, and bivariate plots of Fe and Ca
were made to highlight the contrasting chemical compositions of
the samples collected (Fig. 6).
3.4. Biogenic silica
Weight percentage biogenic silica (bSiO2) was measured on
freeze-dried samples at the Union College Core Analysis Laboratory.
Samples were collected from centimeter-thick sections, taken
every 10e20 cm down-core. A modiﬁed wet alkali sequential
digestion method (DeMaster, 1979, 1981; Conley, 1998) was used on
approximately 10 mg of freeze-dried sediment (Conley and
Schelske, 2001), which allows for separation of bSiO2 from the
minerogenic and aluminosilicate fraction. Aliquots of the supernatant of each sample in a hot 0.1 M NaOH solution were extracted
after reaction times of 2, 3, 4, and 5 h, and each of these were
analyzed for Si by ICPMS. The time-dependent release of SiO2 was
modeled by a linear best ﬁt line, and the Y intercept of the resultant
equation was taken to indicate the biogenic component, following
Conley and Schelske (2001).

4. Results
4.1. Sedimentology
The sediments from all three lakes are angular to sub-rounded
silts to ﬁne sands, indicating that most of the material is minerogenic and detrital. In all three records, organic matter is low
(generally <4%), and biogenic silica concentrations (<10%) covary
with organic matter. The majority of the sediments in the cores from
Laguna Queshquecocha are laminated at millimeter-scale (Fig. 7),
alternating between mostly light to dark gray (Gley 5/1) with
intermittent layers that are yellowish gray (5Y 8/2). Sediments from
Laguna Jahuacocha are mostly massive, light gray (10YR 7/1) with
intermittent layers that are light yellowish brown (2.5Y 6/4) (Fig. 8).
Sections of the Lutacocha sediment core that date to between w9.8
and 4.0 ka contain mostly massive, dark gray sediment that is capped by a w10-cm-thick yellowish-brown and grayish brown
sequence of mostly sand-sized material. This sharp contrast is represented in the sediment record as an abrupt geochemical transition
at w4.0 ka (Fig. 9). The majority of the Lutacocha sediment core
younger than w4.0 ka is laminated at millimeter-scale, alternating
between mostly gray (Gley 5/1) and yellow (5Y, 8/2) layers, with
intermittent greenish-gray (Gley 4/2), olive brown (2.5Y, 4/3) and
grayish brown (2.5Y, 3/1) sections. Hereafter, we refer to sediment
that is mostly gray and silt-clay rich as glacial ﬂour.

3.5. Percent clastic sediment and stacked record of clastic sediment
ﬂux
We followed the approach of Rodbell et al. (2008) in order to
compile the multiple clastic sediment records from lakes with
headwall elevations >5000 m in the Peruvian Andes (Fig. 10). This
compilation includes the 3 records presented here as well as Lake
Huarmicocha from the Cordillera Huayhuash that was also included
in the compilation by Rodbell et al. (2008). The clastic sediment
component for all records was calculated as the fraction remaining
after subtracting organic matter (converted to organic matter by
multiplying % organic carbon values by 1.72) and biogenic silica
from the total dry sediment bulk density. Biogenic silica concentrations for the Huarmicocha record of Rodbell et al. (2008) are <1%
and are considered negligible. Clastic sediment for all records was
converted to ﬂux (g/cm2/yr) by multiplying the clastic component
of dry bulk density (g/cm3) by sedimentation rate (cm/yr). These

4.2. Geochemistry and clastic sediment ﬂux
The Queshquecocha core provides a continuous sediment record that spans the entire Holocene, and Fig. 7 illustrates multiple
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Fig. 7. Sediment core data plotted versus age from Laguna Queshquecocha in the
Cordillera Blanca with shading in yellow for the middle Holocene, red for the MCA and
blue for the LIA. Periods of overall ice advance are represented by higher values of bulk
density, magnetic susceptibility, Sr, Ca and clastic sediment ﬂux whereas periods of
retreat are generally characterized by decreasing values of these proxies and higher
amounts of Zr. Glaciers progressively advanced above Laguna Queshquecocha from
w10.0 to 2.0 ka followed by retreating ice margins until 0.5 ka. Glaciers were relatively
advanced again from 0.5 ka until modern.

geochemical variables that serve as proxies for changing sediment
sources through time. Proﬁles of bulk density, Ca, Sr, MS and clastic
sediment ﬂux all covary through most of the record. Clastic sediment ﬂux values are low and exhibit little variability starting at
w13 ka and during the early Holocene, followed by a trend to
higher values from w7.0 to 4.2 ka. Clastic sediment concentrations
remain high in the late Holocene, but there is a slight trend toward
lower values from 2.0 ka through the Medieval Climate Anomaly
(MCA; red shading on Fig. 7) followed by a shift to higher values in
the last w500 years of the record that contains the Little Ice Age
(LIA, blue shading on Fig. 7).
The Jahuacocha core captures a continuous record of sedimentological changes in the watershed during the last w9000
years (Fig. 8). Bulk density values exhibit an overall decreasing
trend from 9.0 ka until the present (Stevens, 2004). However,
clastic sediment ﬂux values increase from w9.0 to 5.0 ka, followed by decreasing values through most of the remaining Holocene. Values for MS, Ti and K are consistently high or increase
during the early and middle Holocene until w4 ka. After w4.0 ka,
there is a decreasing trend in these proxies through the
remaining Holocene with the exception of multiple, centennialscale periods of increasing values. In general, Ca values are
higher in sections of the core with lower Ti and K values, and Ca
values generally decrease from w9.0 to 4.0 ka followed by low
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Fig. 8. Sediment core data plotted versus age from Laguna Jahuacocha in the Cordillera
Huayhuash with shading in yellow for the middle Holocene, red for the MCA and blue
for the LIA. Glaciers were advancing during periods of increasing Fe, Ti, magnetic
susceptibility and clastic ﬂux values and decreasing Ca values. The gray lines in the Ca,
Fe and Ti plots represent the raw values and the color is the 10-point moving average.
The sediment core records phases of ice retreat during periods when Ti, Fe, Ca, magnetic susceptibility and clastic sediment ﬂux covary and decrease. Glaciers were
advancing during the early and middle Holocene followed by ice retreat through most
of the remaining late Holocene. There was a brief re-advance centered around 0.5 ka.

but variable values through most of the remaining Holocene. The
most recent 300 years of the record reveals a trend of slightly
higher values of Ti, K, MS and clastic ﬂux, although a sharp increase in clastic sediment concentration values in the upper
w5 cm of the core reﬂects an alluvion that was historically
documented in A.D. 1932.
The Lutacocha record contains a continuous sediment
sequence spanning the last w9800 years (Fig. 9). Peaks in clastic
sediment ﬂux correspond with peaks in MS, Ti and Fe, and with
intervals that are low in Ca. The geochemical data identify two
major down-core end member compositions within the lake
sediments. First are sediments that are dominated by detrital
calcium carbonate, with low Ti, Fe, bulk density and clastic sediment ﬂux. Second are sections of the core with low Ca and high
clastic sediment ﬂux values that likewise have high Fe and Ti
values. Sections of the core with high Ti, Fe and clastic ﬂux values
generally decrease in frequency from w9.8 to 6.0 ka followed by
increasing frequencies that peak at w4.7 ka. Clastic sediment ﬂux
values sharply decreased after w4.0 ka followed by variable and
generally low values until 0.4 ka. Notably, in the upper section of
the record there is a w10-cm-thick band of ﬁne-grained gray clay
sediment with high Ti, Fe, and clastic sediment ﬂux that centers
on w0.3 ka.
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Fig. 9. Sediment core data plotted versus age from Laguna Lutacocha in the Cordillera
Raura with shading in yellow for the middle Holocene, red for the MCA and blue for
the LIA. The gray in the Ca, Fe and Ti plots represents the raw values and the color is
the 10-point moving average. Higher Fe, Ti, magnetic susceptibility and clastic sediment ﬂux values, and decreasing Ca values, represent periods of glacial advance and
vice versa. Ice margins retreated from w10.0 to 8.5 ka followed by overall advanced ice
margins until w4.0 ka. The abrupt transition at w4.0 ka marks the boundary between
massive gray sediments capped by a sand layer below and laminated sediment above.
The late Holocene is marked by ﬂuctuating, but overall retreating ice margins punctuated by a pronounced re-advance centered on 0.3 ka.

5. Discussion
5.1. Interpreting sedimentological changes in proglacial lakes
Previous lake sediment studies in the tropical Andes have
identiﬁed systematic variations in sediment yield that reﬂect
changes in the extent of climate-mediated up-valley ice cover
(Abbott et al., 2003; Stansell et al., 2005; Polissar et al., 2006b;
Rodbell et al., 2008; Stansell et al., 2010). In the tropical Andes,
glaciers have short response times to changes in net balance, as
demonstrated by the synchrony of hydrologically-derived mass
balance with observations of terminus positions (Kaser et al., 2003).
Therefore, during periods of glacial advance sediment yield is
greater than in periods of glacial retreat. Likewise, variation in
down-core proxies for clastic sediment, including physical properties, geochemistry and magnetic susceptibility show changes
characteristic of increased or decreased glacial activity depending
on whether the glacier is advancing or retreating, and can be used
to date the timing of past changes in glacier mass-balance.
Following the above process model, we combine dated sediment cores with geochemical data to calculate clastic sediment ﬂux
and interpret times of high clastic yield to indicate periods of glacial
advance. The increased clastic sediment ﬂux reﬂects active erosion
by the growing glacier, whereas a decrease clastic sediment ﬂux

reﬂects ice margin retreat and lower erosion rates (Harbor and
Warburton, 1992). There is likely a short time lag between
changes in the glacier and shifts in the ﬂux of clastic sediment,
especially as moraines degrade following a period of ice retreat
(Jansson et al., 2005; Benn et al., 2006); however this offset in
timing is likely negligible (<10 years) in the small, Andean catchments, as glacier termini are proximal to lake basins. Moreover,
glacier retreat can generate high rates of paraglacial sediment yield
when erosion of glacially derived sediment occurs on the steep,
unvegetated landscapes (Smith and Ashley, 1985; Benn et al., 2006;
Nussbaumer et al., 2011). However, this is limited for the sites in our
study because small warm-based glaciers have large amounts of
water constantly draining, thus limiting the amount of ﬁne-grained
sediment accumulating at their base. Past work has shown that
higher rates of clastic sedimentation in proglacial lakes are correlated to multi-decadal to century-scale periods of ice advance
rather than retreat (e.g. Leonard, 1997). On the time scale of centuries, Rodbell et al. (2008) concluded that the major ﬁrst order
control on sediment yield from tropical Andean catchments is the
extent of glacial ice in the catchment.
In addition to glacial processes, clastic sediment ﬂux to Andean
lakes can also shift in response to changes in precipitation amount
with or without any glacigenic sediment input. It should be noted,
however, that with the exception of Lake Pallcacocha, Ecuador
(Fig. 1), most Andean catchments that were not glaciated during the
Holocene show little or no pronounced changes in clastic sediment
ﬂux over the last w10 ka (Rodbell et al., 2008). If precipitation
changes were the primary factor that controlled clastic sedimentation in these systems over the Holocene, then records from both
glaciated and non-glaciated valleys would reveal a similar pattern.
Lake sediment records from catchments with headwall elevations
<5000 m show markedly lower rates of clastic sediment input than
do records from lakes with headwalls >5000 m (Rodbell et al.,
2008). This latter provides further evidence that glacial processes,
and not precipitation, are likely responsible for the major changes
in sediment composition presented in this study.
We examined multiple variables in lake sediment cores as
proxies for changes in sediment source, to interpret past changes in
glacial variability in addition to clastic sediment ﬂux values. The
geology and main geochemical proxies for glacial ﬂour vary among
watersheds, and while we rely mostly on the clastic sediment ﬂux
data for our interpretations, the other proxies provide supporting
evidence of past glacial variability. For example, in the Queshquecocha watershed we used geochemical measurements to
determine that bedrock varies at different elevations in the catchment as well as till-matrix and moraine samples. These endmembers have signiﬁcantly different concentrations of Sr, Ca and
Zr (Moy, 1998), and these ﬁndings combined with results from
scanning XRF measurements on lake sediment cores help identify
the source of the sediment and how this may have changed as
glaciers advanced and retreated. We found that the bedrock near
the glacier headwall is comprised mostly of metasediments with
high concentrations of Zr, whereas the granodiorite in the valley
below and in adjacent regions has higher concentrations of Sr and
Ca. In the Queshquecocha watershed, variations in the endmembers of Sr and Ca versus Zr in the lake sediment cores represents shifts in the source of the sediment and this change can be
attributed to shifts in the material being eroded by glaciers as they
advance and retreat. As noted above, we assume that glacial systems are the dominant source of erosion in the Cordillera Blanca,
and changes over time in the chemical composition of the sediment
in the Queshquecocha cores reﬂect changes in up-valley glacier
surface area. When glaciers advance leading to increased erosion of
the lower elevation bedrock Zr values are diluted by higher concentrations of Sr and Ca. Thus, higher Sr and Ca values in the core
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represent periods of glacial advances, whereas higher concentrations of Zr indicate times of smaller, more restricted glaciers. Higher
Sr and Ca values also correspond to periods of higher magnetic
susceptibility, bulk density and clastic sediment ﬂux, which are also
indicators of greater glacial erosion during periods of advancing
glaciers.
The active glaciers above Jahuacocha and Lutacocha sit mostly
on carbonate rocks, and a mix of bedrock units are situated downvalley (see Section 2.1). For Lutacocha, Ca and Ti are used as proxies
for changes in the proportion of glacial and non-glacial sediments
because there are sharply contrasting concentrations of these elements in bedrock samples from different elevations underlying the
glaciated area of the catchment, and they are also the major elements found in the sediment cores. The Lutacocha sediment that is
high in Ti is also high in Fe, which is characteristic of the volcanic
rocks down-valley of the active glaciers in that watershed. The
Jahuacocha sediment that is high in Ti is also high in K, which is
characteristic of the siliciclastic rocks below the active glaciers in
the watershed. Periods of ice advance in both records are marked
by a shifting proportion to higher Ti (and Fe or K) values with
decreasing Ca values as a result of dilution (Fig. 6). When the glaciers were in a retreating or up-valley phase, they entrained sediment with higher Ca and lower Ti values.
5.2. The early Holocene (w12.0e8.0 ka)
Glaciers throughout the southern tropical Andes retreated at the
end of the Lateglacial stage (Seltzer et al., 2002), and the early
Holocene was likewise a period of ice retreat in the southern
tropical Andes (Fig. 10). In addition to warming (Weng et al., 2006),
the stable isotope record from Lake Junin and palynological records
from the region document a period of decreased effective moisture
during the early Holocene (Seltzer et al., 1998, 2000; Bush et al.,
2005; Hillyer et al., 2009). During this time, conditions were also
more arid over the Altiplano (Rowe et al., 2002) and the Amazon
Basin (Mosblech et al., 2012), indicating that a period of drier
conditions was widespread across the region. Paleoglacier margins
below Lake Jahuacocha were dated to the Lateglacial stage (Fig. 3),
and the moraine that impounds Jahuacocha dates to w10.1  0.9 ka
based on the cosmogenic 10Be of erratics on moraine crests (Hall
et al., 2009). These ages combined with basal ages from the
Jahuacocha sediment core (Table 1 & Fig. 8) suggest that the lake
formed soon after the early Holocene glacier retreated upvalley,
and that the glacier terminus subsequently remained above that
elevation. There is tentative evidence based on moraine chronologies from southern Peru of an early Holocene glacier advance at
some locations that interrupted the overall pattern of reduced ice
cover (Licciardi et al., 2009), but more work is needed to verify that
such an event occurred throughout the tropical Andes (Rodbell
et al., 2009). The headwall of the Queshquecocha valley is at an
intermediate elevation (5580 m asl) compared to the other lakes
discussed here, and the clastic sediment values are consistently low
through most of the early Holocene, indicating glaciers were
restricted to relatively high elevations in the catchment. The moraines that have been dated upvalley of Laguna Queshquecocha are
either of Lateglacial stage (Farber et al., 2005) or late Holocene age
(Rodbell, 1992), and there is no evidence of a pronounced early
Holocene ice advance. Further south in the Tuco and Jeullesh valleys of the Cordillera Blanca, exposure ages on moraines likewise
indicate that glaciers were upvalley of their Lateglacial positions
during the early Holocene (Glasser et al., 2009). Similarly, glaciers
in the Cordillera Raura seem to have retreated during the early
Holocene, as clastic sediment values in the Lutacocha sediment
record progressively decrease, and no evidence of a pronounced ice
advance has been documented in that valley.

Fig. 10. (A) Stacked clastic ﬂux z-scores for Lagunas Queshquecocha, Jahuacocha,
Huarmicocha and Lutacocha (all with headwall elevations >5000 m asl) are compared
to regional paleoclimate proxy records (BeE). Shading in yellow is for the middle
Holocene, red is for the MCA and blue is for the LIA. Glacial variability generally tracks
(B) colder and/or wetter conditions recorded in the Huascaran ice core (Thompson
et al., 1995) and (C) stronger monsoon conditions recorded in the Laguna Pumacocha stable isotope record during the early and middle Holocene (Bird et al., 2011a).
Ice margins then retreated under wetter conditions as implied by the stable isotope
records and conﬁrmed by lake level records (Abbott et al., 1997; Bird et al., 2011a) from
w4 ka until the LIA. Glaciers advanced in many locations of the southern tropical
Andes during the relatively cold and wet LIA. (D) The overall pattern of glacial variability is out-of-phase with summer insolation which is thought to cause wetter
conditions during periods of high tropical insolation (Berger and Loutre, 1991). (E)
ENSO events generally become more frequent during the late Holocene (Moy et al.,
2002) when clastic sediment values in proglacial lakes decrease.

5.3. The middle Holocene (w8.0e4.0 ka)
The paleoclimate records presented in this compilation document major climatic changes in the southern tropical Andes,
featuring a shift to colder and wetter conditions during the middle
Holocene in the western Cordillera. This interval also marks the
“Neoglacial” phase of glacial resurgences starting at w5.0 ka in
most mountainous regions around the globe, including the
Southern Hemisphere (Porter and Denton, 1967; Porter, 2000).
Wetter conditions in central Peru during the middle Holocene are
apparent in the Laguna Pumacocha stable isotope record (Fig. 10),
the Azulcocha lake level record (Bird et al., 2011a) and palynological
records (Hillyer et al., 2009). Higher precipitation amounts alone,
however, likely do not fully explain the magnitude of glacier advances that occurred at that time, and sharply changing clastic ﬂux
records provide supporting evidence of other observations that
temperatures became abruptly colder at w5 ka (Thompson et al.,
2006). For example, Lake Pacococha (4925 m), located on the
northwest side of the Quelccaya Ice Cap in southern Peru, shows
clastic sediment ﬂux sharply increased around 5.2 ka, reaching its
maximum for the Holocene at w4 ka (Rodbell et al., 2008).
Radiocarbon-dated ice positions around Quelccaya also suggest
that the ice cap was at a smaller extent than present from w7.0 to
5.2 ka (Mark et al., 2002; Buffen et al., 2009) before ice abruptly
advanced at w5 ka (Buffen et al., 2009). In addition, the Lutacocha
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sediment record presented here contains an increasing trend of
clastic sediment ﬂux and glacial ﬂour input that started at w6.0 ka
and peaked between w5.0 and 4.0 ka. Likewise, the clastic sediment ﬂux from Jahuacocha (Fig. 8) and Huarmicocha (Rodbell et al.,
2008) have peak values during the middle Holocene at w5.0 ka,
followed by lower values thereafter. A prominent moraine is situated above Jahuacocha (Fig. 3), and although this feature has not
been dated, it likely corresponds to the timing of peak clastic
sediment ﬂux into the lake during the middle and late Holocene. It
should be noted, however, that this moraine is likely a compound
feature produced by multiple Holocene advances, and future work
should improve the chronology of this large moraine. Although less
pronounced than in other records presented here, the clastic
sediment proﬁles for Laguna Queshquecocha reach near-peak Holocene values between w4.7 and 4.0 ka.
Records from the Bolivian Andes and the Amazon Basin provide
additional evidence of shifting climatic conditions across the region
during the middle Holocene. At nearly the same time that we
observe increased clastic sediment ﬂux in multiple records from
the western Cordillera of the southern tropical Andes, the Sajama
ice core dust proﬁle suggests that conditions from w6 to 4.0 ka
were extremely arid on the Bolivian Altiplano (Thompson et al.,
1998), and stable isotope records of speleothems from the
Amazon Basin indicate generally drier conditions (Cruz et al., 2009;
Strikis et al., 2011). Likewise, the water level record from Lake
Titicaca indicates that the lowest lake levels of the Holocene
occurred from w6 to 4 ka (Rowe et al., 2002, 2003). Further evidence for dry conditions to the south can be found in the sediment
record from Lake Taypi Chaki Khota located at 4300 m in the
Cordillera Real of Bolivia, which shows a pronounced arid interval
from w8.5 to 2.5 ka and strong evidence that glaciers were absent
from the watershed until after w2.3 ka (Abbott et al., 2000).
Combined, the lake level and glacial records from Bolivia suggest
that the middle Holocene was drier to the south in the Andes
compared with the western Cordillera of Peru.
5.4. The late Holocene (after w4.0 ka)
Clastic sediment records from the western Cordillera indicate
that glaciers retreated under warmer and wetter conditions at the
start of the late Holocene at w4.0 ka. For example, a transition is
apparent in the Jahuacocha record, as multiple geochemical proxies
for glacial ﬂour show a decreasing trend after w4.0 ka. Likewise, a
basal age from a bog near Jahuacocha dates to 3.5 ka (Hall et al.,
2009) and marks a period of ice retreat in the region (Fig. 3).
Clastic sediment ﬂux to Pacococha decreased after w4 ka (Rodbell
et al., 2008), and a similar phase of ice retreat in a valley near
Quelccaya likely began at about this time (Mercer and Palacios,
1977; Mark et al., 2002). A similar major transition at w3.8 ka in
the Lutacocha valley is marked in the sediment core as a shift from
massive, dark gray and dense sediment before 3.8 ka to ﬁnely
laminated, lighter colored and less dense sediments through most
of the remaining Holocene. The laminated nature of this sediment
suggests that conditions during this interval were wetter and lake
levels were higher during the late Holocene. Clastic sediment
concentrations ﬂuctuate and generally decrease in this laminated
section of the Lutacocha core, providing further evidence that ice
retreated under warmer and wetter conditions at times during the
late Holocene. Interestingly, multiple proxies for clastic sediments
in the Queshquecocha record remained relatively high during the
late Holocene, suggesting that glacier and sediment processes
ﬂuctuated differently in that valley compared to the other records
presented here.
It should be noted that whereas clastic sediment ﬂux values
were generally lower after 4.0 ka in the majority of the sediment

records presented here, there were several notable increases in
clastic sediments in individual records that occurred on multidecadal to centennial time-scales during the late Holocene. These
sections of higher clastic ﬂux may reﬂect intervals of expanded ice
cover that have been independently documented for this period.
For example, Clapperton (1972, 1983) reported a radiocarbon age
for peat capped by till in the Cordillera Raura that dates to
2.5  0.8 ka (Fig. 4). Similarly, Clapperton (1983) reported unpublished ages of Röthlisberger that date a glacial advance in the
Cordillera Blanca to sometime between w3.8 and 1.1 ka
(3470  215 and 1195  60 14C BP). Moreover, Röthlisberger (1987)
reported a maximum age of w1.5 ka (1500  200 14C BP) for a late
Holocene ice advance from a buried soil in a moraine in the
Cordillera Blanca that is similar to a maximum limiting age for an
ice advance of 1.5 ka (1575  170 14C BP) from a moraine composed
of folded peat in the Cordillera Blanca (Rodbell, 1992). These latter
ages correspond to the timing of pronounced, but relatively shortlived, increases in clastic sediment ﬂux to the proglacial lakes in the
western Cordillera. It is also noteworthy that a sediment record
collected from the lake that sits above Laguna Queshquecocha
suggests a major pulse of clastic sedimentation occurred at w1.5 ka
(Rodbell et al., 2008). However, it is not clear, based on these new
records, if the radiocarbon dating of this sediment pulse is accurate,
and it is possible that it corresponds to the LIA. Nevertheless,
multiple moraine records suggest that ice advances occurred in the
southern tropical Andes during and after the middle Holocene.
5.5. Medieval Climate Anomaly and Little Ice Age climate in the
southern tropical Andes
The Medieval Climate Anomaly (1.0e0.7 ka) and Little Ice Age
(0.6e0.1 ka) refer to climatic events that are well documented in
the Northern Hemisphere (Mann et al., 2009). While there are leads
and lags between glacial ﬂuctuations in different parts of the world,
it is clear that climatic changes affected other regions, including the
southern tropics, during this interval (Thompson et al., 2006).
Proxy climate records from the southern tropical Andes are
generally consistent and suggest that conditions were relatively
arid and likely warmer during the MCA compared to the rest of the
Holocene. For example, clastic sediment ﬂux was low in all of the
lake sediment records presented in this study, as glaciers apparently retreated from w1.0 to 0.7 ka. During this phase of mountain
glacier retreat, d18O values in multiple records indicate a weaker
SASM at the start of the MCA (Vuille et al., 2012). Moreover, multiple ice core records in the tropical Andes suggest that conditions
were dry and warm relative to the LIA (Thompson et al., 2006).
Ice core records, lake sediment studies and glacial-geologic evidence indicate that a pronounced climatic shift occurred in the
southern tropical Andes correlative with the LIA (Fig. 10). The clastic
sediment records presented here suggest that glaciers advanced
starting at w0.6 ka, and retreated in the latter stages of the LIA. The
ice core record from the Quelccaya ice cap indicates that there was a
cold and wet phase from 0.5 to 0.2 ka, followed by a cold and dry
phase that lasted for w150 years (Thompson et al., 1986; Liu et al.,
2005). Late Holocene moraine ages in the nearby Vilcabamba Range
suggest that ice accumulated during the preceding wetter period
recorded at Quelccaya, and then retreated later as conditions
became more arid (Licciardi et al., 2009). Similarly, lichenometric
studies of late Holocene moraines in the Cordillera Blanca yield
ages from w0.5 to 0.2 ka (Solomina et al., 2007; Jomelli et al., 2009).
The lacustrine oxygen isotope record from Pumacocha in the central Andes indicates a wet phase occurred during the LIA that is
similar to the isotope records from ice cores from Nevado Huascarán in the Cordillera Blanca and from the Quelccaya ice cap (Bird
et al., 2011b). Evidence of a period of increased moisture at that
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time is also supported by higher water levels in Lake Titicaca from
w0.6 ka to the present (Abbott et al., 1997; Binford et al., 1997).
Collectively, this evidence suggests that glaciers advanced under
cold and wet conditions early in the LIA and retreated when conditions became warmer and drier in the latter stages of the LIA.
5.6. Stable isotopic versus mountain glacier records in the southern
tropical Andes
Although there is considerable variability among the different
clastic sediment records presented here, it is apparent that the
stacked composite record (Fig. 10) represents a regional perspective
that minimizes basin-scale inﬂuences, and improves the signal-tonoise ratio of the collective datasets. Glacier mass-balance
changes in the western Cordillera of central Peru are driven by
shifts in both water availability and temperature (Hastenrath, 1967;
Kaser et al., 1990; Ames and Hastenrath, 1996; Dornbusch, 1998;
Mark and Seltzer, 2005), and this study provides an opportunity to
compare this composite of Holocene mountain glacier records with
independently dated, high-resolution paleoclimate proxies. For
example, stable isotope records from lacustrine sediments, speleothems and ice cores span the Holocene and provide evidence of
shifting climatic conditions that can be compared to the clastic
sediment records from the western Cordillera, and lake level studies
to provide greater context. Although the climatic interpretation of
oxygen isotope data in Andean ice records is debatable (Vuille et al.,
2012), d18O values from ice cores provide evidence of shifting temperature and/or precipitation patterns since the Lateglacial stage
(Thompson et al., 1985, 1995). On the other hand, precipitation
amounts and the degree of rainout over the Amazon Basin remain
the primary control on d18O in speleothems (Kanner et al., 2012), and
open-basin lakes, such as Pumacocha, in the tropical Andes. With
these considerations in mind, it has been argued that the d18O signal
in both lacustrine sediments and speleothems represents changes in
precipitation dynamics rather than shifts in atmospheric temperature (Bird et al., 2011a; Vuille et al., 2012). Interestingly, however,
whereas the trend toward progressively more negative d18O values
in open-basin lakes, speleothems and ice cores through the early
Holocene is similar to the general pattern of advancing ice margins
presented here (Fig. 10), there are marked differences in stable
isotope and mountain glacier records during the middle to late
Holocene. Most notably, the clastic sediment records suggest that
glaciers retreated in the western Cordillera during the late Holocene,
at a time stable isotope archives suggest greater precipitation
amounts in this region of the Andes (Bird et al., 2011a). Further, lake
level records (e.g. Abbott et al., 1997; Bird et al., 2011a) conﬁrm the
timing of positive changes in water availability. Lake Pumacocha is
on the eastern slope of the Andes, and enhanced rainout across
moisture gradients might explain part of the divergence at times
between stable isotope and clastic sediment records (Polissar et al.,
2006a), however, warmer atmospheric temperatures likely also
contributed to the more negative glacier mass balance and a
reduction in clastic sediment delivery to proglacial lake basins in the
western Cordillera during the late Holocene. Thus, the mountain
glacial records presented here provide a different perspective of
climatic changes compared to the stable isotope archives currently
available from the tropical Andes, and emphasize the additional role
of temperature in driving glacier mass balance changes at times
during the Holocene.
5.7. Glacier mass-balance and climate dynamics during the
Holocene
Recent work shows that the tropical Paciﬁc and North Atlantic
Oceans inﬂuence inter-annual climate and circulation variability in

11

tropical South America (Brienen et al., 2012), although the teleconnections and dynamical linkages between these systems are not
well understood over Holocene time-scales. For example, summer
(wet season) insolation values in the southern tropics were at a
minimum during the early Holocene (Fig. 10) and likely led to
weakened moisture convergence and reduced cloud cover over the
Andes. Summer insolation values increased progressively during
the Holocene, leading to a generally stronger SASM (i.e. higher
precipitation and cloud cover), resulting in less radiation at the ice
surface and a more positive glacier mass-balance (Favier et al.,
2004). Ultimately, these complex non-linear climatic responses
and feedbacks to insolation changes likely contributed Holocene
temperature and precipitation variability throughout the tropical
Andes (Seltzer et al., 2000).
Variability in tropical Paciﬁc sea-surface temperatures (SSTs)
likely inﬂuenced glacier mass balance changes in the southern
tropical Andes during the Holocene by causing both temperature
and precipitation changes at altitude. Atmospheric freezing heights
respond to changes in the tropical Paciﬁc as warmer SSTs lead to a
more negative glacier mass-balance for low-elevation glaciers
(Bradley et al., 2009). Today, changes in precipitation amounts are
also associated with changes in the phase of ENSO through its
impact on zonal ﬂow anomalies that affect the tropical Andes as
well as the position of the ITCZ over the tropical Atlantic (Münnich
and Neelin, 2005; Vuille et al., 2008b; Garreaud et al., 2009). It is
noteworthy that glaciers retreated in the western Cordillera during
the late Holocene when ENSO events were enhanced relative to the
early to middle Holocene (Rodbell et al., 1999; Moy et al., 2002;
Loubere et al., 2013). Further, mean state changes in Paciﬁc SSTs
occurred that appear as prolonged periods of enhanced El Niño or
La Niña during the late Holocene (Mann et al., 2009), although a
robust dynamical link between ENSO and tropical glacial variability
over longer time-scales remains unclear. We also note that North
Atlantic SSTs are capable of driving climatic conditions in the
southern tropical Andes through their role in ITCZ and monsoon
dynamics (Baker et al., 2001). However, there are few highresolution SST records from the Atlantic and Paciﬁc Oceans available for testing these hypotheses, and more detailed paleoclimate
records from both basins are needed in order to better evaluate
how these systems are linked to tropical glacier mass-balance
changes. Moreover, whereas considerable advancements have
been made, fundamental questions remain regarding the timing
and pattern of climatic changes in the tropical Andes that need to
be addressed through the development of high-resolution proxy
records and modeling studies in alpine regions. In particular, records of precipitation variability that span moisture gradients
across the Andes are needed to quantitatively evaluate the dynamics and teleconnections that drive glacial and climatic variability in the Andes.
6. Conclusions
Clastic sediment records from the western Cordillera of the
Peruvian Andes, combined with other proxy evidence from radiometrically dated ice positions, lake level changes, stable isotope
archives, and palynological evidence indicate multiple phases of
glaciation occurred during the Holocene in response to changing
climatic conditions. The early Holocene was a period of generally
reduced ice extent under relatively arid and warm conditions. The
climate of the central Peruvian Andes during the middle Holocene
underwent large-scale changes as evidenced by clastic sediment
and glacial ﬂour values peaking during colder and wetter conditions of the middle Holocene between w8 and 4 ka, followed by a
decreasing trend in several catchments until the latest Holocene.
The lower alpine glaciers in the Cordillera Real of Bolivia were gone
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through the early and middle Holocene, not returning until after
2.2 ka, suggesting that glaciers further to the south were
responding differently at this time. Notably, stable isotope records
and lake level studies suggest that the amount of precipitation that
reached the southern tropical Andes increased during the middle to
late Holocene concurrent with reduced clastic sediment ﬂux values
in the Western Cordillera, suggesting that warmer conditions might
have contributed to this phase of ice retreat. Although temperature
likely continued to play a compounding role during the last millennium, multiple proxy records from the across the southern
tropical Andes suggest that glaciers retreated during the relatively
dry MCA, and advanced during the wet LIA.
Shifting tropical Paciﬁc and North Atlantic ocean-atmospheric
conditions likely contributed to temperature and precipitation
changes in the Andes at times during the Holocene that in turn,
inﬂuenced the pattern of glacial variability observed in the western
Cordillera. Although the acquisition of recent proxy records has
improved our understanding of the timing of glacial variability in
the tropical Andes during the Holocene, more work is needed in
order to understand the relative contributions of temperature and
precipitation changes on glacier ﬂuctuations. Moreover, the
dynamical, synoptic-scale, controls on these climatic ﬂuctuations
need to be further explored through additional proxy records and
modeling studies, especially regarding how these changes varied
spatially across moisture gradients in the Andes.
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