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ABSTRACT: Surface exposure dating of boulders on an exceptionally well-preserved sequence of
moraines in the Peruvian Andes reveals the most detailed record of glaciation heretofore recognised in
the region. The high degree of moraine preservation resulted from dramatic changes in the flow path of
piedmont palaeoglaciers at the southern end of the Cordillera Blanca (108 000 S, 778 160 W), which, in
turn, generated a series of cross-cuttingmoraines. Sixty 10Be surface exposure ages indicate at least four
episodes of palaeoglacier stabilisation (>65, ca. 65, ca. 32 and ca. 18–15 ka) and several minor
advances or stillstands on the western side of the Nevado Jeulla Rajo massif. The absence of ages close

to the global Last Glacial Maximum (ca. 21 ka) suggests that if an advance culminated at that time any
resulting moraines were subsequently overridden. The timing of expanded ice cover in the central
Peruvian Andes correlates broadly with the timing of massive iceberg discharge (Heinrich) events in
the North Atlantic Ocean, suggesting a possible causal connection between southward migration of
the Intertropical Convergence Zone during Heinrich events and a resultant increase in precipitation in
the tropical Andes. Copyright # 2010 John Wiley & Sons, Ltd.
Supporting information is presented in the online version of this article.
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Introduction
Palaeoclimatic connections between glaciation in the Tropics
and drivers of climatic variations at higher latitudes have been
hypothesised (Mercer and Palacios, 1977; Baker et al., 2001;
Zech et al., 2007; Blard et al., 2009; Bromley et al., 2009;
Licciardi et al., 2009), but not firmly established. Although
tropical glaciers clearly respond to changes in climate,
identification of the controlling climatic parameters remains
elusive. As Earth’s most glaciated tropical region (Kaser and
Osmaston, 2002), the Peruvian Andes have a geomorphic
record of past glacier fluctuations that offers an excellent
opportunity to investigate tropical glacial cycles. Glacial
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chronologies based on surface exposure dating have greatly
improved our understanding of palaeoglacier fluctuations in
the tropical Andes. In Peru, studies on the Junin Plain (Smith
et al., 2005a,b, 2008; 118 000 S, 768 000 W; Fig. 1) and in the
central Cordillera Blanca (Farber et al., 2005; 98 300S, 778
000 W; Fig. 1) reveal that the local Last Glacial Maximum (LGM;
ca. 30–26 ka) was likely earlier than the global LGM (ca. 21 ka;
Martinson et al., 1987) and was relatively minor compared to
glacial advances predating the last glacial cycle (herein,
between Marine Isotope Stage (MIS) 5 and MIS 1). At both
sites, the local LGM was followed by late-glacial readvances
(ca. 16–15 ka). Bromley et al. (2009) identified two major
Late Pleistocene advances in southern Peru (158 330 S, 728
390 W), and Hall et al. (2009) reported extensive late-glacial
and early Holocene advances in the Cordillera Huayhuash
(108 160 S, 768 540 W, Fig 1) of central Peru. Here we present a
detailed glacial chronology from the southern Cordillera
Blanca (Fig. 1) that provides new insights into the glacial
history of the region.



Figure 1 Site location map showing Peru, bordering countries and
general location of Nevado Jeulla Rajo (NJR) and the Conococha Plain
(CP), tropical–subtropical Andes, Lake Junin, Lake Titicaca and other
sites discussed in the text. CBV, four valleys in the central Cordillera
Blanca (Farber et al., 2005); CH, Cordillera Huayhuash (Hall et al.,
2009); JP, four valleys on the east side of the Junin Plain (Smith et al.,
2005a,b, 2008); PT, approximate extent of palaeolake Tauca on the
Altiplano ca. 18–14 ka (Plazcek et al., 2006)
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Geological setting
The southernmost end of the Cordillera Blanca in the central
Peruvian Andes is marked by the glacier-clad Nevado Jeulla
Rajo (NJR) massif (108 000 S,778 160 W; �5600m above sea
level (a.s.l.)), the adjacent Conococha Plain (CP; �4000–
4100m a.s.l.) and Laguna Conococha (Figs 1 and 2). Multiple
sets of well-preserved moraines extend onto CP from the west
side of NJR (Fig. 2, M1–M9). The west-dipping Cordillera
Blanca Normal Fault (CBNF; Fig. 2) runs along the western side
of the massif, offsetting moraine crests (Schwartz, 1988;
supporting information, Note 1).
We focused on moraines in two west-draining NJR valleys

(Fig. 2, M1–M9) – Jeullesh Valley (JV) andQuenua Ragra Valley
(QRV) – for 10Be surface exposure dating. JV still hosts small
glaciers in its cirque, while QRV is ice-free. Moraines from JV
provide the most detailed record of glacial advances. Avulsion
of a glacial trough in JV spared deposits of an older, smaller
advance (M1) from obliteration by subsequent larger advances
that deposited M2 and M3 (Fig. 2). Downvalley from the
intersection of M1 and M2/M3, M2 and the M3 right-lateral
diverge. M2 appears to be the right-lateral of a piedmont glacier
that expanded onto the CP; the M2 left-lateral may form part of
the buttressing outer wall of the M3 left-lateral (Fig. 2). Multiple
smaller end moraines lie upvalley within M3 in JV, including
M4 and M5.
QRV has compound lateral moraines (M6) that extend

beyond the bedrock walls of the valley, but lacks the inset
moraines present in JV (Fig. 2). M7 andM8 are located between
the JV and QRV moraines and are probably lateral moraines
deposited by an offshoot of the main JV glacier that flowed
southeast along the CBNF and joined ice flowing out of cirque X
(Fig. 2). M9 appears to be a lateral moraine deposited by ice
Copyright � 2010 John Wiley & Sons, Ltd.
flowing out of valley Y (Fig. 2). A diamicton with a dense, clay-
rich matrix and striated boulders can be traced downstream
along the banks of Quebrada Jeullesh �4 km from the area
between M3, M6, and M9 (Fig. 2) onto the CP, at which point
the diamicton either dips below the channel bottom or
terminates. We interpret the diamicton to be lodgement till.
The surface of CP is littered with cobbles (many striated) and
appears to be mantled with outwash.

Boulders on moraines in JV and QRV consist mainly of
granodiorite, felsic volcanics and quartzite, with granodiorite
dominating the younger moraines (M3–M9). We sampled the
upper surfaces of 57 quartz-bearing boulders on or near
moraine crests on M1–M9 and collected three quartzite
cobbles on the surface of CP (Fig. 2; supporting information,
Figs 3–8).
Results
Sixty 10Be ages indicate that major late-glacial advances
deposited the largest lateral moraines in JV and QRV (M3 and
M6), and that earlier advances in JV deposited M1 and M2
(Figs 3 and 4; supporting information, Note 2, Fig. 1 and Tables
1 and 2). In general, we interpret the oldest, non-outlier age on
a moraine as the time at which the advance culminated
(supporting information, Note 2).

In JV, the oldest dated moraines (M1) have a bimodal
distribution of ages (ca. 65 ka and ca. 39 ka). The older M1 ages
lie within MIS 4, making M1 unique among the numerically
dated moraines in the region (e.g. Smith et al., 2005a,b, 2008;
Farber et al., 2005; Hall et al., 2009). Ages on M2 are ca. 32–
27 ka, with two older outliers (ca. 47 and 42 ka). M3 has a
relatively tight span of ages, with an oldest age of ca. 15 ka; the
three boulders at the upper end of the left-lateral have ages of
11.8–10.9 ka. M4 has the widest range of ages among the dated
moraines, with older outliers of ca. 102 and 30 ka, and five ages
ca. 17.7–11.9 ka. Ages on M5 are clustered between 14.3 and
11.1 ka. Our ages on M3, M4 and M5 are consistent with nine
10Be ages from these moraines obtained by Glasser et al.
(2009).

In QRV, ages on composite M6 are oldest on the outer left-
lateral ridge (ca. 18 ka) and youngest on the inner left-lateral
ridge (14.5–8.0 ka); the right-lateral ridges are more tightly
clustered between ca. 15.9 and 13.7 ka. M7 has two ages (13.2
and 11.5 ka), while M8 has five, including an older outlier (ca.
53 ka) and four that range between 18.5 and 9.5 ka. The three
ages on M9 are 17.9, 13.8 and 12.8 ka. Ages of the three
cobbles on CP are ca. 50–41 ka.
Discussion
The 10Be ages from JV, QRV and CP (Figs 3 and 4) indicate at
least four palaeoglacier culminations: >65 ka (till beneath CP),
ca. 65 ka (older ages on M1), ca. 32 ka (M2) and ca. 18–15 ka
(M3, M6, M8, M9). The cobbles on CP provide a minimum age
(ca. 50 ka) for the underlying till; we also assume that the till
predates deposition of M1 and is thus >65 ka. The bimodal
distribution of ages on M1 suggests an additional advance
ca. 39 ka, prior to avulsion of the valley and subsequent
deposition of M2. We interpret M2 as the right-lateral moraine
that marks themaximum extent of ice (local LGM) following the
major advance that deposited the till beneath CP. M2 was
J. Quaternary Sci., Vol. 25(3) 243–248 (2010)



Figure 2 Shaded topographic map of NJR study area showing dated moraine crests (M1–M9) and sample locations. Grey arrows indicate likely ice
flow directions during glacial advances. Band (lower left) shows observed exposures of diamicton in stream channel; diamicton is interpreted
as lodgement till. X and Y indicate cirque X and valley Y discussed in the text. Base map from Google Maps. Inset: photograph of the NJR massif,
with Jeullesh Valley at centre; view to east. M1, M2, and M3 lie directly above the corresponding numbers. Older M1 moraines are cross-cut by
younger M2 and M3 right-laterals. M3 rises �150 m from the valley floor. (Photo by Bryan G. Mark). This figure is available in colour online at
www.interscience.wiley.com/journal/jqs
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partly overridden during emplacement of M3, which culmi-
nated ca. 15 ka (or perhaps ca. 18 ka). M4 and M5 probably
mark stillstands during relatively rapid retreat from position M3
and are likely correlative with the inner ridges of M6, whereas
the outer ridges of M6 are likely correlative with M3. M8 and
M9 may also be correlative with M3 and M6, and M7 with M4
or M5. Our data do not indicate a major Younger Dryas
advance, in contrast to the interpretation of Glasser et al.
(2009).
The absence of ages close to the global LGM (ca. 21 ka)

suggests that if an advance culminated at that time any resulting
moraines were subsequently overridden during more extensive
late-glacial advances. Relative probability plots of 10Be ages on
M1–M9 and CP (Fig. 4; supporting information, Note 2)
highlight the prevalence of late-glacial ages (ca. 18–15 ka).
Schaefer et al. (2006) interpreted moraine ages of ca. 17–18 ka
from mid-latitude valley glaciers as marking the initiation of
deglaciation from the LGM; under that interpretation, the outer
ridges of M6, for example, would be included in that group.We
interpret moraines M3, M6, M8 and M9 as marking a late-
glacial readvance, but cannot rule out the possibility that they
mark the end of an LGM advance.
Copyright � 2010 John Wiley & Sons, Ltd.
The identification of moraines dating from ca. 32 ka (M2) and
ca. 18–15 ka (M3, M6, M8 and M9) is consistent with results
from previous studies in the Peruvian Andes (Smith et al.,
2005a,b, 2008; Farber et al., 2005; Hall et al., 2009) that
indicate an early local LGM and a late-glacial readvance or
stillstand (Supporting information, Fig. 2). The pattern, though
not the precise interpretation, is similar to that seen by Bromley
et al. (2009) in southern Peru. Although NJR lacks the large,
morphologically distinct, pre-MIS 5 moraines identified else-
where in the region (Smith et al., 2005a,b, 2008; Farber et al.,
2005), the presence of till on CP indicates that at least one older
glacial advance was far more extensive than those of the last
glacial cycle.
In theory, glacier expansion in the tropical Andes is favoured

by high summer insolation, which enhances convection in
the lowlands and precipitation in the mountains, thus
increasing glacier mass balances (Garreaud et al., 2003). A
potential correlation between glacier expansion and increased
monsoonal activity during high insolation periods has been
identified in the Himalayas (Owen et al., 2006). A similar
relationship is expected in the Andes, but we find instead
(Supporting information, Fig. 1) that NJR glaciers began to
J. Quaternary Sci., Vol. 25(3) 243–248 (2010)



Figure 3 Aerial photographs of NJR study area showing 10Be ages and external uncertainties in thousands of years before present (ka) for boulders on
moraines (M1–M9) and cobbles on CP (CP1; supporting information, Table 2). Ages were calculated using CRONUS-Earth Online Calculator v. 2.2
(Balco et al., 2008), Lifton et al. (2005) scaling method, calibration to the Breque site (Farber et al., 2005; Licciardi et al., 2009) and zero erosion of
boulder surfaces. Outlier ages are shown in italics. Aerial photographs were taken on 2 July 1967 along flightline 147-66 and obtained from Servicio
Aerofotografico Nacional in Lima, Peru. The letters U and D indicate the upthrown and downthrown blocks, respectively, on either side of the west-
dipping Cordillera Blanca Normal Fault (Schwartz, 1988). This figure is available in colour online at www.interscience.wiley.com/journal/jqs
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retreat from maximum positions during periods of low (ca.
32 ka) and intermediate (18–15 ka) summer insolation (Berger
and Loutre, 1991).
The ages of moraines dated in this study are broadly

synchronous with Heinrich events (Rashid et al., 2003; Fig. 4;
YD and H1–H6), suggesting a possible link. Correlations
between Heinrich events, southward movement of the
Intertropical Convergence Zone (ITCZ) in the Atlantic Ocean
and climatic changes in tropical South America have been
noted previously in studies of the Amazon basin and the
tropical Andes (e.g. Baker et al., 2001; Jennerjahn et al., 2004;
Wang et al., 2004; Zech et al., 2007; Blard et al., 2009;
Licciardi et al., 2009). Much of the precipitation in Peru is
advected from the Atlantic Ocean and Amazon Basin by
easterly winds during the summer (Vuille and Keimig, 2004).
Increases in precipitation in the tropical Andes as a result of
Heinrich-related southward shifts of the ITCZ may have played
a fundamental role in driving glacial advances. The late-glacial
advances that produced the largest moraines (M3 and M6;
Figs 2 and 3) culminated after H2 and close to H1, and were
contemporaneous with major palaeolakes on the Bolivian
Altiplano (Plazcek et al., 2006). Formation of palaeolake Tauca
(16.4–14.1 ka; Fig. 1) has been linked (Plazcek et al., 2006)
both to southward displacement of the ITCZ and to enhanced
La Niña-like conditions (wet) on the Altiplano related to strong
upwelling in the eastern equatorial Pacific (Palmer and
Pearson, 2003). While La Niña conditions in central Peru
are generally dry, they also tend to be colder than normal, with
enhanced trade winds (Rickaby and Halloran, 2005). In
combination with increased precipitation associated with
H1, the La Niña temperature decrease may have been sufficient
to trigger the major moraine-building ice advance that
culminated ca. 18–15 ka (Figs 3 and 4). The local LGM
advance that culminated ca. 32 ka occurred at a time of low
Copyright � 2010 John Wiley & Sons, Ltd.
summer insolation (Berger and Loutre, 1991; Supporting
information, Fig. 1) and probably lower temperatures. With
increased precipitation during H3, the decreased temperatures
may have been sufficient to sustain the substantial advance
marked by M2 (Fig. 3). The NJR glacial record suggests that the
smaller glacial advances prior to the local LGM (Figs 2 and 3)
might also have been triggered by Heinrich-related increases in
precipitation during colder intervals.
Conclusions
The NJR chronology provides an exceptionally detailed record
of glacial fluctuations over the past ca. 65 ka, including the first
clear evidence in the region for an ice advance during MIS 4
and confirmation that the last glacial cycle included two major
periods of glacier stabilisation and moraine deposition. Our
dating indicates that glaciations culminated ca. 65, 32 and 18–
15 ka, and that a larger advance occurred prior to 65 ka.

The broad correlation between Heinrich events and
moraines in the study area suggests a possible causal
relationship. Assuming that Heinrich events in the North
Atlantic resulted in southward shifts of the ITCZ and associated
rainfall bands, the dominant driving force for glacier expansion
in the tropical Andes may have been increased precipitation
rather than decreased temperature. If future climatic change
results in freshwater discharges to the North Atlantic that again
shift the ITCZ southward, the tropical Andes might see an
increase in precipitation that could produce glacial advances,
as long as air temperatures have not warmed beyond levels that
can sustain glaciers.
J. Quaternary Sci., Vol. 25(3) 243–248 (2010)



Figure 4 Relative probability plots for 10Be ages <70 ka from M1–M9 and the Conococha Plain (CP1). Ages were calculated using the CRONUS-
Earth Online Calculator v. 2.2 (Balco et al., 2008), Lifton et al. (2005) scaling, calibration to the Breque site (Farber et al., 2005; Licciardi et al., 2009)
and zero erosion of boulder surfaces. Open symbols indicate ages that are interpreted to be outliers. Panels (a)–(e) (M1–M5) show ages from JV.
Panels (f), (g), (h) and (i) show ages fromQRV (M6), two moraines between JV and QRV (M7 and M8), and the moraine at the eastern edge of CP (M9),
respectively. Panel (j) shows ages from cobbles on CP. Vertical grey bars indicate the approximate duration of Heinrich events and the YD stadial
(Rashid et al., 2003). This figure is available in colour online at www.interscience.wiley.com/journal/jqs
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Late local glacial maximum in the Central Altiplano triggered by
cold and locally-wet conditions during the paleolake Tauca episode
(17–15ka, Heinrich 1). Quaternary Science Reviews 28: 3414–
3427.

Bromley GRM, Schaefer JM,Winckler G, Hall BL, Todd CE, Rademaker
KM. 2009. Relative timing of last glacial maximum and late-glacial
events in the central tropical Andes.Quaternary Science Reviews 28:
2514–2526.

Farber DL, Hancock GS, Finkel RC, Rodbell D. 2005. The age and
extent of tropical alpine glaciation in the Cordillera Blanca, Peru.
Journal of Quaternary Science 20: 759–776.

Garreaud R, Vuille M, Clement AC. 2003. The climate of the Altiplano:
observed current conditions and mechanisms of past changes.
Palaeogeography, Palaeoclimatology, Palaeoecology 194: 5–22.
J. Quaternary Sci., Vol. 25(3) 243–248 (2010)



248 JOURNAL OF QUATERNARY SCIENCE
Glasser NF, Clemmens S, Schnabel C, Fenton CR, McHargue L. 2009.
Tropical glacier fluctuations in the Cordillera Blanca, Peru between
12.5 and 7.6 ka from cosmogenic 10Be dating. Quaternary Science
Reviews 28: 3448–3458.

Hall SR, Farber DL, Ramage JM, Rodbell DT, Finkel RC, Smith JA, Mark
BG, Kassel C. 2009. Geochronology of Quaternary glaciations from
the tropical Cordillera Huayhuash, Peru. Quaternary Science
Reviews 28: 2991–3009.

Jennerjahn TC, Ittekkot V, Arz HW, Behling H, Pätzold J, Wefer G.
2004. Asynchronous terrestrial and marine signals of climate change
during Heinrich events. Science 306: 2236–2239.

Kaser G, Osmaston H. 2002. Tropical Glaciers. Cambridge University
Press: Cambridge, UK.

Licciardi JM, Schaefer JM, Taggart JR, LundDC. 2009. Holocene glacier
fluctuations in the Peruvian Andes indicate northern climate lin-
kages. Science 325: 1677–1679.

Lifton NA, Bieber JW, Clem JM, DuldigML, Evenson P, Humble JE, Pyle
R. 2005. Addressing solar modulation and long-term uncertainties in
scaling secondary cosmic rays for in situ cosmogenic nuclide appli-
cations. Earth and Planetary Science Letters 239: 140–161.

Martinson DG, Pisias NG, Hays JD, Imbrie J, Moore TC Jr, Shackleton
NJ. 1987. Age dating and the orbital theory of the ice ages: devel-
opment of a high-resolution 0 to 300,000-year chronostratigraphy.
Quaternary Research 27: 1–29.

Mercer JH, Palacios O. 1977. Radiocarbon dating of the last glaciation
in Peru. Geology 5: 600–604.

Owen LA, Caffee MW, Bovard KR, Finkel RC, Sharma MC. 2006.
Terrestrial cosmogenic nuclide surface exposure dating of the oldest
glacial successions in the Himalayan orogen.GSABulletin 118: 383–
392.

Palmer MR, Pearson PN. 2003. A 23,000-year record of surface
water pH and pCO2 in thewestern equatorial PacificOcean. Science
300: 480–482.

Plazcek C, Quade J, Patchett PJ. 2006. Geochronology and stratigraphy
of late Pleistocene lake cycles on the southern Bolivian Altiplano:
Copyright � 2010 John Wiley & Sons, Ltd.
implications for causes of tropical climate change.GSA Bulletin 118:
515–532.

Rashid H, Hesse R, Piper DJW. 2003. Evidence for an additional
Heinrich event between H5 and H6 in the Labrador Sea. Paleocea-
nography 18: 1077.

Rickaby REM, Halloran P. 2005. Cool La Niña during the warmth of the
Pliocene? Science 307: 1948–1952 .

Schaefer JM, DentonGH, Barrell DJA, Ivy-Ochs S, Kubik PW, Andersen
BG, Phillips FM, Lowell TV, Schlüchter C. 2006. Near-synchronous
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