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Abstract

Constraining the age of young lavas, which generally fall outside the effective range of traditional geochronology
methods, remains a key challenge in volcanology, limiting the development of high-resolution eruption chronologies.
We present an in situ cosmogenic *He and *°Cl surface-exposure chronology, alongside new minimum-limiting '*C ages,
documenting young eruptions at five sites in the Western Cordillera, southern Peru. Four *He-dated lavas on the Nevado
Coropuna volcanic complex (hitherto thought to be dormant) indicate that the central dome cluster is young and potentially
active; two Holocene lavas on the ecasternmost dome are the youngest directly dated lavas in Peru to date. East of
Coropuna, lava domes and block-lava flows represent the most extensive output to date of Nevado Sabancaya, one of
Peru’s most active volcanoes. Two *He measurements confirm the Holocene age of these deposits and expand the
chronology for one of the youngest major lava fields in Peru. *°CI surface-exposure ages from the Purupurini dome cluster
and Nevado Casiri document middle-late-Holocene episodes of effusive activity, while basal '*C ages from a lava-
dammed wetland constrain an effusive eruption at Mina Arcata, north of Coropuna, to the late-glacial period. These
new data advance the recent Western Cordillera volcanic record whilst demonstrating both the considerable potential
and fundamental limitations of cosmogenic surface-exposure methods for such applications.
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Introduction

As the dynamic interface between our planet’s interior and ex-
terior, volcanism plays a fundamental role in shaping Earth’s
surface morphology and atmosphere and, ultimately, human
activity. Determining the timing and frequency of past eruptions
therefore is central to understanding the processes driving vol-
canism and projecting future volcanic behaviour and associated
geohazards (Andronico and Lodato 2005; Siebe et al. 2005;
Gehrels et al. 2006; Huybers and Langmuir 2009; Molloy
et al. 2009; Alcala-Reygosa et al. 2018). Establishing detailed
eruption chronologies also lays the requisite foundation for
quantifying rates of magma production (Francis and
Hawkesworth 1994) and landscape evolution, establishing the
role of volcanism in past human and environmental change
(Lentfer and Torrence 2007), and exploring links between ex-
ternal factors, most notably cryospheric change, and magma
chamber dynamics (Hardarson and Fitton 1991; Nowell et al.
2006; Huybers and Langmuir 2009). Indeed, previous investi-
gations into glacial-magmatic relationships have highlighted
decompression melting (Hardarson and Fitton 1991;
Maclennan et al. 2002; Pagli and Sigvaldson 2008) and reduced
confining pressure on the magma chamber (Hall 1982; Hooper
et al. 2011) as plausible consequences of rapid deglaciation.
Such processes are particularly relevant in high-elevation vol-
canic regions such as the tropical Andes of South America,
which in recent decades have experienced some of the highest
rates of atmospheric warming and deglaciation on the planet
(Mark and Seltzer 2005; Vuille et al. 2008). Yet, comprehensive
eruption chronologies require accurate and precise dating of
volcanic deposits, many of which are too young to be
constrained with traditional methods.

The tropical Andes are an ideal location for investigating
cryospheric-volcanic links owing to the abundance of high-ele-
vation, active and dormant volcanic edifices with clear and well-
preserved evidence for glaciation during the Late Pleistocene.
To date, the majority of tropical Andean eruption chronologies
employ indirect age constraint of volcanic landforms. Tephra
deposits and lava flows, for example, are commonly dated by
'C ages of predating and/or overlying organic material or via
stratigraphic relationships with adjacent deposits (e.g., Thouret
et al., 1990, 1995a, 2001a; Gerbe and Thouret 2004; Delacour
et al. 2007). In southern Peru, which is the focus of our study,
14C-dated tephra deposits have been employed with geochem-
ical fingerprinting to establish the timing and likely source of
prehistoric eruptions (Juvigné et al. 1997, 2008; Thouret et al.
2001b, 2005; Cobenas et al. 2014). While these approaches
afford valuable first-order constraints, each is limited by the
robustness of stratigraphic correlation and the potentially broad
bracketing timeframes involved.

In contrast, more direct assessments of eruption age include
K-Ar, A0Ar3 9Ar, and surface-exposure methods. In southern
Peru, Weibel et al. (1978) used K-Ar and Thouret et al. (2016,
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2017) used “°Ar/*°Ar and U/Pb to date ignimbrites and lavas
around Nevado Coropuna, whereas Samaniego et al. (2016)
presented an extensive K-Ar data set constraining past erup-
tions of the Ampato-Sabancaya massif. Across the Peruvian—
Chilean border, Wérner et al. (2000) applied **Ar/*°Ar and K-
Ar dating to Cenozoic deposits in northern Chile, while Hora
et al. (2007) employed “’Ar/*°Ar to establish the Volcan
Parinacota eruption record. Finally, the ongoing refinement of
cosmogenic surface-exposure dating using in situ cosmogenic
helium-3 and chlorine-36 (hereafter *He and °Cl) has opened
new opportunities for dating lavas directly and with increasing
accuracy and precision (Blard et al. 2013; Schimmelpfennig
et al. 2009, 2011). However, thus far, 3He and *°Cl dating of
volcanic deposits in the tropical Andes has been applied to only
ahandful of lava flows in southern Peru (Samaniego et al. 2016;
Ubeda et al. 2012, 2018) and northern Chile (Worner et al.
2000) and the efficacy of these methods for constraining young
(e.g., Holocene) lavas has not been tested rigorously.

Motivated by the need to assess the viability of cosmogenic
nuclides for dating volcanic deposits on various timescales, we
report a suite of new lava ages, constrained with *He and *°Cl
measurements in pyroxene and feldspar, respectively, for four
volcanoes of the Pleistocene-age Frontal Arc in southern Peru’s
Western Cordillera: the Nevado Coropuna volcanic complex,
Ampato-Sabancaya massif, Nevado Casiri, and Purupurini
dome complex (Fig. 1). Together, these data (i) confirm the
suitability of the cosmogenic *He and *°Cl methods for dating
lavas as young as < 2 ka and (ii) expand the eruptive history of
this sector of the Central Volcanic Zone (CVZ), information that
lays the foundation for refining regional hazard assessments and
exploring the relationships (if any) between cryospheric change
and volcanism. Additionally, we describe new minimum-
limiting '*C ages from a young lava flow at Arcata (MA)
(Fig. 1), ~70 km NNE of Nevado Coropuna, that potentially
represents the most recent activity of the Arcata caldera and
affords a new calibration for the in situ production of cosmo-
genic beryllium-10. Such calibration is crucial for improving the
accuracy of cosmogenic surface-exposure dating.

Geologic setting

As part of the CVZ (14-27°S), the Western Cordillera (~
15°S; Fig. 1) is the product of high-angle subduction of the
Nazca Plate beneath the South American Plate (Dorbath 1996;
Stern 2004). Currently, subduction along this boundary occurs
at 7-9 cm/yr (Stern 2004), augmenting the considerable crust
thickness (~70 km; James 1971) underlying the CVZ and
resulting in widespread volcanism. The topographic expres-
sion of this volcanism is the >3 km-high Oligo-Miocene ig-
nimbrite Altiplano-Puna Volcanic Complex (northern Chile
and SW Bolivia) and Arequipa domain (southern Peru;
Worner et al. 2018), upon which has formed a suite of
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Fig. 1 a Locations of the Central Volcanic Zone (CVZ) and Northern Volcanic Zone (NVZ) and the general tectonic context. Yellow square depicts area
covered in panel b. b Location of our five study sites. Approximate positions of the Frontal Arc adapted from Gunnell et al. (2010)

Quaternary—Holocene composite volcanoes, caldera systems,
and monogenetic fields (Baker 1981; Allmendinger et al.
1997). Due to their great elevation, many composite volca-
noes, including Nevados Coropuna (6377 m), Solimana
(6093 m), and Ampato (6288 m), currently support glaciers
and snow fields. Coupled with the region’s large agricultural
and urban populations (> 800,000 people live in the city of
Arequipa, at the base of Volcan Misti), this combination of
widespread volcanism and extensive cryosphere render the
Western Cordillera a priority area for assessing future volcanic
hazards and highlights the growing need for high-resolution,
directly dated eruption chronologies on all time scales.

Nevado Coropuna The Nevado Coropuna volcanic complex
(NCVC) (- 15.5526°, — 72.6348°, 6377 m; Fig. 1) roughly par-
allels the Andean N120°-striking faults, along which are located
most of the high, sprawling composite volcanoes forming the
Frontal Arc in SW Peru. Comprising a series of eroded com-
posite volcanoes crowned by five youthful, high-relief (up to
3000 m relief above the surrounding plateau) glaciated lava
domes, the NCVC exhibits three fresh-looking lavas (Fig. 2a)
and numerous older flows, the latter underlying moraines of the
last glacial maximum (LGM, ~20 ka; Forget et al. 2008;
Bromley et al. 2009). Until recently, the NCVC has widely been
thought to be dormant. Previous tephrostratigraphy work at the
NCVC identified a period of activity at 27-37 ka (Thouret et al.

2003), while Ubeda et al. (2012, 2018) reported Holocene ages
for the three young lavas based on whole-rock **Cl (Fig. 3). The
landforms sampled in this study are block-lava flows of andes-
itic composition (SiO, 56—62 wt.%; Venturelli et al. 1978).

Ampato-Sabancaya The Ampato-Sabancaya massif (ASM)
(—15.818°, —71.8778°; Fig. 1) is separated from the
NCVC by the Rio Colca canyon. Together, Ampato
(6288 m) and Sabancaya (5992 m) form the southern half
of'a 20 km-long volcanic massif terminating to the north in
the older and severely eroded Nevado Hualca Hualca edi-
fice (6025 m). Today, Ampato nourishes a small (~2 km?)
summit glacier; however, relict moraines (Alcala et al.
2011) indicate this glacier was significantly larger during
the LGM. According to Samaniego et al. (2016), Ampato’s
basal edifice dates to 450 ka and the upper structure and
summit cone to ~200-230 ka and 20-10 ka, respectively.
Subsequent northward vent migration resulted in the con-
struction of Nevado Sabancaya (Figs. 2b and 4), which is
characterized by an extensive field of andesitic—dacitic
(Si0, 60-66 wt.%; Samaniego et al. 2016) stubby block-
lava flows (Thouret et al. 1994, 1995b; Samaniego et al.
2016). Between 1990 and 1998, Sabancaya underwent a
period of explosive volcanism detailed by Gerbe and
Thouret (2004). Moderate explosive activity resumed in
November 2016 and is ongoing at the time of writing.
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Fig. 2 Distribution of studied lava flows on the NCVC a and ASM b.
Blue circle and ‘CC’ in panel a indicate Mauca Llacta and Cerro
Cuncaicha, respectively. The different colours in panel b distinguish
overlapping lavas of different ages (adapted from Samaniego et al.
2016). Red star in panel b marks the location of a maximum-limiting
4c age (5540 £40 cal yr) for the basal lava (Thouret et al. 2001a), while
the dashed white line indicates the area covered in detail in Fig. 4

Purupurini The Purupurini dome complex (PDC) (—17.291°,
—69.889°, 5117 m; Fig. 1) comprises a group of prominent
dacitic (Si0, 66 wt.%) lava domes and dome coulees located
~270 km ESE of the ASM and 85 km NNE of the city of
Tacna. Figure 5 depicts four voluminous lava domes 3.5—
7 km? in area and six smaller (< 0.5 km? area) intrusions,
situated in the NE corner of a large depression surrounded
by eroded composite Quaternary volcanoes (Fig. S1). The
arcuate rim of the depression, which opens to the north-east,
suggests the former existence of a 13 km-diameter caldera, the
northern edge of which is the site of the recent extrusions (Fig.
S1). With the exception of the E-W-oriented middle dome, the
Purupurini domes are elongated in a NNE direction (Fig. S1).
Crosscutting the dome cluster are three discrete populations of
NO5° E-, N85° E-, and N175° E-striking faults (Fig. S1). The
most voluminous dome coulee is elongated along the most
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recent N00—05° E strike-slip fault (Fig. S1). North of the larg-
est dome coulee, a graben bounded by two N178° E strike-slip
and normal faults cuts the depression floor and the surround-
ing Holocene slope and fan deposits.

Nevado Casiri Adjacent the Peru—Chile border, Nevado Casiri
(NC) (—17.485°, —69.789°, 5328 m; Fig. 1) comprises a
young complex of andesitic (SiO, 60%—61 wt.%) domes
and lava flows overlying the southern flanks of hydrothermal-
ly altered Quaternary volcanoes (Fig. S2). The NC complex
occupies a structural low—potentially a graben—bounded by
N150° E-striking faults and is surrounded by eroded compos-
ite volcanoes to the north, lava domes to the west, and a dome
cluster to the east (Fig. S2). The summit vent of one of NC’s
lava cones exhibits a conspicuous, ~ 100 m-relief plug dome
(Fig. 6). The vent itself has been breached to the south, prob-
ably due to dome collapse flows, as indicated by a thick apron
of pyroclastic deposits on the slopes below. West of the vent is
an extensive field of at least four stubby block-lava flows (Fig.
6).

Mina Arcata Seventy kilometres north of the NCVC, the Mina
Arcata (MA) site (—14.999°, —72.365°, ~4860 m; Fig. 1)
comprises a blocky trachyandesite (SiO, 56 wt.%) lava flow,
3.5 km? in area, and 4.2 km long, that erupted from a vent
located along a N10° E fault associated with the Orcopampa
hemi-graben. The vent is situated on the west wall of a south-
flowing glacial valley, Quebrada Angostura, draining Cerro
Ancojahua. The lava flow dammed local drainage and
impounded shallow lakes and peatlands against its margins
(Fig. 7). We include the Arcata lava flow in this paper due to
(1) the prominence of this ‘glacial valley-fill type’ of effusive
flow in the Western Cordillera, (ii) the apparently young age
of this most recent lava of the Arcata caldera, and (iii) the
potential for this landform to provide a calibration site for
cosmogenic beryllium-10. To date, there have been no pub-
lished descriptions of the MA lava flow and its origin remains
unclear.

Methodology

Lava flows were mapped from Google Earth imagery and
field-surveyed to establish stratigraphic relationships and rel-
ative weathering conditions, collect elevation data, and iden-
tify suitable surfaces for surface-exposure dating. Lava com-
position dictates the appropriate cosmogenic nuclide for
constraining eruption ages. Both the NCVC and ASM are
dominated by calk-alkaline andesites and dacites, containing
abundant clinopyroxene and orthopyroxene phenocrysts
(Venturelli et al. 1978; Gerbe and Thouret 2004; Burkett
2008; Samaniego et al. 2016). Because these minerals retain
helium at typical environmental temperatures, they are ideal
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Fig. 3 Annotated Google Earth
images of the four NCVC lava
flows: a NCF1, b NCF2, ¢ NCF3,
d NCF4. Also shown are the
distributions of glacial and
alluvial deposits adjacent each
flow and sample sites for
cosmogenic *He dating (note:
pre-volcanic glacial deposits are
not depicted for NCF1, where
geomorphic mapping is
incomplete). Panel ¢ also shows
the distribution of *He ages of
glacial erratics published
previously by Bromley et al.
(2009) and recalculated here
using the updated production rate
and scaling scheme. Yellow dots
indicate previously reported
whole-rock **Cl ages (Ubeda
etal. 2012, 2018)
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targets for “He dating. Recent refinement of *He production  In contrast, although our observations show the NC and PDC
rates at high tropical altitudes (Blard et al. 2013; Kelly et al.  sites are generally andesitic—dacitic in composition, the pyrox-
2015; Martin et al. 2017) means effective *He eruption chro-  ene content in our samples is low while Ca-rich feldspar is
nologies are now possible for Western Cordillera volcanoes.  abundant. Consequently, *°Cl dating of the feldspars is the
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Fig. 4 Annotated Google Earth image of the eastern flank of the ASM,
showing units SA-1, SA-2, and SA-3 (after Samaniego et al. 2016) and
sampling sites for cosmogenic *He dating. Also shown are the three ages
published previously by Samaniego et al. (2016) and recalculated here
using the same production rate and scaling scheme as our lava data.
Sabancaya’s craters (‘C’) are visible at the top of the image. Legend is
as in Fig. 3
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most suitable method to date these flows. Full details of sam-
pling procedures and the preparation of pyroxenes for *He and
feldspars for *°Cl are given in Online Resource 1.

The semi-arid climate of the Western Cordillera (~
390 mm/yr water equivalent at 6080 m on Coropuna;
Herreros et al. 2009) underpins the application of surface-
exposure dating at these sites by minimizing post-
depositional rock-surface erosion and shielding by vegetation
and snow. *He ages were calculated using the online
University of Washington cosmogenic calculator v.3 (https://
hess.ess.washington.edu) in conjunction with the Pocolli *He
calibration data set (Blard et al. 2013) and time-independent
‘St’ scaling scheme (Lal 1991; Stone 2000) (Table 1). As
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detailed in Online Resource 1, our interpretations are insensi-
tive to scaling choice. All *°Cl surface-exposure ages were
calculated with the Excel® spreadsheet of Schimmelpfennig
et al. (2009), employing the ‘St scaling scheme and incorpo-
rating *°Cl production rates for spallation of Ca and K
(Schimmelpfennig et al. 2011, 2014) and the production rate
of epithermal neutrons from fast neutrons in the atmosphere at
the land/atm interface (Marrero et al. 2016), which controls
36C1 production by low-energy neutron capture on >>ClI (see
Online Resource 1). All relevant input data are provided in
Tables 2 and 3; 10 uncertainties of *°Cl ages (Table 3) were
determined through full propagation of analytical and produc-
tion rate errors. Using the *°Cl production rate for spallation of
Ca calibrated by Marrero et al. (2016), which is ~20% higher
than that of Schimmelpfennig et al. (2011), results in *°Cl ages
that are 2—11% younger (Table 3; see Online Resource 1),
which is within the 1o uncertainties of the *°Cl ages and thus
does not impact our conclusions.

In contrast to our other sites, the Arcata trachyandesite
lava contains minimal pyroxene and only trace amounts of
quartz. Therefore, we radiocarbon-dated organics pre-
served in the basal sediments of a lava-impounded wetland
to provide first-order age constraint for the eruption, since
the wetland would not have existed prior to the lava dam.
We employed a Livingstone corer to extract a 4-m core
from a small wetland adjacent the flow’s eastern edge (—
14.9985, —72.3603; 4763 m; Figs. 7 and 8), the surface of
which is dominated by Distichia muscoides and fed by
drainage from the surrounding slopes. The core was taken
within 30 m distance of the lava edge and penetrated the
full thickness of the palaeo-lacustrine sediments down to
the underlying glacial diamicton (Fig. 8). The core was
split at the University of Maine, where samples for '*C
dating (well-preserved remains of terrestrial plants) were
isolated by sieving, cleaned in de-ionized water in an ul-
trasonic bath, dried, and submitted to the NOSAMS facil-
ity, Woods Hole Oceanographic Institute, for '*C measure-
ment. Radiocarbon dates were calibrated to calendar years
using OxCal v.4.2 (Ramsey 2009) and IntCall3 (Table 4).

Results
Nevado Coropuna

Figure 2 a depicts the distribution of lava flows on the NCVC.
The southern flow (NCF1), which erupted from the NCVC’s
east summit, is 4 km in length, 3.3 km? in area, and 50150 m
thick, and drops in elevation from 5510 m at the snowline to a
terminus at 4250 m. The lava forms a single block-lava flow,
indicating emplacement during a single event. The surface of
NCF1 is relatively stable and fresh in appearance, exhibiting
well-preserved glassy rinds, abundant high-relief and
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Fig.5 Purupurini dome complex. a Annotated Google Earth image of the Dome and South Dome, respectively, while ‘D’ indicates minor dome
PDC site, showing the distributions volcanic and surficial deposits and structures and ‘C’ denotes crater. Photographs of the north b and south ¢
sample site for cosmogenic *°Cl dating. ‘ND’ and ‘SD’ denote North lava domes. Legend is as in Fig. 3
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Fig. 6 Nevado Casiri complex. a Annotated Google Earth image of the dome. b Photograph of the south-eastern flank of NC, showing part of
NC site, showing the distributions volcanic and surficial deposits and the dated lava flow and the conspicuous summit plug dome. ¢ Close-up
sample sites for cosmogenic *°Cl dating. ‘P’ denotes summit plug view of the summit plug. Legend is as in Fig. 3
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Fig. 7 Annotated Google Earth
image of the MA flow (‘V’
denotes vent), showing locations
of lava-impounded ponds and
wetlands and our core site (red
star). Also shown is the average of
two basal '*C ages from the core,
which provide a minimum-
limiting age for the eruption.
Arrows denote general drainage
directions of water in this
catchment. Legend is as in Fig. 3

-72.380°

undisturbed pressure ridges, and minimal surface weathering.
Stratigraphically, the flow overlies, and thus postdates, mo-
raines of the LGM (Bromley et al. 2009). The upper flow
has, in turn, been overrun by a small glacier tongue that de-
posited fresh, ice-cored moraines on the lava surface (Fig. 3a).
Such moraines are widespread throughout the Western
Cordillera and correlated with glacial advances during the last
millennium (Forget et al. 2008; Bromley et al. 2011a; Alcala-
Reygosa et al. 2016). Three *He samples (COR-15-39 and 40,
COR-16-70; Table 1; Fig. 3a) collected from near the base of
NCF1 are indistinguishable within 20 and give a mean expo-
sure age of 1545+ 90 years.

On the northern flank of the eastern summit, NCF2 de-
scends 700 m from its source at 5590 m to its terminus in

-15.015°  -72.360°

-15.000° -72.380°

-14.985°

-15.000°

the U-shaped Quefia Ranra valley (Fig. 3b). The 5 km-long
flow has an area of 3.6 km? and is weathered to a similar
degree as NCF1. Stratigraphically, this flow overlies a late-
glacial moraine dated in the adjoining valley to 13.4 ka
(Bromley et al. [2011b], recalculated here using the same pro-
duction rate and scaling). Like NCF1, the upper end of NCF2
has been glacially incised during a subsequent advance of the
ice cap and is overlain by a fresh ice-cored moraine presum-
ably of Late Holocene age (Clapperton 1993; Forget et al.
2013; Lamadon 1999) (Fig. 3b). Sample COR-07-05 gives a
He age of 2.1+0.1 ka for this flow (Table 1; Fig. 3b).

The larger NCF3 flow was erupted from a vent ora WNW—
ESE-striking fissure located between Coropuna’s NW and SW
domes (Fig. 2a). NCF3 is 6.25 km long, 50-100 m thick,

Table 1 Sample data, helium

concentrations, and surface- Sample ID  Lat. Long. Altitude ~ Thickness  Shielding  *Heos (10°  Exposure age
exposure ages for NCVC and (m) (cm) atomsg ') and 1o (ka)*
ASM lava samples
Flow NCF1
COR-15-39  —15.595 —72.577 4300 3.0 0.998 2.06+0.03 1.57+0.03
COR-15-40 —15.592 —72.577 4450 4.0 0.998 1.89+£0.04  1.62+0.02
COR-16-70  —15.588 —72.575 4630 3.0 0.998 2.01+0.09 1.44£0.07
Flow NCF2
COR-07-05 —15.525 —72.569 5176 3.6 0.996 3.66+0.11 2.10+0.07
Flow NCF3
COR-06-33  —15518 —72.707 5024 4.0 0.999 20.05+0.3 12.540.17
Flow NCF4
COR-17-72  —15428 —72.673 4413 3.0 0.999 149.0+2.9 1182423
Flow SA2
SBC-11-09 —15.816 —71.843 5076 2.8 0.999 7.06+0.18  4.13+0.11
Flow SA3
SBC-11-03  —15.822 —71.785 4578 3.0 0.999 7.15+0.18  5.18+0.13

2 Ages calculated assuming zero erosion and a density of 2.75 g/cm®
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Table 2  Sample locations and information required for *°Cl age calculations

Sample ID  Lat. Long. Altitude Density Subsurface Thickness Shielding CaO%® K,O %° TiO, % Fe;03%°
(m) (g/crn3) depth (cm) * (cm)

PUR-14-01 —17.329 —69.883 4826 2.5 7-5 2 0.950 5.19£0.10 1.63+0.03 0.06+0.01 0.42+0.02

CAS-14-02 —17.500 —69.801 4700 2.7 7-5 0.950 6.32+0.13 0.74+0.37 0 0.25+0.01

CAS-14-03 —17.500 —69.782 4750 2.7 7-5 0.950 6.27+0.13 0.72+£0.04 0 0.24+0.01

 Sub-surface depth and sample depth are approximative (see text for details)
¢ Concentrations of the 3° Cl target elements Ca, K, Ti and Fe were determined at the SARM-CRPG (Nancy, France) by ICP-OES (values of 0 denote

measurements below detection limit)

covers an area of 4.5 km?, and ranges in elevation from
5140 m at its upper limit to 4596 m at the terminus. Like
NCF1 and NCF2, NCF3 overlies LGM glacial till and is over-
lain in turn by moraines and glacio-fluvial outwash of a later,
Holocene glacier advance (Fig. 3c). Yet, in contrast with, the
overlying moraines at NCF3 are significantly older than those
mantling NCF1 and NCF2, and instead resemble the late-
glacial C-II moraines on the mountain’s north side (Bromley
et al. 2009, 2011b). Specifically, the overlying moraines ex-
hibit broad crests and exfoliated boulder surfaces and lack the
ice core characterising the Late Holocene moraines. Similarly,
the lava flow itself is more weathered than NCF1 and NCF2,
with a greater abundance of toppled crags and blocks, more
widespread exfoliation of rock surfaces, and a thick (2—5 mm)
weathering rind in hand specimens. A *He exposure age from
this flow indicates eruption at 12.5+0.2 ka (Table 1).

The fourth lava deposit examined here, NCF4, is a small
(0.3 km?), steep-fronted porphyritic andesite flow erupted
from a fissure located 1-km ESE of Mauca Llacta, at the base
of Coropuna’s NW dome (Fig. 2a). NCF4 has an altitude
range of 4474-4400 m and is underlain by relict alluvial fans
emanating from Coropuna; unlike the previous flows, NCF4
has not been influenced by glacial erosion. Morphologically,
the lava exhibits clear flow structures, including levees and
pressure ridges, while the fissure itself is also well preserved
(Fig. 3d). Despite this well-preserved macromorphology,
blocks comprising the surface of NCF4 exhibit extensive ex-
foliation, pitting, and well-developed weathering rinds, rela-
tive to flows NCF1-3, suggesting greater antiquity. A single
sample, COR-17-72, collected from near the toe of the flow
(Fig. 3d) gives a He age of 118 +2.3 ka (Table 1).

Ampato-Sabancaya massif

The volcanic landforms of the ASM has been mapped by
Huaman-Rodrigo et al. (1993), Thouret et al. (1994, 1995b),
Gerbe and Thouret (2004), Bulmer et al. (1999), and
Samaniego et al. (2016), the latter who also provided three
*He measurements for lavas on the Sabancaya’s eastern flank
(see “Discussion”). Samaniego et al. (2016) described four
separate east-flowing lava units and labelled these SA1-3,

for the basal lavas, and SA—4 for the most recent deposits
(Figs. 2b and 4). Two of their *He samples (SA4 and SA5)
are from what they designated a satellite vent lava, flow SA-3,
while the third sample, SA1, was collected from their ‘lower
lava’ SA-1 (see below).

The excellent preservation of flow structures, levees, spines
and crags, and absence of significant post-eruption weathering
or glacial erosion are in keeping with the Holocene designa-
tion of Sabancaya’s lavas. We measured helium concentra-
tions in two samples. The first (SBC-11-03), from near the
base of flow SA-3 of Samaniego et al. 2012, gives an age of
5.2+0.1 ka for that eruption (Fig. 4). The second sample,
SBC-11-09, was collected from a higher and stratigraphically
younger flow (SA-2 of Samaniego et al. 2012) and gives an
age of 4.1 £0.1 ka (Fig. 4).

Purupurini dome cluster

A total of seven domes and dome coulees rise as much as
300 m above the former caldera floor at the PDC (Figs. 5
and S1). Without exception, the steep flanks and sub-
horizontal dome surfaces are mantled by significant accumu-
lations of wind-blown ash. Nonetheless, the prominent levees
and bulges that are preserved atop each dome testify to the
minimal impact of post-depositional weathering. Moreover,
we note that, although relict moraines and glacial drift are
widespread on the surrounding uplands, the PDC has not been
impacted by glacial erosion. A single sample (PUR-14-01)
collected from the top surface of the southern dome (Fig. 5)
for cosmogenic *°Cl measurement yielded an exposure age of
5.3 1.1 ka (Table 3; Fig. 5).

Nevado Casiri

The volcanic geomorphology of the NC volcano is illustrated
in Figs. 6 and S2. Two prominent, minimally weathered
block-lava flows, with a total area of ~3 km?, descend in a
series of overlapping flow lobes from high (~ 5260 m) on the
SW flank of the older main cone: the SW flow terminates at
4730 m elevation and the 2 km-long, stratigraphically older
SE flow slightly higher at 4760 m (Fig. 6). Crowning the main

@ Springer
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0-93cm Fine-grained peat capped
with distichia vegetation

93-303cm Laminated clay, sand,
and gravel layers

8.5 + 0.1 cal ka BP|

9.3 + 0.2 cal ka BP] 303-400cm - Faintly laminated grey
and beige clay, with
133 0.1 cal ka BP plant fragments.

13.2 +0.1 cal ka BP

>400cm Glacial diamicton

ARC-1-1A
ARC-1-1B
ARC-1-4
ARC-1-7

11,300 +/- 45 C-14 yr
11,400 +/- 55 C-14 yr
8290 +/-60 C-14 yr
7690 +/- 50 C-14 yr

13,201 +/- 100 cal yr BP

13,266 +/- 127 cal yr BP
9278 +/- 126 cal yr BP|
8492 +/- 91 cal yr BP

Fig. 8 a Quebrada Angostura core site, showing the wetland in the foreground and the MA lava flow in the background. b Schematic diagram of the
Arcata core and stratigraphic context of the four '*C ages from plant macrofossils

cone, the striking protrusion (0.05 km?) forming the summit of
NC is unweathered and its surface characterized by radial
pressure ridges. Similarly, although the lower reaches of the
southern lava are mantled by wind-blown ash, both flows
exhibit a craggy topography including 50-100 m-tall levees
and huge ropy lobes as much as 500-m wide, 130 m across,
and 50-m tall. Nowhere do the lavas investigated here bear
any evidence of glaciation. We collected one sample each
from the upper surfaces of the two south-flowing lavas for
cosmogenic *°Cl dating. Sample CAS-14-02 gives an expo-
sure age of 2.6 + 0.4 ka for the stratigraphically younger flow,
while CAS-14-03 has an age of 6.0 £ 0.9 ka (Table 3; Fig. 6).

Mina Arcata

The MA lava flow (Fig. 7) flowed both north and south from
the vent along a NNE-trending fault. The surface of the flow,
which stands up to 50 m above the adjacent valley floor,
retains clear flow structures, including pressure ridges as
much as 5 m in relief, and is similar in appearance to the
andesitic block-lava flows on the NCVC and ASM.
Nonetheless, the MA flow is visibly more weathered than
the Holocene lavas described above, which potentially is
due as much to the less-resistant trachyandesite lithology as

it is to age. Our sediment core reveals 97 cm of basal laminat-
ed grey-beige clay containing plant fragments, over which lie
210 cm of alternating sand-gravel lenses and grey clay,
representing progressive infilling of the basin by alluvium,
and an upper metre dominated by fine-grained peat
transitioning into a fibrous distichia mat.

Four '*C dates on plant material in the basal unit afford
stratigraphically consistent minimum ages for the eruption
(Fig. 8): ARCATA-1-1a and 1b, from 5 to 7 cm above the
till-clay interface at ~395 cm depth, give calibrated ages (be-
fore AD 1950) of 13,200+ 100 yr BP and 13,270+ 130 yr,
respectively (mean age 13,230+ 50 yr BP); samples
ARCATA-1-4 (370 cm depth) and ARCATA-1-7 (340 cm
depth) give calibrated ages of 9280+ 190 yr BP and 8490 +
90 yr BP, respectively (Table 4).

Discussion

This paper presents eleven new *He and *°Cl surface-exposure
ages and '“C data, which together expand the recent eruptive
chronology of four composite volcanoes and one minor vent
in the CVZ. Atthe NCVC, our data provide the first constraint
of an eruption at ~ 118 ka, when the Mauca Llacta flow was

Table 4 Sample data, including

radiocarbon and calibrated ages, Sample ID Depth (em)  Lab ID Material ¢ age §'3C Calibrated age
for Mina Arcata
ARC-1-1A 393-395 0S-94467  Plant fragments 11,300£45  —25.46 13,201 £100
ARC-1-1B 393-395 0S-94487  Plant fragments 11,400£55  —19.18 13,266 +127
ARC-1-4 370 0S-94524  Plant fragments 8290+ 66 —2330  9278+186
ARC-1-7 340 0S-94521  Plant fragments 7690+ 50 —23.97  8492+91

Radiocarbon dates calibrated to calendar years with OxCal v.4.2 (Ramsey 2009) and IntCal13 (Reimer et al. 2013)
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emplaced. While we stress that this exposure age is a first-
order estimate, due to the need for *He production-rate cali-
bration on this timescale (see below), this value aligns with
unpublished *°Ar/*’Ar and U/Pb data from neighbouring
flows (J-C Thouret, unpub. data). Following the LGM, a ma-
jor effusive eruption deposited the NCF3 lava during the Late
Glacial. A previous *°Cl age estimate placed this eruption ~
8 ka later, during the middle Holocene (sample NCNW2S;
Ubeda et al. 2012). That model conflicts with our data and
with the glacial morphology and stratigraphy at this site, both
of which suggest a Late Glacial age. Without knowing the full
physical context of NCNW28, plausible explanations for its
young age relative to COR-06-33 include post-depositional
shielding by snow, ash and lapilli, which might reduce the
cosmogenic ray flux to the sampled surface. Our data indicate
emplacement of NCF1 and NCF2 occurred ~ 500 years apart
and prior to the most recent advance of Coropuna’s ice cap.
Acknowledging the minor age difference, we speculate that
both flows were fed by 175° N-trending fissures along
Coropuna’s eastern flank, which intersected hydrothermal de-
posits of the eroded underlying edifice (Cerro Cuncaicha; Fig.
2a). We also posit that a thin (< 10 cm), fine-grained black
ashfall deposit, visible beneath the patchy soils on the massif’s
SSE-WSW flanks within ~ 20 km of the vents, correlates with
the two Holocene flows. Finally, we note that there is close
agreement between our “He ages from NCG1 and NCF2 and
earlier *°Cl ages from the same landforms (Ubeda et al. 2012,
2018; Fig. 3a,b) and with the overlying glacial stratigraphy, all
of which suggests the NCVC is active and not dormant as
previously thought.

Two stratigraphically consistent *He ages from the ASM
confirm the middle-Holocene age of the Sabancaya edifice
and lava field, in accord with previous estimates (Thouret
et al. 1994, 1995b, 2001a; Samaniego et al. 2016). There is
particularly close agreement between our helium age from the
eastern basal unit (SBC-11-03: 5.2+0.1 ka) and previously
published constraint for the western basal flow (5540 +
40 cal yr BP), based on a '*C date of peat buried by a
Holocene lava (Thouret et al. 2001b; Fig. 2b), although we
acknowledge that these lavas are located on opposite sides of
the volcano and not conclusively correlated. Compared with
previously published *He ages (Samaniego et al. 2016;
recalculated in the same way as for our data), we note that
while there is first-order similarity between our ages and their
samples SA1 (6.0+0.3 ka) and SA4 (6.6+ 0.3 ka), there re-
mains a conspicuous ~22% offset in helium-3 concentrations
(equivalent to ~ 1500 years exposure age) between SBC-11-
03 and SA4, despite both being from the same basal SA-3
flow. An even starker disparity exists with sample SAS
(Samaniego et al. 2016), also from the SA-3 flow, which gives
an age (12.3+0.5 ka) approximately twice as old as both
samples SBC-11-03 and SA4. All three samples are from the
same lava and thus should exhibit similar concentrations of

@ Springer

cosmogenic helium; yet, even accounting for intrinsic vari-
ability in lava composition and preparation and mass spec-
trometer sensitivity (typically 2%), we can offer no clear rea-
son why three neighbouring samples give such divergent re-
sults. Without detailed information concerning the physical
nature of samples SA4 and SAS, we must assume that both
are erroneously old, potentially due to contamination by non-
cosmogenic (e.g., magmatic) *He. Consequently, our data re-
fute the suggestion that Sabancaya’s basal edifice was con-
structed during the Pleistocene-Holocene transition
(Samaniego et al. 2016), a model founded on the older of
the two disparate SA-3 helium ages.

Our *°Cl ages from the PDC and NC constitute the first
chronologic data for either site. An exposure age of 5.3+
1.1 ka from the south dome of the PDC indicates emplacement
during the middle Holocene. On the basis of the relatively
uniform degree of rock-surface weathering, this assignation
potentially applies to the other domes in the complex, but full
resolution of the PDC chronology will require extensive ap-
plication of the 36C1 method. Meanwhile, the two 3°Cl ages
from NC provide preliminary constraints for two pulses of
effusive volcanism during the middle-late Holocene.
Similarly, basal '*C ages from the lava-dammed wetland in
Quebrada Angostura provide the first-ever age constraint for
the MA flow, which is tentatively correlated with the Arcata
caldera (Thouret et al. 2016). Given that Late Pleistocene gla-
cial till immediately underlies the organic-rich basal lacustrine
sediments in this core, with no indication of an erosional un-
conformity, we suggest the average of two basal '*C ages
(13.2 ka) is a closely limiting minimum age for eruption.
Nonetheless, absolute dating control awaits 19B¢ surface-
exposure dating of the lava itself.

Together, the voluminous lava flows and domes preserved
at our five sites confirm the widespread occurrence of large,
effusive eruptions during the Late Pleistocene and Holocene.
At Coropuna, the copious volume of lava flows contrasts
starkly with the small number of thin ashfall deposits and
pumice layers from the same period (e.g., Thouret et al.
2002). While it is possible that pyroclastic deposits have been
removed by subsequent subaerial and/or glacial erosion, such
processes are not supported by prevailing climatic conditions
or patterns of Late Pleistocene—Holocene glaciation (Bromley
et al. 2011a,b; Ubeda et al. 2018), leading us to propose that
volcanism at the NCVC has been defined by effusive volca-
nism since at least the last ice age. Our data confirm a com-
parable behaviour for Sabancaya (Samaniego et al. 2016),
where >80% of the exposed lava area (~60 km?) can be
assigned to the Holocene yet evidence for large explosive
eruptions and pyroclastic deposition is absent. While it is too
early to discount entirely the possibility of pyroclastic deposits
associated with the PDC, NC, and MA eruptions, the preser-
vation of voluminous lavas at these sites aligns with the
NCVC and ASM and suggests a spatially extensive pattern
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of effusive volcanism in SW Peru during the Late
Pleistocene—Holocene. This finding highlights the need to
(1) examine more carefully the evolution of lava flows in this
part of the CVZ, where until now the focus has largely been on
singular explosive eruptions (e.g., Huaynaputina) and ignim-
brites, and (2) recognize the role of lava-forming eruptions
lacking significant pyroclastic elements.

Our new data demonstrate that the NCVC, like the
neighbouring ASM, Nevado Chachani, and Volcan Misti, is
an active magma system and thus a potential threat to human
health and infrastructure. Unlike those volcanoes, the NCVC
currently supports the largest glacier in the tropics (~44 km?
in 2015; Kochtitzky et al. 2018), raising the very real possi-
bility of lahars in the event of renewed eruptions. Indeed,
Ubeda et al. (2018) reported relict lahar deposits on the NE
flank of the massif that they attribute to eruption of the NCF2,
although these deposits have not been dated directly. While
the existing lava chronology is insufficient to establish erup-
tion rates at any of the five sites investigated here, the con-
comitance at Coropuna of extensive glaciation, active volca-
nism, and locally intensive human settlement emphasizes both
the dearth of such information and the value in prioritizing
high-resolution records for the glaciated CVZ. The potential
hazard posed by the NCVC in particular is an impetus for our
ongoing geochronology efforts at that site.

In addition to establishing eruption recurrence and lava
output rates for this under-studied region, the close strati-
graphic relationship between volcanic and glacial deposits in
SW Peru affords an invaluable opportunity for evaluating the
role of (de)glaciation in magmatism. The debate into this po-
tential relationship centres on Iceland; whether or not glacial
loading/unloading impacts magma behaviour at convergent
plate boundaries has not been tested. Within our data set, we
note that both the MA and NCF3 lavas erupted during the Late
Glacial period. Moreover, the occurrence of the latter soon
after recession of Coropuna’s ice cap is evidenced by a *He
age (13.0 ka; recalculated from Bromley et al. (2009) using
the same production rate and scaling for comparison) from a
nearby glacial erratic boulder perched on the underlying gla-
cial till (Fig. 3¢). Yet, despite this apparently close timing, our
database does not permit meaningful examination of glacial-
magmatic links and we caution that temporal coincidence is
weak evidence for causation. Our study does, however, dem-
onstrate the feasibility of resolving the relative timing of
cryospheric and volcanic behaviour on a site-by-site basis
using a single method, thereby minimizing temporal uncer-
tainties between the two records and helping identify lavas
of glacial, deglacial, and post-glacial age. Such lavas can then
be used as targets for geochemical assessment of magma pro-
duction, storage, and remobilisation (e.g., Cooper and Kent
2014) in the context of cryospheric change.

Methodologically, our lava chronology from SW Peru sup-
ports the use of cosmogenic nuclides for direct dating of Late

Pleistocene—Late Holocene-age lavas, timescales that are rel-
evant for estimating long-term eruption rates in SW Peru and
more broadly. Application of the stable nuclide *He to older
(e.g., Pliocene) lavas is theoretically possible but depends on
the degree of post-depositional surface erosion, which can be
considerable even under prevailing arid conditions. Our
oldest-dated flow, NCF4, illustrates how “He dating can be
combined effectively with other geochronologic methods,
such as U/Pb, both as a means of cross-checking cosmogenic
data and for filling gaps in the record where one method is
compromised (e.g., due to surface erosion). At the same time,
NCF4 underscores the need to calibrate cosmogenic nuclide
production rates on volcanically relevant timescales. The ma-
jority of production rate estimates currently in use are calibrat-
ed against landforms < 20 ka in age (see Borchers et al. 2016),
and while our age for NCF4 assumes this rate has remained
broadly constant over time, there is considerable debate within
the scientific community as to the validity of this assumption.
The impact of geomagnetic variability on the cosmic ray flux,
for example, is unconstrained yet has potentially significant
ramifications for terrestrial cosmogenic nuclide production on
long timescales (see Lifton et al. 2014; Online Resource 1).
Going forward, the coupling of cosmogenic nuclide dating
with methods such as *°Ar/**Ar and U/Pb affords a foundation
not only for constraining lava age but also for calibrating
cosmogenic nuclide production on numerous relevant time-
scales and thus must be prioritized.

Conclusions

Eight cosmogenic *He and three *°Cl ages, along with new
minimum-limiting '*C dates, document multiple episodes of
effusive volcanism in the Andes of southern Peru over the past
~ 118 ka, including two Late Holocene events on the NCVC.
Our *He and *°Cl data, inferred from measurements in pyrox-
ene and feldspar separates, respectively, demonstrate that cos-
mogenic surface-exposure dating is an effective tool for
reconstructing volcanic activity in the Western Cordillera, par-
ticularly for young (and potentially historic) lavas that are
beyond the scope of traditional geochronologic methods yet
crucial for establishing the timing and frequency of recent
eruptions. In our study area, the prevailing semi-arid climate
maintains a high degree of surface preservation and minimizes
potential complicating factors, such as shielding by snow and
vegetation. Furthermore, the analytical resolution of the
surface-exposure toolset is approaching the point at which
meaningful comparisons with other chronologies become pos-
sible and, critically, the potential relationships between mag-
ma generation/storage and geomorphic—climatic processes,
such as cryospheric change and edifice collapse, might be
established effectively.
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Acknowledging the exciting potential of cosmogenic
surface-exposure dating for volcanic applications on both very
young and very old timescales, we stress that limitations in our
current understanding of nuclide production rates, and how
they might vary over time, remain an important source of
methodological uncertainty. This is particularly true for the
Tropics, where the magnitude of geomagnetic variance is
greatest, and highlights the need for renewed calibration ef-
forts over a broad range of timescales.
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