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Glacial Lake Outburst Floods (GLOFs) constitute a major threat in glacierized regions. Despite a recent
increase in the size and number of glacial lakes worldwide, there is only limited evidence that climate
change is affecting GLOF frequency. GLOFs are particularly common in the Baker River watershed
(Patagonia, 47�S), where 21 GLOFs occurred between 2008 and 2017 due to the drainage of Cachet 2 Lake
into the Colonia River, a tributary of the Baker River. During these GLOFs, the increased discharge from
the Colonia River blocks the regular flow of the Baker River, resulting in the inundation of the Valle
Grande floodplain, which is located approximately 4 km upstream of the confluence. To assess the
possible relationship between GLOF frequency and climate variability, four sediment cores collected in
the Valle Grande floodplain were analyzed. Their geophysical and sedimentological properties were
examined, and radiocarbon-based age-depth models were constructed. All cores consist of dense, fine-
grained, organic-poor material alternating with low-density organic-rich deposits. The percentage of
lithogenic particles, which were most likely deposited during high-magnitude GLOFs, was used to
reconstruct the flood history of the last 2.75 kyr. Results show increased flood activity between 2.57 and
2.17 cal kyr BP, and between 0.75 and 0 cal kyr BP. These two periods coincide with Neoglacial advances
that are coeval with periods of lower temperature and increased precipitation. Our results suggest that
GLOFs are not a new phenomenon in the region. Although rapid glacier retreat is likely responsible for
high GLOF frequency in the 21st century, high-magnitude GLOFs seem to occur more frequently when
glaciers are larger and thicker.

Crown Copyright © 2020 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Glacial Lake Outburst Floods (GLOFs) occur when a lake dam-
med by a glacier or moraine suddenly empties, resulting in the
abrupt flooding of downstream environments (e.g., Benn and
Evans, 2010). In glacierized regions, these events constitute a con-
stant threat to infrastructure, livestock, and human lives. Historical
data worldwide suggest that GLOFs have occurred throughout
recorded history (Carrivick and Tweed, 2016). There is however
only limited evidence that their frequency has changed (IPCC,
. Vandekerkhove).
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2019).
The recent increase of glacial lakes, both in size and number

(e.g., Paul et al., 2007; Wang et al., 2011; Davies and Glasser, 2012;
Carrivick and Quincey, 2014; Aniya, 2017; Prakash and Nagarajan,
2018; Wilson et al., 2018; Zhang et al., 2019), has led to the
assumption that GLOF frequency is currently increasing, mostly due
to increased glacier retreat and thinning rates (e.g., Iribarren
Anacona et al., 2014; Wilson et al., 2018). However, recent studies
suggest that the number of GLOFs has actually reduced since the
mid-1990s in all major world regions (Carrivick and Tweed, 2016).
A recent global inventory of GLOFs originating from the failure of
moraine dams shows a global increase in flood frequency between
1930 and 1970, followed by a decline in recent decades, despite
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glacier recession (Harrison et al., 2018). The global increase in GLOF
frequency around 1930 was associated with a delayed response to
the warming that ended the Little Ice Age (LIA) and the recent
decrease in GLOF frequency and regularity was interpreted as
reflecting the climate stabilization that followed the LIA (Harrison
et al., 2018). Carrivick and Tweed (2016), however, did not
observe any significant trend in the number of GLOFs from
moraine-dammed lakes over the last 50 years. By comparison,
GLOFs from ice-dammed lakes are also known to occur during
periods of glacier growth (Benn and Evans, 2010; Round et al.,
2017), and their frequency globally seems to have decreased over
the last 50 years (Carrivick and Tweed, 2016).

In Patagonia, GLOF frequency appears to have increased in the
last three decades (Iribarren Anacona et al., 2014). They are
particularly pronounced in the Baker River watershed (47e48�S),
which drains most of the eastern side of the Northern Patagonian
Icefield (NPI). The Colonia River, which is a tributary of the Baker
River, experienced repeated GLOF events from 1881 onwards
(Tanaka,1980;Winchester and Harrison, 2000; Jacquet et al., 2017).
After a 50-year long period of quiescence between the 1960s and
2008 during which no GLOFs were documented, GLOFs in the Baker
River watershed restarted in April 2008, with a frequency of 1e3
per year (Jacquet et al., 2017). These GLOFs all initiated from the
emptying of Cachet 2 Lake into the Colonia River (Dussaillant et al.,
2010; Jacquet et al., 2017). During these events, the discharge of the
Baker River roughly triples, resulting in the inundation of large
floodplains.

This apparent abrupt increase in GLOF frequency in the Colonia
River valley has reinvigorated discussions about the possible link
between climate change and GLOF frequency. However, there is
currently no conclusive answer to this question, mainly because of
a lack of continuous flood records on timescales that extend beyond
gauged river-flow datasets. Long-term flood records that allow for
an evaluation of the drivers of flood frequency can be obtained from
geological archives, such as floodplain sediments, which have
proven to be valuable recorders of flood variability (e.g., Paine et al.,
2002; Jones et al., 2012; Toonen et al., 2015; Lintern et al., 2016;
Ishii et al., 2017; Fuller et al., 2018, 2019).

The aim of this paper is to reconstruct Baker River flood vari-
ability during the late Holocene to evaluate long-term (pre-
instrumental) changes in GLOF frequency. We do so by analyzing
geophysical and sedimentological data obtained on four
independently-dated sediment cores collected in the Valle Grande
floodplain, which is located along the upper Baker River. The results
are then compared to proxy records of both glacier and climate
variability to assess their potential relationships.

2. Setting

2.1. Hydrology

The Baker River (47e48�S) is located in Chilean Patagonia
(Fig. 1a). It is the largest river in Chile in terms of mean annual
discharge (~1100 m3/sec; Dussaillant et al., 2012). The river origi-
nates from Bertrand Lake, which is directly fed by General Carrera
Lake, and continues to flow southwards where it discharges into
the Martínez Channel near the town of Tortel (Fig. 1a). Along its
approximate 190 km course, the Baker River receives meltwater
from NPI outlet glaciers via (from North to South) the Nef, Colonia,
and Ventisquero rivers. It is also fed by the Chacabuco, Cochrane,
Del Salto, and De Los ~Nadis rivers, which originate from the eastern
side of the watershed. The Del Salto and De Los ~Nadis rivers both
receive meltwater from small mountain glaciers on the eastern side
of the Baker watershed. Due to the glacial regime of the Baker River,
its discharge varies seasonally from 600 m3/s in winter to 1200 m3/
2

s in summer (Dussaillant et al., 2012).

2.2. Glaciology

The NPI, with a surface area of approximately 4000 km2 (Davies
and Glasser, 2012; Aniya, 2017), is the second largest temperate
icefield. After the Last Glacial Maximum, NPI glaciers contracted
and expanded several times, and different chronologies of Neo-
glacial advances have been postulated for the Holocene (Mercer,
1982; Aniya, 1995, 1996, 2013; Davies et al., 2020). The chronol-
ogy proposed by Aniya (2013) is one of the most detailed and it
includes five Neoglaciations at 5.1e4.5 cal kyr BP, 4.0e3.6 cal kyr BP,
2.8e2.0 cal kyr BP, 1.6e0.9 cal kyr BP, and during the 17the19th
centuries. This chronology, however, is mostly based on data from
outlet glaciers of the SPI (Southern Patagonian Icefield), as studies
of Holocene NPI glacier variability remain very limited. The most
recent review of Patagonian glacier evolution by Davies et al. (2020)
only briefly addresses Neoglacial advances but it suggests that
glaciers advanced or stabilized at 6e5 cal kyr BP, 2e1 cal kyr BP, and
0.5e0.2 cal kyr BP, although Nimick et al. (2016) observed a clear
advance of the Colonia Glacier at 2.9 cal kyr BP, in agreement with
the formation of a large moraine by glacier Leones slightly before
2.5 cal kyr BP (Harrison et al., 2008). After the latest advance in the
17the19th centuries, which is frequently associated to the LIA, all
eastern NPI glaciers receded (Masiokas et al., 2009). Their total
surface area loss between 1870 and 2011 has been estimated at
19.1% (Davies and Glasser, 2012). Similarly, smaller mountain gla-
ciers located to the East of the NPI and discharging into the Del Salto
and De Los ~Nadis rivers, have experienced a general ice retreat
during the last ~150 years (Davies and Glasser, 2012).

2.3. Holocene GLOFs in the upper Baker River area

Very few paleohydrological reconstructions exist along the
eastern side of the NPI, and most focus on the catastrophic floods
that occurred during the deglaciation (e.g., Benito and
Thorndycraft, 2020). The oldest evidence of GLOF occurrence in
the upper Baker River area, as identified from erosive and deposi-
tional landforms, dates back to ~12.6e11.7 kyr BP (Benito and
Thorndycraft, 2020). These megaflood-type landform assemblages
resulted from catastrophic floods, with volumes of around 100 km3,
at a time when the discharge of large proglacial lakes was being
reorganized towards the Pacific Ocean via the Baker River (Turner
et al., 2005; Glasser et al., 2016; Thorndycraft et al., 2019). During
the Holocene, additional paleofloods were identified from slack-
water deposits found immediately downstream of the Baker-
Colonia confluence (Benito et al., 2014; Benito and Thorndycraft,
2020). The latter deposits provide evidence for at least eight
floods between 7.0 and 2.5 cal kyr BP and at least three GLOFs
during the last 600 years, separated by a stable period between 2.5
and 0.6 cal kyr BP. Although Lara et al. (2015) used tree rings to
reconstruct Baker River streamflow during the last 250 years, their
record is unfortunately insensitive to GLOFs.

The first historical evidence of GLOF occurrence in the upper
Baker River area dates back to the early 1880s (Tanaka, 1980). These
GLOFs originated from the Colonia River and are related to the
retreat of Colonia Glacier between 1850 and 1880 (Harrison and
Winchester, 2000). Due to this retreat, Arco Lake, which was at
the time dammed by Colonia Glacier, released approximately
265 � 106 m3 of water around 1881 (Tanaka, 1980; Winchester and
Harrison, 2000, Fig.1a). Afterwards, repeated GLOFs occurred in the
Colonia valley from water discharged by Arco Lake. Severe flood
events took place c. 1896/1897, 1914/1917, 1944 and 1963, until a
drainage path eventually established between Arco and Colonia
lakes in the 1960s and GLOFs ceased to occur (Winchester and



Fig. 1. Location of the Valle Grande floodplain along the Baker River in Chilean Patagonia. (a) Location of the Baker River in its entire course from Bertrand Lake to Martinez Channel,
with indication of the main tributaries and glaciers discussed in the text (Global Mapper World Imagery). NPI stands for Northern Patagonian Icefield. The towns of Cochrane and
Tortel are indicated with green squares. (b) Location of Valle Grande, four km upstream of the confluence between Baker and Colonia rivers. This image was taken in February 2009,
during the only known inundation of the Valle Grande floodplain due to heavy rainfall (photo credit: Horacio Parrague). (c) Sediment from the Colonia River flowing upstream in the
Baker River towards Valle Grande during the September 2016 GLOF. This GLOF resulted in the partial inundation of the Valle Grande floodplain due to backwater flooding (photo
credit: Andr�es Rivera). (d) Confluence of Colonia and Baker rivers during the December 2008 GLOF where water and sediment are flowing upstream (towards the north) in the Baker
River (photo credit: Paulina Rojas). Note the lack of sediment flowing upstream during the precipitation-driven flood in (b). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Harrison, 2000; Jacquet et al., 2017).
The Colonia River experienced a new series of repeated GLOFs

between April 2008 and November 2017 (Dussaillant et al., 2010;
Jacquet et al., 2017). These events all resulted from the abrupt
drainage of Cachet 2 Lake into the Colonia River, generally through
a subglacial tunnel below the Colonia Glacier (Fig. 1a; Dussaillant
et al., 2010; Friesen et al., 2015). During such a GLOF event, the
Baker River downstream of the confluence with the Colonia River
can triple in discharge, reaching between 3000 and 3800 m3/sec
(Dussaillant et al., 2010). A total of 21 GLOFs have been recorded
since April 2008 (Jacquet et al., 2017; DGA, Chile). Photographic and
conversational evidence indicate that most Colonia River GLOFs
result in the inundation of the Valle Grande floodplain, which is
located immediately upstream of the confluence with the Colonia
River (Fig. 1b and c and Supplementary Fig. S1). This flooding re-
sults from the blocking of the regular Baker River water flow to-
wards the South by the Colonia River, which in turn results in Baker
3

River water levels rising by 4e6 m (Supplementary Table S1;
Oportus, 1928).

Historical documents suggest that the Nef River, which dis-
charges into the Baker River upstream of Valle Grande (Fig. 1a), also
experienced GLOFs during the last century (Supplementary
Table S1; Oportus, 1928; De Agostini, 1945). These events simi-
larly resulted in the flooding of Valle Grande. However, the GLOFs
originating from the Nef valley in the 1940s were of lower
magnitude compared to those from the Colonia valley, and they
only resulted in a partial inundation of the floodplain (De Agostini,
1945). The other rivers that discharge into the Baker River near
Valle Grande (Chacabuco, Cochrane, and Del Salto rivers; Fig. 1a)
have no historical records of GLOFs.
2.4. Valle Grande floodplain

The Valle Grande floodplain (47.30 �S; 72.75 �W) is located
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10 km to the west of the town of Cochrane, in the upper reaches of
the Baker River, approximately 4 km upstream of its confluence
with the Colonia River (Figs. 1a and 2a). It has a surface area of
50 km2 and it is the largest area of Holocene alluvial sediments
along the Baker River (Ulloa et al., 2018; Benito and Thorndycraft,
2020). The sinuous Baker River meanders through the northern
part of this flat area for almost 15 km and the Del Salto River crosses
its eastern end before flowing into the Baker River. The floodplain,
which is considerably wider south of the Baker River, contains
many paleochannels and a few scroll bars (Fig. 2a). The paleo-
channels are defined by vegetated and sinuous ridges, which
Fig. 2. Location of the sediment cores collected in the Valle Grande floodplain. (a) Google Ear
X elevation map of the Valle Grande floodplain (Wessel et al., 2018; color scale for elevat
Simplified lithologs based on field core descriptions are displayed for the four cores (orange
collected sediment cores are 76.9 m, 80.2 m, 81.0 m, and 79.0 m for FP17-01, FP17-02, FP1
average Baker River elevation along the floodplain is approximately 75.0 m, with a slope o
pretation of the references to color in this figure legend, the reader is referred to the Web

4

represent old river levees (Fig. 2b). Similarly, scroll bars occur as
curved elevated ridges in the floodplain. The floodplain
morphology is interpreted to be shaped by Holocene floods,
including GLOFs from Nef and Colonia valleys (Benito and
Thorndycraft, 2020). On the right bank of the Baker River, the
floodplain is rather narrow and consists mainly of marshlandwith a
few small ponds and patches of dense forest (Fig. 2a). On the left
bank, grasslands and marshland dominate the lower elevated re-
gions. Remaining patches of Nothofagus forest and scrub occur on
the slightly elevated areas. Here, the floodplain is primarily used as
pastureland, for which most of the original forest was cleared by
th Imagery with the location of the four sediment cores used in this study. (b) TanDEM-
ions <95 m a.s.l.). The grey-level background (elevations >95 m a.s.l.) is from SRTM.
dots) as well as for the test locations (white dots). The absolute elevations (a.s.l.) of the
7-03, and FP17-04, respectively (vertical mean error <0.2 m; Wessel et al., 2018). The
f 0.01� (~2m/10 km). The coring locations are enlarged in (c), (d), and (e). (For inter-
version of this article.)
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burning during the first half of the 20th century (De Agostini, 1945).
In addition to GLOFs, the Valle Grande floodplain can also flood

during long-lasting (several days) extreme precipitation events.
Such an event occurred in February 2009, during which the Baker
River discharge increased to 2700 m3/sec and the Baker river water
level increased by 2.5 m downstream of the confluence with the
Colonia River, in response to five consecutive days of heavy rainfall
(DGA, Chile; Fig. 1a and b and Supplementary Fig. S1). The February
2009 event is the only rainfall-induced flooding event reported in
regional archives. By comparison, water level during the 21st cen-
tury Cachet 2 GLOFs rose by an additional ~1 m (DGA, Chile).

2.5. Present-day climate

Precipitation patterns in Patagonia (>40�S) display a strong
longitudinal gradient driven by the blocking of humid air masses
from the Pacific Ocean by the Andes. A hyperhumid climate prevails
on the western side of the Andes where mean annual precipitation
ranges from 5000 to 10 000 mm (Garreaud et al., 2013). There, the
amount of precipitation is directly related to the strength of the
SouthernWesterly Wind Belt (SWWB). In eastern Patagonia, on the
other hand, forced subsidence causes precipitation to decrease
rapidly to less than 300 mm/yr, resulting in an arid climate
(Garreaud et al., 2013). Valle Grande, which is located immediately
to the east of the NPI, exhibits annual precipitation amounts of
695 mm/yr (Lenaerts et al., 2014), 934 mm/yr (WorldClim v. 2.1;
Fick and Hijmans, 2017) or 933 mm/yr (CR2MET; Alvarez-Garreton,
2018) based on gridded climate data. In general, this region expe-
riences wetter conditions in austral winter (305 mm) compared to
austral summer (168 mm; WorldClim v. 2.1). The seasonal tem-
perature difference is about 10 �C, with mean winter and summer
temperatures of 4.1 �C and 14.0 �C, respectively (WorldClim v. 2.1).

3. Materials and methods

3.1. Sampling

Valle Grande was selected after an exploratory survey along the
Baker River. Based on our observations, this floodplain seems to be
the only one preserving a continuous flood stratigraphy. In addi-
tion, Valle Grande is located downstream of several glacial valleys.
Its sediment record therefore integrates floods originating from
several glacier-river systems, making it relatively independent of
the evolution of any specific proglacial lake. Coring locations were
selected based on their relative elevation above the Baker River, i.e.,
less than 6 m difference, as this corresponds to the water level rise
of the Baker River during the largest historical GLOFs
(Supplementary Table S1). In summer 2016, a 25 mm diameter
gouge auger was used to test 14 sites on both sides of the river, from
which complete lithological descriptions were made (Fig. 2b). Four
sites containing a complete and undisturbed stratigraphy were
selected for sampling with a 52 mm diameter Russian corer in
January 2017: three to the north of the river and one to the south
(Fig. 2bee). The sediment cores were collected in 50 cm-long sec-
tions from two different holes with a 25 cm overlap to obtain a
continuous composite core at each site. All sections were stored in
PVC liners and wrapped in plastic foil. The upper 50 cm was
sampled using 23 cm-long aluminum boxes (4� 4 cm) andwere, as
for the 50-cm long sections, collected at overlapping depth in-
tervals and wrapped in plastic foil.

3.2. Sedimentological and geophysical analysis

All the Russian sediment core sections were described, imaged
(linescan) and logged with a Geotek Multi-Sensor Core Logger
5

(MSCL) at Ghent University (Belgium). Logging of gamma-ray
density (137Cs source) was performed at a 2 mm interval. Com-
posite cores were made based on core descriptions and Geotek
MSCL data. Afterwards, the composite cores were subsampled at a
5 mm interval, and samples were weighed, freeze-dried, and
weighed again to determine their water content.

Loss-on-Ignition (LOI) was measured continuously at 5 mm
resolution following Heiri et al. (2001). After freeze drying the
samples, approximately 0.25 g of sediment was oven dried over-
night at 105 �C and then heated at 550 �C for 4 h. The weight loss
after combustion at 550 �C was used to estimate the organic con-
tent, i.e., LOI550. The inorganic content was determined by differ-
ence (100% - LOI550). Five duplicate analyses on three different
samples indicated a relative error of 2.82% (1s). The amount of
carbonatewas not quantified since test measurements showed that
it was negligible (LOI1000: 0.7 ± 0.5%; n ¼ 72), in agreement with
the regional lithology (Sernageomin, 2003).

Grain-size measurements were conducted on core FP17-01 at
2 cm resolution using a Malvern Mastersizer 3000 equipped with a
Hydro MV dispersion module at Ghent University (Belgium). Res-
olution was increased to 1 cm between 0e25 cm and 44e97 cm,
and to 5 mm between 26e43 cm and 98e124 cm, to capture the
fine laminations described in the upper part of the core. Samples
with LOI550 values >5% were first heated at 550 �C for 4 h to
remove organic matter. All samples were pre-treated by adding a
30% hydrogen peroxide (H2O2) solution to 10 ml of de-ionized
water containing the suspended sediment and set to boil until
the reaction ended. Afterwards, 1 ml of HCl (10%) was added to the
samples to remove carbonates. After rinsing, biogenic silica was
removed by adding 1 ml of NaOH (2N). Finally, all samples were
decanted before sodium hexametaphosphate was added to avoid
grain flocculation. Samples weremeasured in triplicates during 12 s
with 10% sonification.
3.3. Core chronologies

Radiocarbon ages, charcoal counts, and 210Pb activities were
obtained to establish core chronologies. Samples for radiocarbon
analysis were selected in organic-rich deposits near sharp litho-
logical boundaries (Fig. 3) and examined to identify macrofossils.
All samples were pretreated following established protocols
(Mauquoy et al., 2004). The selection of monospecific plant mac-
rofossils for radiocarbon analysis minimized the risk of age
contamination (by, e.g., plant roots). Measurements were made
with an accelerator mass spectrometer at DirectAMS (USA). In
addition, one bulk sediment sample from the bottom of core FP17-
01 was oven dried and analyzed at NOSAMS (USA).

Age-depth models were constructed independently for each
core using two to six radiocarbon ages per core (Table 1). All ages
were calibrated using the latest calibration curve for the Southern
Hemisphere (SHCal13; Hogg et al., 2013). The ‘proxy-ghost’ func-
tion of BACON 2.3.6 was used to visualize chronological un-
certainties (Blaauw and Christen, 2011).

In order to refine core chronologies at the top of the cores,
charcoal was counted at 1 cm resolution in the upper 140 cm and
130 cm of FP17-01 and FP17-03, respectively, at the Montana State
University Paleoecology Laboratory (USA). In addition, 210Pb mea-
surements were conducted using alpha spectrometry at a 10 cm
interval down to 60 and 70 cm on FP17-01 and FP17-03, respec-
tively, at the Australian Nuclear Science and Technology Organisa-
tion (ANSTO, Australia), following methods described in Harrison
et al. (2003).



Fig. 3. Lithology of composite sediment cores FP17-02, FP17-01, FP17-03, and FP17-04, i.e., organized with increasing distance from the confluence with the Colonia River (see
Fig. 2a). Photographs are on the left, next to the lithologs. For all cores, LOI550 and wet density are displayed. For FP17-01, the geometric grain-size mean and its average value for
the core (dashed purple line) are also shown. Horizontal dashed black lines represent the start of the occurrence of autochthonous sedimentation and are defined at depths of 149,
318, 411, and 397 cm for FP17-02, FP17-01, FP17-03, and FP17-04, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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3.4. Suspended sediment concentrations

The rivers discharging into the Baker River upstream (Nef,
Chacabuco, Cochrane, Del Salto) and immediately downstream
(Colonia) of Valle Grande (Fig. 1) were sampled for Suspended
Sediment Concentration (SSC) measurement. Three sites were also
sampled along the Baker River. These rivers were sampled
throughout the year (n per river ¼ 8e21) between 2008 and 2010.
SSC values were obtained after manual filtration on GFF filters until
saturation. Annual sediment yields were calculated by multiplying
SSC by the annual volumes of water (from Dussaillant et al., 2012).
6

4. Results

4.1. Lithology

The sediments of all test sites, except for location 7, are domi-
nated by mud, with frequent intercalations of organic-rich deposits
(Fig. 2b). Sediments from the lower elevations consist mainly of
mudwith reddish graminoid remains, whereas higher locations are
composed of mud alternating with organic-rich deposits. Some of
the sites display a coarse sand base, and a single location, i.e., test
site 7, is fully composed of sand.

In the four Russian sediment cores, which are all located at
higher elevations (Fig. 2), four major facies can be identified: clastic
deposits, slightly organic mud, organic-rich mud, and muddy
organic matter (Fig. 3). The clastic deposits are composed of dense



Table 1
Radiocarbon ages obtained on sediment cores FP17-01 to FP17-04. The ages were calibrated with Clam 2.3.4 (Blaauw, 2010), using the SHCal13 calibration curve (Hogg et al.,
2013).

Core label, location, and sample depth (cm) Dated material d13C 14C age (yrs BP ± 1s) 2s calibrated age range (cal yr BP) Laboratory code

FP17e01 (47.28�Se72.77�W)
80.0e80.5 Carex spp. leaf bases �27.2 748 ± 26 568e682 D-AMS 028297
133.5e134.0 Carex spp. leaf bases �30.0 1287 ± 30 1072e1267 D-AMS 031344
192.0e192.5 Carex spp. leaf bases �28.7 1367 ± 27 1185e1297 D-AMS 028298
276.5e277.0 Carex spp. leaf bases �28.8 2076 ± 30 1922e2084 D-AMS 028299
328.5e329.0 Bulk organic matter �25.5 2320 ± 20 2183e2351 OS-135980
FP17e02 (47.27�Se72.82�W)
102.0e102.5 Carex spp. leaf bases �29.5 1050 ± 20 819e959 D-AMS 028300
142.5e143.0 Carex spp. leaf bases �28.2 1227 ± 29 986e1181 D-AMS 028301
190.0e190.5 Carex spp. leaf bases �26.4 1498 ± 23 1303e1374 D-AMS 028302
FP17e03 (47.27�Se72.76�W)
83.5e84.0 Carex spp. leaf bases �23.5 438 ± 25 334e506 D-AMS 028303
110.0e110.5 Carex spp. leaf bases �22.9 607 ± 23 529e629 D-AMS 028304
138.5e139.0 Carex spp. leaf bases �23.5 788 ± 26 658e724 D-AMS 028305
181.5e182.0 Carex spp. leaf bases �16.3 1693 ± 27 1435e1692 D-AMS 028306
267.5e268.0 Carex spp. leaf bases �28.1 2225 ± 32 2096e2313 D-AMS 031345
400.5e401.0 Carex spp. leaf bases �29.5 2572 ± 32 2489e2747 D-AMS 031346
FP17e04 (47.27�Se72.72�W)
191.0e191.5 Carex spp. leaf bases �25.1 1133 ± 22 935e1057 D-AMS 028307
389.0e389.5 Carex spp. leaf bases �32.1 2594 ± 34 2491e2755 D-AMS 031347
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inorganic material with little or no organic matter (LOI550 <10%).
Slightly organic mud and organic-rich mud represent a mixture of
mud and organic matter with variable density and LOI550 values.
The muddy organic matter deposits are generally thick, have
LOI550 values exceeding 65%, and density values <1.4 g/cc (Fig. 3).

The upper part of all four cores is composed of clastic sediments
(Fig. 3). The uppermost 10e20 cm, however, consists of modern
soil, with LOI550 values increasing from bottom to top in the upper
10 cm. Root remains are visible down to a depth of 50 cm (Fig. 3).
Discoloration by oxidation is abundant in the upper 45 cm and
between 65 and 90 cm depth in FP17-02, and in the upper 130 cm
in FP17-04. Three of the four cores, i.e., FP17-02, FP17-01, and FP17-
03, display a fining upward trend at the bottom, from coarse sand
towards silt. Grain-size measurements confirm this fining upward
trend at the bottom of core FP17-01 (Fig. 3). These grain-size
measurements also show that FP17-01 sediments mainly corre-
spond to unimodal silts with a mean grain size of 13.4 ± 4.2 mm (1s;
Supplementary Fig. S2). The sediments are slightly coarser towards
the top of the core. Coarser cm-thick silt layers can be found at a
depth of 100e123 cm in FP17-01, wheremean grain size reaches up
to 30 mm. Muddy organic matter deposits can be found in FP17-01
and FP17-03 between 200 and 230 cm, and 230 and 270 cm,
respectively. In FP17-04, muddy organic matter deposits occur from
190 to 200 cm, 210e215 cm, 230e250 cm, and 380e400 cm. In
FP17-02, two one-cm thick layers of muddy organic matter are
found at 123 and 140 cm.

4.2. Age-depth models

210Pb could not be used to establish core chronologies as un-
supported 210Pb activities were not detected in most of the samples
below the surface (Supplementary Tables S2 and S3). This suggests
that the upper 10 cm of the sediment cores represent more than
150 years of sedimentation, which is supported by the relatively
high organic content of these samples (Fig. 2), indicative of a period
of slow sediment accumulation that promoted soil development.
Likewise, charcoal concentrations are strongly related to organic
matter content and likely represent pre-historical fire events, and
thus could not be used to develop core chronologies by comparison
with historical fire occurrences (Supplementary Fig. S3). The age-
depth models were therefore entirely based on radiocarbon ages
(Fig. 4). They reveal that the bottom of FP17-01, FP17-02, FP17-03,
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and FP17-04 reach ages of 2690 ± 251, 1465 ± 133, 3176 ± 235,
and 2890 ± 225 cal yr BP, respectively (Fig. 4). The average sedi-
mentation rates of the four cores are very consistent and vary be-
tween 0.13 and 0.16 cm/yr.

4.3. Suspended sediment concentrations

The Baker River near its source has very low SSC (1.4 ± 1.0 mg/L;
Fig. 5, Supplementary Table S4). On its way to the Valle Grande
floodplain, it picks up sediment from rivers Nef (65 ± 20 mg/L),
Chacabuco (88 ± 148mg/L), Cochrane (3.1 ± 1.3 mg/L) and Del Salto
(17 ± 16 mg/L). By comparison to these rivers, SSC values in the
proglacial Colonia River are significantly higher (226 ± 117 mg/L).
Although SSC values during GLOFs are unknown in the Valle
Grande area, extreme values of 579 mg/L and 435 mg/L were
measured in rivers Chacabuco and Baker after intense precipitation,
which is similar to the regular summer values measured in the
Colonia River (212e525 mg/L). In terms of sediment yield, the
Colonia River also displays the highest values (0.99 � 106 T/yr),
which is more than double the yield of the Baker River immediately
upstream of its confluence with the Colonia River (0.45 � 106 T/yr;
Fig. 5).

5. Discussion

5.1. Sedimentological interpretation

The sedimentary infill of all investigated locations in the Valle
Grande floodplain varies with location (Fig. 2b). In general, flood-
plain elevation appears to play an important role in determining
the nature of the sedimentary infill. Sites at lower elevation (<76 m
a.s.l., i.e., within 1m of the regular Baker River level) display a
continuous clastic infill (mud or mud with graminoids) and are
therefore not suited for flood reconstruction, whereas those above
76 m a.s.l. display flood deposits (mud) intercalated within
autochthonous sediments (peat or gyttja). Sites at higher elevation
are less frequently flooded, which allows autochthonous sedi-
mentation to occur. These locations could thus provide accurate
archives of Baker River floods.

The four Russian sediment cores are all located at elevations
above 76 m a.s.l. and show such alternations of clastic material and
organic-rich sediments (Fig. 3). As such, they register periods when



Fig. 4. Age-depth models and corresponding error envelopes constructed with BACON 2.3.6 (Blaauw and Christen, 2011) for the four sediment cores. The cores are organized by
increasing distance from the confluence with the Colonia River.
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floodingwas frequent but they do not reveal individual flood layers.
Therefore, they allow the reconstruction of periods of increased
flood frequency, but they are not suitable to derive quantitative
estimates of flood magnitude.

It should also be noted that the sensitivity of the coring sites to
flooding most likely decreases through time due to sediment ac-
cretion. As sediment deposition progressively increases floodplain
elevation, they will less frequently inundate with sediment-laden
water (Nanson and Beach, 1977; Hooke, 1995; Saint-Laurent et al.,
2010). River erosion also increases the elevation difference be-
tween the floodplain and river, resulting in a decrease in the
sensitivity of the floodplain to high-magnitude floods through
time.

The base of cores FP17-01, FP17-02, and FP17-03 is composed of
fining-upward silts and sands (Fig. 3), which indicates a channel
abandonment process (Hooke, 1995; Toonen et al., 2012; Dieras
et al., 2013). At the very bottom of the cores, coarse sand was
most likely deposited during the initial abandonment of the
channel, when rapid infill by coarse river bedload occurs. The
overlying fining-upward deposits represent the channel being
progressively cut off from the main active channel, which resulted
in the deposition of a finer suspended load consisting of mud, due
to the gradually decreasing flow velocities within the channel
(Toonen et al., 2012). This lithological transition from coarse sand
towards a finer silt fraction is absent in FP17-04 as the bottom of the
channel infill was most likely not reached during coring (Fig. 3).

The deposits above these channel silts and sands are composed
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of (a) clastic alluvial material alternating with (b) organic-rich de-
posits containing variable amounts of autochthonous organic
matter (Fig. 3). These alternations are interpreted as flood (clastic)
deposits intercalated in-between marsh-type (organic-rich) sedi-
ments that accumulate during periods of quiescence. Such lami-
nated channel-fill sequences represent intermittent phases of
flooding from the Baker River and indicate that a paleochannel
reached the stage of disconnection (Toonen et al., 2012). When
clastic sediment input is reduced during periods of quiescence,
organic-rich (high LOI550) material can accumulate (Fig. 3). On the
other hand, dense, organic-poor (low LOI550) sedimentation pre-
vails during periods of flooding. The oxidized laminations in these
sediments are most likely the result of redox reactions due to
fluctuations in the water table (Fig. 3).
5.2. Flood reconstruction

Changes in sedimentology, more particularly fluctuations in the
delivery of clastic material from the Baker River, are reflected by
changes in LOI550 values. The input of inorganic alluvial material
during flooding results in a decrease in the relative amount of
organic matter, i.e., in LOI550. Consequently, the amount of inor-
ganic material (100%eLOI550) presents a proxy for flood occur-
rence (e.g., Ishii et al., 2017). A flood reconstruction for each
sediment core is inferred from the variations in inorganic material,
which allows an evaluation of flood occurrence through time
(Fig. 6aed). For all cores, the start of the flood record is defined at



Fig. 5. Suspended sediment concentrations (SSC), river discharge and sediment yield in the Baker River tributaries around Valle Grande and along the Baker River itself. The SSC (n
per site ¼ 8e21) and river discharge (from Dussaillant et al., 2012) values are annual averages. The values are presented in appendix (Supplementary Table S4).
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the onset of the laminated channel-fill sequence, where organic-
rich sedimentation starts to occur after disconnection from the
Baker River is completed (Fig. 3). For FP17-02, FP17-01, FP17-03, and
FP17-04, the onset of the flood record corresponds to
1.14 ± 0.10 cal kyr BP, 2.27 ± 0.14 cal kyr BP, 2.72 ± 0.14 cal kyr BP,
and 2.75 ± 0.18 cal kyr BP, respectively (Fig. 4).

To account for local variations in the sediment infill, including
possible hiatuses, an average of the inorganic content of the four
cores was established (Fig. 6e). The composite record, which dates
back to 2.75 cal kyr BP, uses the age-depth models independently
established for each core and is not based on lithological correla-
tions. Two categories of flooding frequency can be defined in the
composite record: high flood frequency (inorganic content >90%)
and low flood frequency (inorganic content <90%). The results
(Fig. 6e) reveal that flooding occurred throughout the past
2.75 cal kyr BP. However, two phases of high flood frequency occur
between 2.57 and 2.17 cal kyr BP and between 0.75 and 0 cal kyr BP.
Except for isolated peaks in LOI550 in FP17-01 and FP17-03 around
0.62 cal kyr BP, these two periods of increased flooding appear in all
records. Two main periods of low flood frequency are present: a
first one between c. 2.75 and 2.57 cal kyr BP, and a second between
c. 2.17 and 0.75 cal kyr BP. It should be noted that both FP17-01 and
FP17-04 show high flood activity between 2.17 and 1.70 cal kyr BP,
whereas this time window is marked by high LOI550 values, and
thus low flood activity, in FP17-03. Likewise, the most recent period
of high flood frequency seems to start later in FP17-03 than in the
other sediment cores, suggesting a lower sensitivity of this specific
site, in agreement with its particularly high elevation (þ6 m above
the regular Baker River level). Despite apparent short increases in
flooding around 1.80 and 1.15 cal kyr BP, the intermediate low flood
frequency period between 2.17 and 0.75 cal kyr BP is consistent
throughout all records. This period corresponds to the period
identified as stable (dated at 2.5e0.6 cal kyr BP) in the stratigraphic
record of Benito et al. (2014) below the confluence with the Colonia
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River.
5.3. Origin of the floods recorded in Valle Grande sediments

The input of inorganic material to the Valle Grande floodplain
predominantly occurs by overbank flooding from the Baker River.
The southern part of the floodplain could also be inundated by
floods from the Del Salto River, but these would only be recorded in
FP17-01, and possibly FP17-04 (Fig. 2). Historical information shows
that both GLOFs and extreme precipitation floods can result in the
inundation of Valle Grande. However, these two types of events
may not leave the same signature in the sediment record.

Suspended sediment concentrations, and therefore the ability of
the Valle Grande floodplain to record paleofloods, highly differ
between GLOFs and precipitation-driven floods. Because the
floodplain is located along the upper reaches of the Baker River, i.e.,
upstream of the confluence with most proglacial rivers (Fig. 1a),
Baker River suspended sediment concentrations along the flood-
plain are generally very low (17 ± 17mg/L; n¼ 18; Fig. 5). SSC at the
outflow of the Colonia River, on the other hand, are much higher,
i.e., 226 ± 117 mg/L (Fig. 5). Although SSC in other regional non-
glacial rivers, such as Chacabuco, are not negligible, these rivers
have a relatively low discharge year-round, resulting in low sedi-
ment yields (Fig. 5). Floods occurring during intense precipitation
events might thus not supply sufficiently large amounts of clastic
sediment to the floodplain to be registered as clear flood deposits,
especially when compared to GLOFs, which are rich in suspended
sediment of glacial origin. This is supported by observations made
during some of the 21st century Cachet 2 GLOFs, during which SSC
in the Baker River increased 8-fold downstream of the Colonia River
confluence (Quiroga et al., 2011; Bastianon et al., 2012).

Historical information (Supplementary Table S1) and recent
aerial photographs (Fig. 1c and d) describe that the flow of the
Baker River reverses during Colonia River GLOFs over a distance of



Fig. 6. LOI550 and inorganic content (100%eLOI550) versus time for the four flood-
plain sediment cores (aed), plotted using the ‘proxy-ghost’ function of BACON 2.3.6 to
visualize chronological uncertainties (Blaauw and Christen, 2011). Darker grey in-
dicates higher probability. The lowermost graph (e) displays a composite curve based
on the four records presented above. The grey level intensity of the solid line in the
lowermost graph, represents the number of cores used to build the composite, darker
corresponding to more cores.
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up to 15 km upstream of the confluence with the Colonia River,
thereby supplying glacial material from the Colonia River to the
Valle Grande floodplain. In addition, GLOFs are the only events that
are able to inundate the entire floodplain (De Agostini, 1945).
Precipitation-driven floods only inundate the lower elevation areas
(Fig. 1b). GLOFs also appear to occur more frequently than
10
precipitation-driven floods in this glacierized region, as suggested
by the high amount of GLOFs (21) versus precipitation-driven
floods (1) that affected Valle Grande between 2008 and 2019, and
they result in consistently higher (~1 m higher) Baker River levels
immediately downstream of the confluence with the Colonia River.

Most of the sediment cores from Valle Grande contain cm-thick
coarse silt layers at variable depth intervals (100e123 cm in FP17-
01, 30e40 cm and 56e61 cm in FP17-02, and between 290 and
300 cm in FP17-03; Fig. 3). These deposits could result from higher
magnitude floods, such as those originating upstream of the
floodplain (e.g., from the Nef or Chacabuco rivers), as higher
magnitude floods generally carry coarser particles. However, these
layers could also represent meandering of the Baker River channel.
Migration of the active river towards a coring site, or any change in
the configuration of the floodplain that affects the connectivity
between the river and a coring location (e.g., erosion of alluvial
ridges that act as barriers for alluvial sediment transport), could
increase the sensitivity of a site to floods. Eventually, this could
cause a sudden increase in clastic input (e.g., Minderhoud et al.,
2016) or the deposition of coarser sediments (e.g., Toonen et al.,
2015) at one specific site. The absence of sand layers in core
FP17-04 and the asynchronicity of these clastic layers in the three
other cores favor this hypothesis. The influence, however, of any
spatial variations in sediment deposition within the floodplain is
minimized by reconstructing the flood history from the composite
record, which is based on four different coring sites.

The consistently unimodal grain-size distributions throughout
core FP17-01 (Supplementary Fig. S2) suggest that the clastic sed-
iments represent one dominant depositional process (Fig. 3).
Although the relatively low mean grain size throughout core FP17-
01 (10e15 mm; Fig. 3) is compatible with a glacial origin of the
sediment, it could also reflect non-glacial overbank flooding. The
FP17-01 grain-size record also reveals a slight coarsening upward,
which is particularly marked in the upper ~50 cm (~400 years) of
the core. This suggests increased connectivity with the active river
channel, although the nearest meander appears to be moving away
from site FP17-01 (Fig. 2). Another explanation is that this increase
in grain size during the last 400 years represents higher magnitude
floods. This is supported by the identification of at least three GLOF
deposits younger than 0.6 kyr BP in the stratigraphic record of
Benito et al. (2014), which is located immediately downstream of
the Colonia-Baker confluence. Since the latter site has a much
higher flood sensitivity threshold (higher censoring level), this
observation suggests that the upper deposits of site FP17-01
represent GLOFs of particularly high magnitude.

An important observation is that none of the sediment cores
show particularly inorganic-rich deposits in the last decade (the
upper 1e2 cm), although the floodplain was clearly inundated due
to Colonia GLOFs several times between 2008 and 2017 (Fig. 1c and
Supplementary Fig. S1). Instead, the top of the records displays an
apparent increase in LOI550 in the upper 10 cm (Figs. 3 and 6),
suggesting that the magnitude of these GLOFs may have been too
low to deposit large amounts of glacial material in the floodplain.
This is supported by historical observations (Supplementary
Table S1; Oportus, 1928; De Agostini, 1945) that indicate that only
the pre-1960 GLOFs, which were of higher magnitude than those of
the 21st century, were able to inundate the entire floodplain.
Consequently, it is likely that, at the selected, relatively elevated,
coring sites, the floodplain only registers the highest magnitude
GLOFs.

Taken together, these observations suggest that the clastic
fraction of the sediment cores collected in in the Valle Grande
floodplain mostly represents high-magnitude glacial floods. The
composite record (Fig. 6e) is therefore considered to represent the
regional GLOF history, although precipitation-driven floods could



Fig. 7. Comparison of the composite Valle Grande flood record with regional glacier,
temperature, and precipitation proxy records. (a) The composite high-magnitude flood
frequency record from Valle Grande (this study). (b) Glacier advances of (from top to
bottom, representing North to South) Leones (Harrison et al., 2008), Soler (Glasser
et al., 2002), Nef (Winchester et al., 2001; Nimick et al., 2016), Colonia (Harrison and
Winchester, 2000; Nimick et al., 2016), Arenales (Harrison and Winchester, 2000),
and Arco (Harrison and Winchester, 2000). (c) Neoglacial advances of Patagonian
glaciers (Aniya, 2013). Neoglaciation IV is represented using hatching since its exis-
tence is not firmly confirmed for the NPI (Aniya, 2013). (d) Reconstructed annual
temperature anomalies derived from biogenic silica fluxes in Laguna Escondida
(45.5�S) (Elbert et al., 2013). (e) Sea Surface Temperature (SST) anomalies derived from
records along the southern Chilean margin from 41 to 51�S: GeoB3313 (41�S; Lamy
et al., 2002), MD07-3093 (44�S; Collins et al., 2019), GeoB7186 (44�S; Mohtadi et al.,
2007), and MD07-3124 (51�S; Caniup�an et al., 2014). (f) Pollen record from Lago
Shaman (44.4�S; de Porras et al., 2012). (g) Accumulation rate of terrestrial vegetation-
derived organic carbon in Lago Castor (45.6�S; Fiers et al., 2019). (h) Fe/Al of core
PC29A from Quitralco Fjord (45.7�S) used as a proxy for precipitation seasonality
(Bertrand et al., 2014). The inset map indicates the location of the different proxy
records presented in the figure.
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also contribute to some extent to short-term changes in the sedi-
ment record, particularly at the base of the records.

5.4. Comparison with glacier and climate reconstructions

5.4.1. Relationship with glacier variability
The Baker River is predominantly fed by meltwater from outlet

glaciers located along the eastern side of the NPI, superimposed on
a baseflow from General Carrera Lake (Figs. 1a and 5). To examine
the potential link between high-magnitude GLOF occurrence and
changes in glacier mass-balance, the Valle Grande paleoflood re-
cord (Fig. 7a) was compared to reconstructions of Leones, Soler, Nef,
Colonia, Arenales, and Arco glacier variability (Fig. 7b). It should be
noted, however, that the available data on these glaciers is based on
moraine and trimline dating and is therefore limited to re-
constructions of maximum glacier advances or stabilization
(Harrison and Winchester, 2000; Winchester et al., 2001; Glasser
et al., 2002; Harrison et al., 2008; Nimick et al., 2016). These re-
cords are inherently discontinuous (moraine dating) and mostly
cover short timescales (dendrochronology and lichenometry). Most
of these records clearly show the latest advance during Neo-
glaciation V (Fig. 7b) but are too limited to reconstruct the late
Holocene variations of these glaciers in detail.

The most complete glacier variability synthesis that covers the
entire late Holocene is the timing of Neoglacial advances of Pata-
gonian glaciers defined by Aniya (2013) (Fig. 7c). Results indicate
that increased flooding coincides with Neoglacial advances III and
V. Although the flood record shows a short-lived increase in flood
activity c. 1.15 cal kyr BP, no high flood frequency period was
registered during Neoglaciation IV. This neoglaciation, however, is
not yet firmly confirmed (Aniya, 2013) and its existence is mostly
based on chronological evidence from SPI glaciers, which are
located c. two degrees of latitude to the south of Valle Grande. The
existence of Neoglaciation IV in the NPI is only based on the analysis
of two samples, including one of unknown origin, from the Soler
Glacier valley (Aniya, 2013). It is therefore plausible that Neo-
glaciation IV only affected SPI glaciers, which would explain the
discrepancy between our paleoflood record and the Aniya chro-
nology for the 1.4e0.8 kyr time window.

An increase in high-magnitude GLOF occurrence during neo-
glaciations seems in contradiction with the apparent 21st century
increase in GLOF frequency that is generally linked to increased
glacier retreat and thinning rates (e.g., Iribarren Anacona et al.,
2014; Wilson et al., 2018). It is however supported, on multi-
decadal timescales, by oral history and ethnographic records that
clearly describe that the Colonia GLOFs before the 1960s, i.e., when
Colonia glacier was larger and thicker (Harrison and Winchester,
2000), were less frequent but of higher magnitude
(Supplementary Table S1). It should also be noted that the GLOFs
affecting the Valle Grande floodplain during the last century all
initiated from ice-dammed lakes (Fig. 1a). In contrast to GLOF risks
from moraine-dammed lakes, which increase during periods of
glacier retreat (Benn and Evans, 2010), ice-dammed lakes generally
form when drainage becomes blocked by advancing ice, leading to
an increase in the risk of high-magnitude GLOF occurrence during
periods of glacier growth (Round et al., 2017). In the Colonia valley
for instance, the existence of the ice-dammed Cachet 2 and Arco
lakes have been intermittent through time depending on the po-
sition of the Colonia Glacier (Nimick et al., 2016). A similar relation
was suggested for the French Alps, where GLOFs originating from
glacier-dammed lakes seem to have increased during the LIA
(Vivian, 2001). GLOFs during periods of glacier advance could thus
be less frequent but of higher magnitude than their modern
counterparts. These results therefore suggest that the recent Cachet
2 GLOFs are relatively small compared to the highmagnitude GLOFs
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that occurred during Neoglaciations III and V.
5.4.2. Relationship with temperature
Due to the steep longitudinal climatic gradient that occurs in

Patagonia (Garreaud et al., 2013), glacier fluctuations at thewestern
and eastern sides of the NPI tend to differ. Indeed, several studies
suggest that precipitation is the primary factor driving glacier
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dynamics on the western side of the icefield, whereas temperature
plays a more important role on the eastern side (e.g., Warren and
Sugden, 1993; Hulton et al., 1994; Aniya et al., 1997; Bertrand
et al., 2012). As the Baker River drains most of the eastern side of
the NPI, regional glacier dynamics is believed to be primarily
controlled by ablation, which is in turn driven by (summer) tem-
perature. Multi-decadal to millennial-scale changes in temperature
could therefore have indirectly affected GLOF occurrence.

Terrestrial records of temperature are rather scarce around
45e48�S in Chilean Patagonia, and most cover shorter timescales
(centuries) compared to our 2.75 kyr-long GLOF record (Neukom
et al., 2011; Elbert et al., 2013). On the contrary, sea surface tem-
perature (SST) reconstructions are more abundant and often date
back thousands of years. SSTs are however less representative of the
regional atmospheric temperature conditions that drive changes in
ablation rates.

The regional reconstruction of annual air temperature anoma-
lies derived from biogenic silica fluxes in Laguna Escondida (Elbert
et al., 2013) shows a decrease in temperature during the last 750
years, coeval with the last period of increased flood occurrence
(Fig. 7d). Likewise, the gridded summer surface air temperature
reconstructions of Neukom et al. (2011) only cover the last 1000
years, but the grid cell encompassing the Valle Grande floodplain
shows a significant drop in temperature around 0.55 cal kyr BP that
corresponds in timing to the shift towards increased flooding
during the last 600 years.

Comparison with SST reconstructions along the southern Chil-
ean margin (Lamy et al., 2002; Mohtadi et al., 2007; Sepúlveda
et al., 2009; Caniup�an et al., 2014; Collins et al., 2019) shows that,
in general, increased flooding occurs during periods of lower-than-
average SST (Fig. 7e). In particular, the cooling transition between
0.90 and 0.60 cal kyr BP strongly coincides with a transition to-
wards increased flood occurrence. Higher flood occurrence at
2.57e2.17 cal kyr BP also corresponds to lower-than-average SST
values before 2.2 cal kyr BP (Fig. 7e). These comparisons therefore
tend to show that the frequency of high-magnitude GLOFs tends to
increase during colder periods, which may have been responsible
for NPI glacier advances during Neoglaciations III and V.

5.4.3. Relationship with precipitation
As mentioned above, the influence of precipitation on flood

occurrence in the Baker River basin could be two-fold. First,
extreme precipitation events could induce flooding of the Baker
River by direct run-off. The magnitude of these flooding events
however appears much smaller than GLOFS, and their signature in
our Valle Grande sediment cores is probably not as significant as
high-magnitude GLOFs. Second, long-term increases in precipita-
tion could contribute to regional glacier advances and therefore be
partly responsible for the glacier advance e frequent high-
magnitude GLOF relationship put forward in section 5.4.1.

Late Holocene flood reconstructions are almost inexistent in
Chilean Patagonia and the only existing precipitation re-
constructions in the Baker watershed are based on pollen records
(Villa-Martínez et al., 2012; McCulloch et al., 2017). We therefore
compared the Valle Grande paleoflood record to previously pub-
lished precipitation proxy records to assess the relation between
centennial-to-millennial variations in precipitation and high-
magnitude flood occurrence. For the last 3000 years, these pollen
records are dominated by Nothofagus dombeyi-type, indicating the
persistence of humid-temperate conditions, without any significant
change. The only records that do show variations during the late
Holocene are located 2e3� of latitude to the north. The pollen re-
cord of Lago Shaman (de Porras et al., 2012, Fig. 7f), for example,
shows high-amplitude variability during the late Holocene, likely
because it is located near the forest-steppe ecotone. In general, the
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periods of high flood occurrence at 2.57e2.17 cal kyr BP and at
0.75e0 cal kyr BP coincidewith wetter conditions inferred from the
pollen assemblages (Fig. 7f). There is, however, a mismatch during
the last 500 yrs, during which floods are frequent when the Lago
Shaman record indicates a transition towards drier conditions. In
contrast, the Lago Castor sediment record (Fiers et al., 2019) shows
increased precipitation from 2.8 to 2.2 cal kyr BP but also during the
last 800 years (Fig. 7g). These two wet periods correspond
remarkably well to periods of high flood occurrence derived from
the Valle Grande sediment cores. Finally, the increase in year-round
precipitation during the last 800 years is also clearly marked in the
Quitralco Fjord sediment record on the western side of the NPI
(Fig. 7h; Bertrand et al., 2014). These comparisons therefore suggest
that high-magnitude GLOFs are more frequent during periods of
higher year-round precipitation.

5.5. Link between GLOF occurrence and climate and glacier
variability

The results presented above suggest that high-magnitude GLOFs
in Valle Grande were more frequent during Neoglaciations III
(2.8e2.0 cal kyr BP) and V (17the19th centuries). These two periods
are characterized by lower-than-average temperatures and wetter
conditions, suggesting a link between climate and glacier vari-
ability, i.e., cold and wetter conditions result in a positive glacier
mass balance. Although flooding caused by extreme precipitation
can lead to the deposition of clastic material, the majority of the
flood deposits evident in the sediment cores from Valle Grande
likely represent high-magnitude GLOFs that increased in frequency
during glacier advances. These results do not contradict the
observation that the 21st century increase in Cachet 2 GLOFs co-
incides with glacier retreat, but they suggest that, on longer time-
scales, GLOFs are of higher magnitude when glaciers are larger and
thicker. This relation between larger glaciers and increase in the
frequency of high-magnitude GLOFs during the late Holocene is
supported by (1) historical information that indicates the presence
of high-magnitude GLOFs during the first half of the 20th century;
(2) the fact that larger glaciers are able to restrain larger water
bodies, which in turn result in higher magnitude GLOFs when the
dam fails; and (3) similar observations made on shorter timescales
in the European Alps and in the Chinese Karakoram (Vivian et al.,
2001; Round et al., 2017). Although the frequency of GLOFs in the
Baker River watershed is currently high, the magnitude of these
events appears significantly lower than those that occurred during
periods of glacier advance during the late Holocene. Our results
therefore suggest that the probability that a high-magnitude GLOF
occurs decreases as glaciers thin and retreat.

6. Conclusions

The Valle Grande floodplain contains a continuous record of
flood activity during the last 2.75 kyr. Our results show that
elevation in the floodplain plays a major role in controlling the
sediment infill. Sites at low elevation are dominated by relatively
homogeneous clastic deposits and are therefore not suited for flood
reconstruction. Sites at higher elevations, on the other hand,
display channel-fill sequences where autochthonous organic-rich
sedimentation alternates with flood deposits (clastics). These
sites are the most promising in terms of flood archives. They reg-
ister high-magnitude floods without being affected by minor
events. Sedimentological and historical information suggest that
the majority of the flood deposits recorded in Valle Grande repre-
sent high-magnitude GLOFs.

Our results indicate that high-magnitude GLOFs occurred
intermittently over the last 2.75 kyr and that their frequency was
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particularly high between c. 2.57e2.17 cal kyr BP, and c.
0.75e0 cal kyr BP. These two periods of high flood frequency
correspond to Neoglacial advances III and V, suggesting a strong
relationship between glacier advance and GLOF occurrence. Since
these glacier advances seem to result from lower-than-average
temperatures and wetter conditions, our results suggest a close,
indirect, link between climate variability and GLOF occurrence. The
recent period of increased flooding between 0.75 and 0 cal kyr BP
specifically coincides with the colder and wetter conditions that
resulted in the advance of Patagonian glaciers in the 15the19th

centuries.
Overall, our study suggests that high-magnitude GLOFs from

eastern NPI glaciers occur more frequently when glaciers are larger
and thicker. This relation likely reflects the ability of larger glaciers
to form larger and stronger ice dams, which are in turn able to hold
larger lakes. Although lake outbursts may be less frequent under
these conditions, our results suggest that when they occur, they
generate higher magnitude floods. These results do not contradict
the apparent increase in GLOF frequency during the last decades
but they suggest that, on multi-centennial timescales, GLOF are of
higher magnitude when glaciers are larger. These results empha-
size the need to consider different timescales when researching
natural hazards, and they support the use of geological archives to
complement monitoring data for proper flood hazard assessment.
Based on these results, we suggest that the probability that a high-
magnitude GLOF occurs decreases as glaciers thin and retreat.
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