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A B S T R A C T   

In this study, we examine glacier retreat and associated processes in the Lejiamayu valley, central Cordillera 
Blanca, Peru (9.27◦S; 77.48◦W) since the Last Glacial Maximum (LGM). Based on detailed mapping of well- 
preserved moraines, we reconstruct glacier extent during the LGM, the Antarctic Cold Reversal (ACR) and the 
Little Ice Age (LIA), being 21.34 km2 (LGM), 13.68 km2 (ACR) and 6.84 km2 (LIA). We document that glacier 
extent decreased to 2,86 km2 since the end of the LIA in this catchment (ice loss 58%). In addition, we explore the 
colonization and growth of lichens and Schmidt-hammer rock test R-values over the deglaciated surfaces, sug
gesting a relationship to possible evironmental controls rather than to the timing of the exposure. Further, we use 
empirical glacier velocity-based equation to estimate maximum potential future volume of the new glacial lake 
forming in the upper part of the valley (4725 m a.s.l.; 2.2 Mm3). We conclude that previous estimates of future 
lake volume might have been underestimated and that the sufficiency of the glacial lake outburst flood (GLOF) 
mitigation measures implemented at downstream located Lake Lejiacocha (4628 m a.s.l.) should be revised in 
future.   

1. Introduction 

Climate change-induced glacier decline affects high mountain re
gions all over the globe (IPCC, 2019; Zemp et al., 2019), impacting both 
natural as well as socio-economical systems in wider 
downstream-located areas (e.g. Huss et al., 2017; Brighenti et al., 2019; 
Immerzeel et al., 2020). These effects are particularly observable in the 
most glacierized tropical mountain range of the world - the Cordillera 
Blanca in Peru (Vuille et al., 2008; Schoolmeester et al., 2018; Vuille 
et al., 2018). This area has been a subject of numerous studies focusing 
on climate drivers, dynamics and consequences of glacier retreat since 

the Little Ice Age (LIA; e.g. Rabatel et al., 2013; Huh et al., 2017; Huh 
et al., 2018; Muñoz et al., 2020). Further, imprint of late Quaternary 
glaciations is rich in this area, with moraine record spanning from a 
multi-phased LIA back to at least MIS 10 (Farber et al., 2005; Solomina 
et al., 2007; Glasser et al., 2009; Smith and Rodbell, 2010; Giraldez, 
2011; Mark et al., 2017; Hall et al., 2018). 

Parts of the mountainous areas of the Cordillera Blanca which are 
located between the Last Glacial Maximum (LGM) limits and the current 
glaciers have undergone significant changes during the Holocene and 
have accommodated dynamic geomorphological processes. Notably, 
glacier-covered areas turned into the bare surfaces with massive 
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moraine walls, overdeepened depressions filled with glacial lakes and 
unstable slopes. Being characterised by high process dynamics, 
numerous far-reaching process chains, such as destructive lake outburst 
floods (see Emmer, 2017) and slope movements (Klimeš et al., 2016), 
have been documented to be initiated in these areas. 

Despite the efforts and progress in our understanding to glacier 
retreat-driven process chains, dynamics of these changes and associated 
hazards have been rarely explored on a detailed scale of individual 
valley. Using the example of the Lejiamayu valley, the main obectives of 
this study are: (i) to reconstruct the LGM, ACR and LIA glacier extent, 
based on geomorphological field evidence and moraine mapping; (ii) to 
reveal the controls of Schmidt-hammer rock test R-values and lichen 
growth (environmental controls, timing of the exposure) (iii) to estimate 
potential volume of a new glacial lake forming in the upper part of the 
valley and discuss its hazardousness in relation to the remedial works 
implemented downstream in 1950s. 

2. Study Area: The Cordillera Blanca and the Lejiamayu valley 

The Cordillera Blanca (8◦-10◦S; 77–78◦W; see Fig. 1A), located in the 
Western Cordillera (Cordillera Occidental), is the highest Peruvian 
mountain range with numerous peaks towering above 6000 m a.s.l. 
(Huascarán Sur 6768 m a.s.l.). It hosts the largest portion of the world’s 
tropical glaciers, with current extent being estimated less than 500 km2 

(Georges, 2004; Racoviteanu et al., 2008; Silverio; Jacquet, 2017; 
Veettil, 2018). The main ridge of the Cordillera Blanca is oriented in a 
NNW-SSE direction (parallel to the Pacific seashore) and divides the 
mountain range into the wetter eastern part drained by the Marañon 
River into the Atlantic Ocean while drier western part is drained by the 
Santa and Pativilca Rivers into the Pacific Ocean. 

The Lejiamayu valley (Fig. 1B) is located on south west-facing slopes 
of the Nevado Copa (9◦16‘10“S; 77◦28‘52“W; 6188 m a.s.l.) – one of the 
six-thousanders located in the central part of the Cordillera Blanca - and 
is drained by the Río Lejiamayu river, which confluences with the Río 

Fig. 1. The study area and the location of sampling sites. (A) Location of the Lejiamayu valley in the Cordillera Blanca (yellow star); (B) Location of lichenometric 
dating sites (LD) and Schmidt-hammer (SH) sampling sites in the Lejiamayu valley; (C) Lake Lejiacocha as seen from the left lateral moraine with Nevado Copa (6188 
m a.s.l.) in the background; (D) An example of bedrock outcrop sampling site L10 with Nevado Tocllaraju (6032 m a.s.l.) in the background. 
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Alanquey river (3200 m a.s.l.) and then the Río Marcará river in Chancos 
(2865 m a.s.l.). The vertical difference of the Lejiamayu valley therefore 
reaches almost 3 km while it covers the area of approximately 18.5 km2. 
According to the geological map of Peru 1:1,000,000 (IGM, 1975), the 
Lejiamayu valley is mainly formed by plutonitic granite and 
granite-diorite rocks which belong to the Cordillera Blanca batholit (see 
also Atherton and Sanderson, 1987), which are covered by marine facies 
of cretaceous age in the lower part of the valley. Visible sedimentary 
deposits associated with fluvial, glacio-fluvial and glacial activity are of 
quaternary age (ELECTROPERU, 1974). The upper parts of the catch
ment (above 4500–5000 m a.s.l.) are currently occupied by glaciers. 

One large lake (Lejiacocha) and several small lakes are located in the 
valley. All these lakes are of glacial origin and according to the previous 
studies do not represent a threat of glacial lake outburst flood (GLOF; see 
Veliz et al., 1975; Emmer et al., 2016). Lake Lejiacocha (Fig. 1C) is 
dammed by massive moraine wall, has the surface area of 183,907 m2 

and a volume of 1,356,124 m3 (INRENA, 2005; Muñoz et al., 2020). 
Lake Lejiacocha is equipped with dam remedial works - artificial outlet 
combining concrete outflow (open cut) with artificial dam built already 
in 1950s (Reynolds Geo-Sciences, 2003), keeping the lake level at 4618 
m a.s.l. and providing a freeboard of 5 m. 

3. Data and methods 

3.1. Data 

3.1.1. Field data 
Field survey in the Lejiamayu valley took place in June 2019. 

Geomorphological mapping, lichenometric dating (LD) and Schmidt- 
hammer rock test (SH) were employed (see Fig. 1B and D). Our sam
plig strategy aimed at collecting samples throughout the surfaces 
deglaciated since the LGM (see locations in Fig. 1B), however it also 
reflects suitability for sampling (see description of individual methods) 
and terrain accessibility. LD was employed at moraines sites as well as 
on exposed bedrock outcrops (20 sampling sites; see 3.2.2) and SH was 
only used as a deglaciation relative dating tool on exposed bedrock 
outcrops (not applied on moraines; 14 sampling sites; see 3.2.1). 

3.1.2. Remotely-sensed data 
Both aerial and satellite images were employed to: (i) reconstruct 

post-LGM glacier extent over time, based on mapping of moraines sup
ported by lichenometric dating. We used aerial images form the archive 
of the Autoridad Nacional del Agua in Huaráz (from 1948), Landsat 
images covering the study area since late 1970s (USGS, 2019) and high 
resolution USGS/CNES/Airbus images available via Google Earth Pro 
(Google LLC., 2019), covering the study area since 2003 (lower part of 
the valley)/2011 (upper part of the valley; see Table 1). For glacier 
surface velocity and ice thickness calculation, we employed two 
LANDSAT 8 (Band 8) scenes for the dates July 17, 2018 and July 19, 
2019. ALOS PULSAR digital elevation model (DEM) of 12.5 m spatial 

resolution is used to extract topographic parameters. The modified RGI 
(v 6) glacier boundaries has been used for glacier delineation. 

3.2. Methods 

3.2.1. Schmidt-hammer rock test (SH) 
SH method assumes that lately exposed surfaces have higher R- 

values (Rebound values) compared to surfaces exposed previously, due 
to the different duration of weathering. Employing SH rock test method 
requires petrological and geological uniformity of surveyed rock mate
rials as well as the uniformity of orientation and inclination of measured 
surfaces. All these assumptions are met in the study area of the Lejia
mayu valley, where horizontally oriented surfaces of granite-diorite 
have been surveyed. We used SH measurement device Proceq (N/NR 
type) with impact energy 2207 Nm and dimensionless scale 1–100 
(Rebound values, R-values). This device has been calibrated by Tech
nical and test institute for construction Prague, SOE (www.tzus.cz/en), a 
certified calibration branch office of Proceq. 

SH measurements were performed at 14 sites (see Fig. 1B) and each 
site comprises of 25 individual measurements (measured R-values). 
Excluding 5 most extreme values (the most far from the average), 20 
measurements were used for calculating R-value of the site (minimum, 
maximum, average, standard deviation), following the procedure sug
gested by Moon (1984). This method has been widely used previously (e. 
g. Haeberli et al., 2003; Goudie, 2006), because it presents a simple, 
easy-to-use dating approach which can be employed in remote high 
mountain areas. Using the example of the Churup valley located 
approximately 25 km to the south from the studied Lejiamayu valley, 
Emmer et al. (2019) have shown that SH can reliably distinguish be
tween recently (i.e. post-LIA) and previously (i.e. post-LGM) deglaciated 
surfaces. However, the ability to distinguish the timing of deglaciation 
on the finer time scale was not proved. Therefore, we aim at employing 
SH for distinguishing the timing of deglaciation on centennial to 
millennial scale (surfaces deglaciated since the LGM). 

3.2.2. Lichenometical dating (LD) 
LD was employed to estimate the ages of moraine stabilisation and 

glacier retreat over the bedrock outcrops. The fundamentals of lichen
ometry for dating landforms have been laid down and experienced boom 
since 1970s and early 1980s (Osborn and Taylor, 1975; Gellatly, 1982; 
Innes, 1983, 1985). Numerous researchers adopted this method for 
dating moraines and deglaciated surfaces in Peru (e.g. Rodbell, 1992; 
Solomina et al., 2007; Forget et al., 2008; Jomelli et al., 2008; Emmer, 
2017; Emmer et al., 2019), elsewhere in South America (Winchester and 
Harrison, 2000; Winchester et al., 2001; Harrison et al., 2007; Rabatel 
et al., 2008; Jomelli et al., 2009) as well as other regions across the globe 
(e.g. McCarroll, 1991; Solomina and Calkin, 2003; Matthews, 2005; 
Decaulne, 2016). 

In our study, a total of 7 moraine deposits and 13 bedrock outcrops 
(see Fig. 1B) have been dated using LD, using the growth curves 

Table 1 
Overview of remotely-sensed images used in this study.  

Sensor (provider) Date of acquisition Resolution Scene/product ID 

Aerial images 01-Sep-1948 2 m 1948_535, 1948_536, 1948_537, 1948_811, 1948_812, 1948_813 
Landsat MSS 04-Aug-1975 60 m LM02_L1TP_008066_19750804_20180426_01_T2 
Landsat TM 21-Aug-1988 30 m LT05_L1TP_008066_19880821_20170206_01_T1 

02-Sep-1998 30 m LT05_L1TP_008066_19980902_20161222_01_T1 
18-Aug-2010 30 m LT05_L1TP_008066_20100818_20161014_01_T1 

USGS/Maxar Technologies 11-Jul-2003 <2m NAa 

Maxar Technologies 31-May-2011 <2m NAa 

CNES/Airbus 22-Jun-2019 <2m NAa 

Landsat OLI 17-Jul-2018 30 m LC08_L1TP_008066_20180707_20180717_01_T1 
10-Jul-2019 30 m LC08_L1TP_008066_20190710_20190719_01_T1 
19-Jul-2019 30 m LC08_L1TP_008066_20190710_20190719_01_T1 

ALOS PALSAR DEM 2015 12.5 m Scene ID-AP_27249_FBS_F7000_RT1  

a Google Earth Pro does not specify scene/product ID. 
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developed specifically for the western part of the Cordillera Blanca by 
Solomina et al. (2007) and Jomelli et al. (2008). Based on the meth
odological criteria defined by Solomina et al. (2007) and Jomelli et al. 
(2008), we performed the following procedure: (i) measuring living, 
circle-shaped individuals of Rhizocarpon geographicum; (ii) only the 
largest individual from each boulder is measured and boulders with 
diameters > 0.5 m are considered (this rule only applies for bouldery 
accummulations, i.e. moraines, not for bedrock outcrops, where largest 
individuals were searched in circle-shaped area with diameter of about 
10 m); (iii) measuring 100 lichens at each sampling site. 

Lichens were measured with a digital calliper that provides an 
effective measuring range of 0–100 mm and measurement accuracy of ±
0.005 mm was used for the measurement. Five largest lichens from each 
site were considered for age estimation, where relevant. Relict (dead) 
lichens were measured in order to determine an approximate minimum 
age of surface exposure/moraine deposition. In such a case, relict lichens 
with diameter >60 mm were considered indicating the age >1500 years, 
further refinement of this approximation and the extrapolation of the 
lichen growth curve is not reliable (see Osborn et al., 2015; Rosenwinkel 
et al., 2015; Decaulne, 2016). Due to the apparent limitations for esti
mating precise time of deglaciation, i.e. absolute dating (Osborn et al., 
2015; Rosenwinkel et al., 2015; Emmer et al., 2019), we mainly used 
lichenometry for relative dating and differentiating LIA phases (see 
4.1.2.) and as a complimetary information to glacio-geomorphological 
mapping. 

3.2.3. Reconstructing Lejiamayu past glacier extent 
Combining field survey and remotely sensed images, we exhaustively 

mapped moraine ridges throughout the Lejiamayu valley, spanning the 
elevation range from 3350 m a.s.l. (the lowermost part of the LGM 
moraines) to 4985 m a.s.l. (upper reaches of the LIA moraines; see 
Fig. 2). Following thorough mapping, individual moraines ridges were 
grouped as ‚stadials‘ representing significant former glacier positions 
based on morphological criteria (e.g. Schoeneich, 1998). We used the 
‚superposition principle‘ in relative chronology of moraines (i.e. 
considering a sequence of moraines, those located at lower elevation are 
considered older). In a second step, we compared our local chronology 
to a synthetic regional chronostratigraphy to propose approximate 
dating for these features. Based on the recent literature of 10Be-based 
moraine chronologies in the tropical Andes (Hall et al., 2009, 2018; 
Smith and Rodbell, 2010; Jomelli et al., 2014; Bromley et al., 2016; 
Stansell et al., 2017; Hall et al., 2018; Úbeda et al., 2019), we have 
distinguished between LGM moraines (Fig. 2A,B,C), early Lateglacial 
moraines (Fig. 2A), Antarctic Cold Reversal (ACR) moraines (Fig. 2D) 
and LIA moraines (first and the second phase; Fig. 2E and F). Early 
Holocene and Neoglacial positions have been suggested as well, but are 
nevertheless more difficult to distinguish from ACR and LIA moraines, 
respectively, based solely on relative dating criteria. Finally, glacier 
Equilibrium Line Altitude (ELA) for the reconstructed past stadials were 
derived from the geomorphological mapping. Maximum elevation of the 
upper bound of lateral moraines (so-called ‚MELM‘ method) is a robust 
surrogate for ELA elevation (Benn et al., 2005), as evidenced by previous 
works in the tropical Andes (Seltzer, 1992; Taggart, 2009). 

3.2.4. Estimating potential future volume of new glacial lake 
A supra-glacial lake has started forming just upstream of the Lejia

cocha lake (Fig. 1B). The future expansion of the lake depends on the 
glacier bed topography and future glacier retreat. To calculate the future 
(maximum) extent and volume of the newly forming lake, initially the 
glacier bed is mapped using a spatially distributed ice-thickness 
approach (Linsbauer et al., 2012; Sattar et al., 2019; Magnin et al., 
2020). The depressions present on the glacier bedrock (overdeepening), 
are identified as the potential lake formation sites in the future. In 
Peruvian Andes this approach has been previously employed to identify 
the future lakes in glaciated basins (Haeberli et al., 2016; Colonia et al., 
2017). Here, laminar flow modeling based on glacier surface velocity, 

slope, and basal shear stress is performed to calculate the spatially 
distributed ice-thickness of the Lejiamayu glacier followed by the 
mapping of glacier-bed to calculate the extent of the overdeepening 
present at the glacier terminus. Shear-stress based methods to recon
struct glacier ice thickness (Linsbauer et al., 2012) is used. The rela
tionship can be given as: 

τb = f ρgH sin α (1)  

Where τb is the basal stress, H is the ice thickness, sin (α) is the slope, ρ is 
the ice density, g is the acceleration due to gravity (9.8 ms− 1), f is the 
shape factor, which is defined as the ratio between the driving stress and 
basal stress along a glacier (Gantayat et al., 2014) and has a range of 
0.6–1.0. As basal stress measurements are not easily available for many 
glaciers in Peruvian Andes (including Lejiamayu glacier) we use glacier 
surface velocity to calculate the ice thickness (H). The relation is 
empirically given by: 

Us = Ub +
2F

n + 1
(τb)

nH (2)  

Where Us is the surface velocity (ms− 1), Ub is the basal velocity which is 
assumed to be 25% of Us (Gantayat et al., 2014), F is the creep parameter 
which is assigned a constant value of 3.24 × 10− 24 Pa− 3s− 1 for 
temperate glaciers (Cuffey and Paterson, 2010), n is Glen’s flow constant 
with a value assumed to be 3, τb is the basal stress, and H is the ice 
thickness (in m). 

Combining equations (1) and (2), glacier ice-thickness (H) can be 
calculated by: 

H =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1.5 Us

F (f ρgsinα)3
4

√

(3) 

In the above equation, glacier-surface velocity (Us) is derived using a 
sub-pixel correlation method using two optical satellite images (see 
Section 3.1.2 for data used) temporally separated by one year (Scherler 
et al., 2008). As LANDSAT 8 provides a co-registered and correlated 
panchromatic band with a spatial resolution of 15 m, the displacement 
measurements are more accurate and are comparable to field mea
surements (Sattar et al., 2019). Sattar et al. (2019) justified the accuracy 
of this image correlation technique to effectively estimate glacier ve
locity by comparing the displacement measurements obtained over the 
stable ground. Here the COSI-CORR (Co-registration of Optically Sensed 
Images and Correlation) module in ENVI image-processing software that 
performs image-to-image correlation at a sub-pixel level is used. The 
glacier ice thickness of the Lejiamayu glacier is calculated using Eq. (3). 
The glacier bed is further mapped based on GIS-based operation using 
glacier boundary (RGI v 6.0), spatially distributed ice thickness, and 
surface elevation (DEM). Previous studies compared glacier 
surface-velocity based ice-thickness with Ground penetrating radar 
(GPR) estimates to show the reliability of this approach to reconstruct 
glacier ice-thickness (Gantayat et al., 2014; Sattar et al., 2019). The 
future volume of the lake is compared to different area-based scaling 
methods. 

4. Results 

4.1. Post-LGM glacier variations in the Lejiamayu valley 

4.1.1. Glacier stadials reconstruction 
Our mapping covers the entire Lejiamayu catchment, both the trunk 

valley and a low gradient and glacially-sculpted bedrock area to the 
south (Fig. 3). Two well-preserved latero-frontal moraine ridges are 
present in the piedmont part of the Lejiamayu valley (see Fig. 2A). The 
most prominent outer ridges reach 3350 m a.s.l. and are considered as 
marking the LGM position. This is consistent with mapping effort con
ducted in the nearby Hualcán west massif, where Giraldez (2011) 
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Fig. 2. Moraines of the Lejiamayu valley (marked with dashed lines, colors correspond to main mapped generations of moraines as used in Fig. 3). (A) LGM and 
Lateglacial moraines in the lower (piedmont) part of the Lejiamayu valley (3500–3,600m a.s.l.) with infilled lake (IL) visible in thecentral part of the image; (B) LGM 
moraines on slopes (4050–4300 m a.s.l.); (C) LGM moraine on slope (4100–4200 m a.s.l.); (D) ACR moraine (4500–4600 m a.s.l.); (E) LIA moraine damming Lake 
Lejiacocha (4600–4700 m a.s.l.); (F) Early Holocene and LIA moraine in the upper part of the valley (4700–4750 m a.s.l.) with infilled lake (IL) visible in the lower 
central part of the image in front of the moraine wall. 
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similarly traced those moraines down to 3350 m a.s.l. The uppermost 
bound of the large left lateral LGM moraine is detectable up to 4460 m a. 
s.l., which provide a first order estimate of the ELA for this stadial. This 
value is slightly higher than LGM ELA usually reported to be around 

4300 m a.s.l. in CB (Mark et al., 2017). This could be due to the com
posite nature of this landform, whose upper part may have been 
deposited during an early lateglacial stadial.A set of less prominent but 
sharply crested inner ridges is present at 3490–3540 m a.s.l. in the trunk 

Fig. 3. Detailed glacio-geomorphologic map of the Lejiamayu valley. Moraines were attributed to six main generations based on morpho-stratigraphic relationship 
and correlation with regional chronostratigraphy (see Sections 4.1 and 5.1). Current glacier extent (2019) is shown. Grid UTM 18S in meters. 

Fig. 4. Lichens and possible environmental controls of lichens‘ growth. (A) Location of individual sampling sites and average of 5 largest lichens found; (B) 
Relationship between the average of 5 largest lichens and elevation of sampling sites; (C) Relationship between the average of 5 largest lichens and distance from 
moraines; (D) Relationship between the average of 5 largest lichens and distance from current position of glaciers. 
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valley. Similarly, in the southern area, LGM moraines are accompained 
by nested inner early lateglacial moraines located just few hundred 
meters upstream (Fig. 3). 

ACR moraines are more discontinuous and no frontal moraine has 
been preserved in the trunk valley owing to steep terrain. ACR front 
location has been estimated with reasonable precision to 4000 m a.s.l. 
based on latero frontal moraines. Highest ACR ridge remnants are 
observed up to 4640 m a.s.l. (see Fig. 2D) and provide reliable estimate 
for the ELA prevailing during this stadial. This is in good agreement with 
a mean AABR ELA of 4650 ± 200 m a.s.l. determined in the Hualcán 
west massif by Giraldez (2011), although this stadial was called Younger 
Dryas by this author. Given its size, the moraine complex dammimg 
Lejiacocha lake was build during numerous Holocene oscillations. 
Superimposed on this complex are Neoglacial ridges and at least two 
generations of freshly looking LIA ridges (see Fig. 2E and F), with a LIA 
front at 4550 m a.s.l. LIA moraines can be traced up to 4985 m a.s.l., 
similar to the LIA AABR ELA values for the Hualcán west massif at 4995 
± 125 m a.s.l. (Giraldez, 2011). 

4.1.2. Lichenometric dating 
We found relict lichens >60 mm indicating possible age >1500 

years at 11 sampling sites (see Fig. 3A), and datable lichens at 9 sam
pling sites (see Fig. 4A). LD over the exposed bedrock surfaces revealed 
that some of the recently deglaciated surfaces (L05 to L10) might have 
been glaciated during the LIA, despite these areas are not surrounded by 
well-visible moraines such as those found in the main valley. Two or 
three generations of LIA moraines are observable in the field (two clearly 
distinguishable lateral moraine ridges; see Fig. 2E and two frontal mo
raines, Fig. 3). The second moraine ridge (sampling site L01) has been 
dated to the mid-phase of the LIA (average of 5 largest lichens 32.6 mm; 
365–405 years ago, i.e. 1615-1655 AD) as defined by Thompson et al. 
(2000) and Solomina et al. (2007), while the inner moraine ridge cor
responds with the latest LIA (23.6 mm; 220–250 years ago, i.e. 
1770-1800 AD). Lichens <20 mm were found at sampling sites L05 – 
L08. We plotted measured lichens against possible environmental 

controls of their occurrence (elevation, distance from downstream 
located moraines and distance from current position of glaciers). Fig. 5 
shows that the average of the 5 largest lichens is decreasing with 
elevation and the distance from the LGM moraine and increasing with 
distance from the glacier. 

4.1.3. The LGM, ACR, LIA and present-day glacier extent 
Combining field and remotely sensed data-based mapping of mo

raines (see 4.1.1), we estimate a LGM glacier extent of 21.34 km2, and a 
LIA glacier extent of 6.84 km2. Despite some missing moraine imprints, 
we estimate an ACR glacier extent of 13.68 km2 (see Fig. 5). Modern 
glacier (year 2019) occupies an area of 2.86 km2, which implies a 58% of 
glacier loss since the LIA glacier maximum. 

4.2. Schmidt-hammer rock test over deglaciated surfaces 

SH has been employed at 14 sampling sites located between 3772 m 
a.s.l. (L21) and 4960 m a.s.l. (L06). All the sampling sites are located in 
the area which is thought to be glaciated during the LGM (see 4.1.1). The 
only exception is L21, which is bedrock outcrop located further down
stream of the LGM moraine, i.e. in the area thought not to be glaciated in 
the past (tens of) thousands years. Measured average R-values varies 
from 55.1 (STDEV 3.6; sampling site L05) to 44.9 (STDEV 4.1)/35.2 
(STDEV 5.3) at sampling sites L17/L21 (see Fig. 6A). Assuming possible 
LIA extent based on lichenometric dating (see 4.1.1), an average R-value 
of sampling sites located within the LIA limits is 49.4 (STDEV 5.0), while 
an average R-value of sampig sites located outside the LIA limits is 46.5 
(STDEV 6.5), which does not really distinguish between these two zones. 

To explore the relationship with selected environmental controls, we 
plotted measured SH values against the elevation of sampling sites 
(Fig. 6B), distance from the current position of glacier (Fig. 6C) and 
distance from downstream located LGM moraines (Fig. 6D). As for the 
relationship to the elevation of sampling sites, we observe increasing R- 
values with increasing elevation (R2 = 0.31) and even more profound 
relationship when not considering outlier L20 (R2 = 0.71). Furthermore, 

Fig. 5. Reconstruction of the Lejiamayu glacier extent for the LGM, ACR and LIA stadials based on the moraine record. The 1948 and 2009 glacier extent are also 
shown. Grid UTM 18S in meters. 
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increasing trend in R-values with decreasing distance from the glacier is 
observed (R2 = 0.52). By contrast, an increasing trend in R-values with 
increasing distance from LGM moraines is observed (R2 = 0.40). 

4.3. Maximum future extent of the new glacial lake 

The surface velocity derived using the subpixel correlation technique 
is employed to determine the spatially distributed glacier ice thickness. 
The velocity measurements (Fig. 7A) reveal that the Lejiamayu glacier 
has a surface-flow speed of 0–7 ma− 1 near the present terminus. The 
velocity varies between 7 and 28 ma− 1 towards the upper part of the 
ablation zone. The glacier ice thickness calculated using Eq.(3) shows a 
ice-thickness of 0–27 m near the present terminus (Fig. 7B). The ice 
gradually thickens towards the upper ablation zone with ice-depths 
reaching up to 98–157 m. Furthur, GIS-based raster calculation (DEM 
minus Ice thickness distribution) revealed the spatially distributed 
glacier-bed topography. An overdeepening on the glacier bed is mapped 
that is present at the present terminus extending up to a distance of 720 
m upstream. The maximum width of the overdeepening is 280 m and has 
a total area of 0.16 km2. The spatially distributed depth of the over
deepened site shows a maximum depth of 43 m (Fig. 7C). 

The depth gradually increases from the periphery towards the center 
of the overdeepening, where it is the maximum. It is seen that the newly 
forming supraglacial lakes lies at the frontal part of the glacier. As these 
small supraglacial lakes are located over the overdeepend site, it is likely 
that as the glacier melts/retreats the melt water would be trapped in the 
depression (overdeepening) and eventually grow to form a larger lake 
with a maximum extent as the overdeepened site. The total volume of 
the overdeeping based on the modeled ice thickness is calculated to be 
2.20 x 106 m3. This calculated volume is further compared to the 
different empirically calculated volumes (see Table 2). Muñoz et al. 
(2019) gave an empirical relationship based on lake width and total area 
to calculate the volume of the lakes in Cordillera Blanca, Peru. Here, we 
compare the modeled volume to the empirically calculated volume. It is 
seen that the modeled volume is in line with the empirical volume 

(Muñoz et al., 2019) with a difference of less than 1%. The volume 
calculated using the equation proposed by Evans (1986) represents a 
difference of 3.2%. The volumes calculated using the equations of 
Huggel et al. (2002) and Cook and Quincey (2015) show a difference of 
15.0% and 20.8% respectively. 

5. Discussion 

5.1. Timing of post-LGM glacial evolution in the Lejiamayu valley 

Detailed geomorphological mapping allow us to identify six main 
generations of moraines (Fig. 3). We now rely on existing evidence in CB 
to discuss the absolute timescale of their emplacement. The outermost 
moraine complex was deposited during the LLGM, dated in CB between 
~40 and 25 ka, i.e. slightly earlier than MIS2 (Mark et al., 2017; Úbeda 
et al., 2019). Immediately inboard of the prominent LGM moraines 
(>50 m local relief), a set of well-defined smaller ridges is widespread. 
This ensemble should correspond to the first recurrences (or stillstands) 
post-dating full glacial conditions and dated to ~18.5 ka in CB (Farber 
et al., 2005; Glasser et al., 2009; Smith and Rodbell, 2010; Mark et al., 
2017). The third stadial is reconstructed from discontinuous ridge 
remnants due to an unfavourable preservational setting (steep bedrock 
slabs) which did not allow the conservation of a frontal moraine. 
Morphometric data permit to assign this stadial to the ACR, as in the 
tropical Andes ACR moraines are generally found midway between LGM 
and LIA positions (e.g. Bromley et al., 2016, see their figures S3–S4). 
This multi-phased cold climate event (Jomelli et al., 2014, 2017; Martin 
et al., 2020) has reversed the Lateglacial warming trend between ~14.5 
and 12.9 ka in the tropical Andes. In CB, related moraines were 10Be 
dated around 14.2 to 13.8 ka (Farber et al., 2005; Glasser et al., 2009; 
Smith and Rodbell, 2010; Stansell et al., 2017; Hall et al., 2018). 

The following Younger Dryas chronozone has been mostly a period 
of glacier retreat in CB (Rodbell and Seltzer, 2000). The attribution of 
the fourth moraine set to the early Holocene draw on substantial evi
dence for moraines dated to 11.5–9.5 ka and located immediately 

Fig. 6. Schmidt-hammer rock test and possible environmental controls. (A) Location of individual sampling sites and average R-values; (B) The relationship between 
R-values and elevation of sampling sites; (C) The relationship between R-values and distance from moraines; (D) The relationship between R-values and distance from 
current position of glaciers. 
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outboard of late Holocene moraines (e.g. Glasser et al., 2009; Stansell 
et al., 2017; Hall et al., 2018; Úbeda et al., 2019). At that time, Lejia
cocha and former right-hand tributary Copa glacier southern diffluence 
were still confluent – before splitting somewhere between the mid Ho
locene and the onset of the late Holocene, a period of reduced glacier 
activity in the region (Stansell et al., 2017). Alternatively, some of the 
(innermost) moraines allocated to this period could correspond to the 
Neoglacial period, since Neoglacial deposits pre-dating the LIA are 
sometimes.dated in CB (Úbeda et al., 2019).The fifth moraine stadial 
encompasses the LIA. Three sub-sets of LIA moraine can tentatively be 
identified here. LD sampling sites lie on the two innermost (Fig. 3B) with 
results pointing to deposition during mid-to late-LIA. It shows that LIA 
maxima could have possibly been reached earlier than 17th century, 
likely around 0.7–0.6 ka (e.g. Jomelli et al., 2008; Emmer, 2017; Úbeda 
et al., 2019). Given the highly resolved and well-preserved moraine suite 
here, this could be a suitable site to refine the Holocene moraine stra
tigraphy in CB, if absolute ages could be acquired. 

Less pronounced glacier advances were reported in the early 20th 
Century in CB (Georges, 2004). Mapped sixth moraine stadial is repre
sented by a set of small ridges visible in the middle of the Lejiacocha lake 
(see Fig. 1C). These in-lake moraines were deposited during a glacier 

advance known to have occurred in the 1920s (Kinzl, 1942; Georges, 
2004). Afterwards, a marked retreat caused lake final size to be reached 
following another still-stand with moraine deposition in the early 1950s 
(Fig. 3B). The post-LIA retreat of glaciers in the Lejiamayu valley and 
glacier ice loss of 58% is in agreement with observations from other 
glaciers in the Cordillera Blanca, exhibiting increased rate betwen 1990s 
and 2010s (e.g. Veettil 2018; Silverio and Jaquet, 2017) and other 
Cordilleras of Peru (e.g. López-Moreno et al., 2020). Even though there 
are descrepencies in the observed glacier surface changes in the 
Cordillera Blanca, which are arising from different data used or meth
odology adapted for processing satellite or aerial photographs. Never
theless, the trend in glacier area is clearly decreasing over time and 
confirms a decline of tropical andean glaciers (Veettil and Kamp 2017). 

5.2. Past, present and future glacial lakes and sufficiency of existing 
GLOF mitigation measures 

Field data evidence that several lakes had existed and became extinct 
within the areas deglaciated since the LGM. Strikingly, the LGM and 
Lateglacial moraines located in the lowermost part of the valley likely 
retained a lake in the past (elevation 3550 m a.s.l.; see Fig. 3A), which 

Table 2 
Volume of the overdeepened site calculated using different approaches.  

Volume estimation 
approach 

Laminar flow approach 
(this study) 

V1 = 0.104A^1.42 (Huggel 
et al., 2002) 

V2 = 0.035A^1.5 ( 
Evans 1986) 

V3 = 0.1217A^1.4129 (Cook and 
Quincey, 2015) 

V4 = A*Md_Wi (Muñoz 
et al., 2019) 

Volume (x 106 m3) 2.20 2.58 2.28 2.79 2.18  

Fig. 7. Glacier bed overdeepening. (A) Glacier surface velocity of the Lejiamayu glacier; (B) Spatially distributed glacier ice thickness; (C) Spatially distributed depth 
of the overdeepened site on the glacier bed. 
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has been filled with sediments. The area of this lake might have excee
ded 450,000 m2, which is comparable to the largest lakes currently 
found in the Cordillera Blanca (Emmer et al., 2020). Apart from that, a 
moraine-dammed lake (25,000 m2; 4715 m a.s.l.) was trapped in front of 
the Early Holocene moraine and the upper part of the valley (see Fig. 2F) 
and several smaller infilled bedrock-dammed lakes are observed in the 
overdeepenings all over the study area. No lake is mapped in the 
Lejiacocha valley by Kinzl and Schneider (1950), building on 1932 
expedition. 

Seven glacier-detached lakes (with area >2500 m2) and one group of 
supraglacial lakes are currently (in 2019) located in the Lejiamayu 
valley, with the Lake Lejiacocha being the largest one. Since 1950s, the 
Lejiacocha Lake is equipped with the concrete artificial outlet and 
artificial dam providing a freeboard of 5 m (see Fig. 8). This type of 
mitigation measure was shown to be effective in mitigation glacial lake 
outburst floods (GLOFs) induced by slope movements into the lake/ 
floods from lake located upstream by preventing dam from overtopping 
and providing certain retention volume (Emmer et al., 2018). Concrete 

lake outflow also prevent erosion of the dam in case of increased 
discharge. Considering lake area 183,907 m2 (INRENA, 2005), the 
retention volume calculated as a product of lake area and dam freeboard 
is about 920,000 m3. 

Guardamino et al. (2019) in their nation-wide study estimated that 
future lake upstream Lejiacocha could have a maximum length 302 m, 
maximum width 168 m and medium depth of 22 m, resulting in total 
volume of 612,000 m3, suggesting that entire flood from this lake would 
be retained by Lejiacoca (not considering possible dam overtopping by 
displacement wave). Our results (upstream lake volume 2.20 × 106 m3; 
see Table 2) however indicate that these numbers might be under
estimated, suggesting that GLOF hazard mitigation measures might not 
be sufficient in future if the new lake reaches predicted size and burst 
out. 

6. Conclusions 

The Lejiamayu valley experienced extensive glacier ice loss since the 

Fig. 8. GLOF hazard mitigation measures at the Lejiacocha lake and new lake forming upstream. Part (A) shows GLOF mitigation measure implemented at the dam of 
Lake Lejiacocha, providing 5 m freeboard; part (B) shows upstream view on the glacier snout on which supraglacial lake is located currently (in 2019); part (C) shows 
glacier snout located upstreal Lake Lejiacocha with forming supraglacial lake (lake area approximately 5000 m2 in 2019). Yellow and red stars on (B) and (C) indicate 
identical locations on both images. 
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LGM, exposing approximately 20 km2 of bare surfaces. We integrated 
field, documentary and remotely sensed data in order to provide some 
insights into the history, present and also the future of glaciation in this 
valley. A well-preserved moraine record allowed us to reconstruct LGM 
(21.34 km2), ACR (13.68 km2) and LIA (6.84 km2) glacier extents. The 
post-LIA glacier retreat reduced the LIA glacier extene by 58% by 2019, 
leaving behind brand new landscapes. By employing Schmidt-hammer 
rock test, we explore how exposed bedrock surfaces react to the 
timing of deglaciation, showing only limited ability to distinguish be
tween individual stages of the glaciation, but rather a relationship to 
related environmental controls (elevation, distance from the glacier and 
the moraine). Further, we focused our attention to the formation of a 
new glacial lake in the upper part of the valley and calculated its po
tential future volume. We conclude that the new lake will form behind 
the rock step upstream the LIA moraine-dammed Lake Lejiacocha and 
we argue that this new lake might reach larger volumes (2.2 Mm3) than 
estimated previously, suggesting possible insufficiency of existing lake 
outburst flood mitigation measures. 
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López-Moreno, J.I., Navarro, F., Izagirre, E., Alonso, E., Rico, I., Zabalza, J., Revuelto, J., 
2020. glacier and climate evolution in the pariacacá mountains, Peru. Cuadernos de 
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