
REPORT

Hydrogeology of an alpine talus aquifer: Cordillera Blanca, Peru

Robin Glas1 & Laura Lautz1 & Jeffrey McKenzie2 & Robert Moucha1 & Daniel Chavez2 & Bryan Mark3 & John W. Lane Jr4

Received: 13 August 2018 /Accepted: 1 May 2019 /Published online: 21 May 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
The dramatic loss of glacial mass in low latitudes is causing shifts in downstream water availability and use during the driest
months of the year. The world’s largest concentration of tropical glaciers lies in the Cordillera Blanca range of Peru, where glacial
runoff is declining and regional stresses are emerging over water resources. Throughout the Cordillera Blanca, groundwater
inputs from alpine meadow–talus complexes, locally known as pampas, supply proglacial streams with up to 80% of their flow
during the region’s dry season. Structural knowledge of the pampa aquifers is needed to estimate their drainable groundwater
storage capacity and residence time, to elucidate the role and importance of alpine groundwater storage in the regional water
budget of the Cordillera Blanca. To understand the structure of these proglacial aquifers, multiple near-surface geophysical
methods were implemented in a proglacial valley near dense networks of spring-fed tributaries. Geophysical results and borehole
logs suggest groundwater is stored in a confined aquifer composed of buried talus deposits overlain by lacustrine clay, while
deeper portions of the unit, 10–15m in depth, are relatively clay-free and more hydraulically conductive. Based on these findings
and assumptions of aquifer porosity, the pampas of the Callejon de Huaylas may store from 0.006 to 0.02 km3 of groundwater.
Furthermore, these findings suggest that the talus aquifers of the Cordillera Blanca were formed in proglacial lakes, followed by
infilling with fine lacustrine sediments that confine lower units and allow for groundwater discharge to springs via macropores
and preferential flow.
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Introduction

In the tropics, mountain glaciers are especially sensitive indi-
cators of climate change, with ice loss accelerating in the
presence of warming regional temperatures (Burns and
Nolin 2014; Kaser and Osmaston 2002; Vuille et al. 2008).

Average annual warming in tropical zones around the globe is
projected to surpass 4 °C by the year 2100 at elevations higher
than 4,000 m above sea level (masl) using the higher emis-
sions scenario A2 (Nakicenovic et al. 2000), which would
result in a significant regional decline in ice mass (Bradley
et al. 2006; Vuille et al. 2018). Historically, there have been
no clear annual precipitation trends in the Cordillera Blanca
(northwestern Peru) since 1970 (Racoviteanu et al. 2008),
although a positive shift toward higher precipitation amounts
was observed in the mid-1990s during the region’s wet season
(December–February; Schauwecker et al. 2014). Projections
of precipitation amounts into the twenty-first century for the
tropical Andes are also highly uncertain according to regional
climate models and varying emissions scenarios, with low
spatial coherence between climate models and both regions
of slightly increasing and decreasing amounts (Urrutia and
Vuille 2009).

More than 99% of glaciated area in the tropics lies in the
Andes Mountains, which divide the inner (continuous annual
precipitation) from outer (seasonal precipitation) tropical
zones (Kaser 1999). Many glacially fed rivers and streams
that drain the western side of the Cordillera Blanca have
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already surpassed the temporary increase in flow caused by
glacial retreat, and have begun to recede toward dry season
streamflow that is more closely coupled to seasonal precipita-
tion patterns (Baraer et al. 2012; Chevallier et al. 2011). This
glacial retreat is accelerating, indicating that these reductions
in dry season streamflow will reflect declining contributions
from glacial melt into the twenty-first century (Bury et al.
2013; Huss et al. 2017). Compared with the mid to higher
latitudes, the tropics have been relatively understudied in
terms of hydrologic processes that contribute to regional water
resources.

The Cordillera Blanca contains a quarter of the world’s
tropical glaciers, which are an important source of meltwater
for a variety of downstream uses (Chevallier et al. 2011;
Racoviteanu et al. 2008). A large portion of glacierized area
of the Cordillera Blanca drains westward to the Santa River,
which flows toward the northwest and eventually to the
Pacific Ocean (Mark et al. 2005). The Santa River is the pri-
mary dry season water source for vast agricultural and indus-
trial operations in the region, as well as hydroelectric power
generation for approximately 10% of the country (Bury et al.
2013). Dry season flow rates in the Santa River watershed are
projected to further decline with the retreat and relative loss of
glacial meltwater as a source of flow to the river’s headwater
streams (Juen et al. 2007). Regional warming in the Cordillera
Blanca is driving the region’s loss of glaciers (Schauwecker
et al. 2014), with increasing temperature trends of 0.13 °C/
decade since the 1950s recorded for the tropical Andes (Vuille
et al. 2015). As the glaciers retreat at accelerating rates (Burns
and Nolin 2014), groundwater that is recharged by precipita-
tion will increasingly be a dominant source of flow during the
dry season (Baraer et al. 2015), although the hydrogeology of
these alpine systems is not yet fully understood.

During the dry months of May–October, a combination of
glacial meltwater and alpine groundwater supplies the major-
ity of streamflow in the Callejon de Huaylas basin (Mark et al.
2010). Although the glacial melt contribution to dry season
streamflow for the Santa River is well documented as propor-
tional to the glacial coverage in four groundwater study catch-
ments, (Baraer et al. 2009, 2012, 2015; Glas et al. 2018; Mark
and Mckenzie 2007; Mark et al. 2005; Pouyaud et al. 2005),
the groundwater system that supplies the region’s alpine trib-
utaries is not well understood (Baraer et al. 2009, 2015;
Chavez 2013; Gordon et al. 2015; Maharaj 2011; Somers
et al. 2016). Studies of groundwater hydrology in the
Cordillera Blanca have reported a significant contribution of
groundwater to proglacial streams during the dry season, and
have inferred the aquifer structure of headwater valley aqui-
fers based on groundwater chemistry and borehole logs from
shallow wells (Chavez 2013; Gordon et al. 2015). To predict
the role of groundwater in sustaining streamflow during future
dry seasons, estimates of drainable groundwater storage and
residence time distributions are required. Such estimates

require geologic structural knowledge of the proglacial sedi-
ments and talus deposits that are hypothesized to serve as the
region’s headwater aquifers.

Worldwide, glaciated alpine catchments contain slope de-
posits such as talus cones, debris fans, and moraines that are
important permeable geomorphic features for storing ground-
water and providing stream baseflow. Despite their impor-
tance, these features are understudied in the tropics, where
glacial valley sediments contain less permafrost and snow-
pack than temperate and arctic regions (Haeberli et al.
2010). Studies of the structure and aquifer function of slope
deposits are generally restricted to the mid-latitudes of the
Northern Hemisphere, where talus slopes, moraines, and de-
bris fans are shown to recharge with precipitation and/or
snowmelt, and delay discharge to proglacial valley streams
(e.g. Clow et al. 2003; McClymont et al. 2010). Proglacial
fluvial sediments have been shown to be important for
groundwater storage in temperate alpine zones (e.g. Pourrier
et al. 2014), while low-permeability basal till promotes resis-
tance to flow and groundwater retention (e.g. Winkler et al.
2016). In both the Canadian Rockies (Muir et al. 2011) and the
Bolivian Andes (Caballero et al. 2002), talus deposits have
relatively short water residence times (event-scale or 24–
28 h) and high hydraulic conductivity (0.01–0.03 m s−1). In
the valleys of the Cordillera Blanca, fine-grained silts and clay
deposits play an important hydrogeologic role in talus ground-
water transmission, although the nature of this role is poorly
understood.

Alpine slope deposits such as talus and debris fans have
been conceptualized as major components of the groundwater
system of the Cordillera Blanca, but more information about
the subsurface is needed to determine the depth of any con-
fining layers and overall aquifer thickness. Previous studies
using hydrochemistry, ground penetrating radar, borehole da-
ta, and dilution tracing experiments support the hypothesis
that permeable talus deposits exposed at the lateral edges of
proglacial headwater valleys are likely areas of aquifer re-
charge (Baraer et al. 2015; Chavez 2013; Gordon et al.
2015; Maharaj 2011). These investigations also suggest that
buried talus supports the primary aquifer in proglacial valleys
of the Cordillera Blanca, where talus layers are confined by
lacustrine sediments at the surface and transit time is long
enough to sustain dry season flow. Better constraints on the
sediment composition of these talus aquifers are needed to
determine their storage capacity, as well as average ground-
water residence time and rate of turnover.

Near-surface geophysical methods are useful when study-
ing the hydrogeology of remote alpine catchments where
scant hydrologic data exist and deeper boreholes and road
access are not feasible. To test the current conceptual models
of groundwater recharge and discharge, this study provides a
structural classification (sediment type, depositional order, in-
ferences about porosity and permeability) of an aquifer in a
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central valley of the Cordillera Blanca by using multiple near-
surface geophysical methods integrated with previous bore-
hole data. This study integrates results from both seismic (re-
fraction and passive seismic) and electrical (1D and 2D resis-
tivity) geophysical methods with observations of geomorphol-
ogy and hydrology to conceptualize changes in sediment and
soil matrix with depth. This integrated approach results in a
refined conceptual model of the geomorphic evolution of gla-
ciated valleys of the Cordillera Blanca, and of the sequential
sediment deposition that created confined aquifers in headwa-
ter valleys that support groundwater storage and discharge to
tributaries of the Santa River during the dry season.

Site description

The Cordillera Blanca lies between 8.5 and 10 S latitude and is
Peru’s highest mountain range (Kaser and Georges 1999).
During the dry season, sources of discharge to the Santa
River include runoff and groundwater from the nonglaciated
Cordillera Negra, which lies to the west, and glacial runoff
with groundwater inputs from the Cordillera Blanca on the
eastern side of the basin (Mark et al. 2005). The upper portion
of the Santa River watershed, known as the Callejon de
Huaylas, contains the Cordillera Blanca and has a spatial ex-
tent of 4,900 km2.Within the Callejon de Huaylas, most of the
glaciated peaks and corresponding watersheds lie within the
boundary of Huascaran National Park (Fig. 1).

The bedrock composition of the Cordillera Blanca consists
of the Chicama Formation, a metasedimentary unit dominated
by Jurassic Phyllites, which was intruded by a Neogene grano-
diorite batholith in the late Miocene (Giovanni et al. 2010).
Valleys in the southern Cordillera Blanca reveal more exposed
Chicama bedrock, and as a result tend to be wider and more
expansive than the valleys to the north, which are predomi-
nately underlain by granodiorite. Northern and central valleys
in the Cordillera Blanca have high, steep granitic bedrock
walls and relatively narrow valley widths, with large propor-
tions of glaciated catchment area (Baraer et al. 2015).

Alpine valley catchments in the Cordillera Blanca are dom-
inated by exposed granitic and Chicama in their upper por-
tions, the valley bottoms are carved through Quaternary de-
posits that form alpine wet meadows (locally called
Bpampas^) that occur as wetlands and grasslands (Giovanni
et al. 2010). The valleys are heavily grazed by livestock and
are largely saturated throughout the wet and dry seasons (Polk
2016). These low-gradient meadows contain talus slopes and
that line the valley walls, providing likely flow paths for wet
season-derived precipitation to recharge underlying aquifers,
according to hydrochemical evidence in surface water sam-
ples (Baraer et al. 2015).

Throughout the alpine valleys of the Cordillera Blanca, the
wet meadows are punctuated by cross-valley end moraines

and landslide debris deposits. These landslides and moraines
once dammed glacial meltwater lakes that have since filled in
with fine-grained sediments (Rodbell and Seltzer 2000) and
organic soils (Polk 2016) to form the low-gradient wet
meadows of the Cordillera Blanca (Mark and Mckenzie
2007). The last glacial maximum in this area was likely be-
tween 21 and 34 ka, with rapid glacial retreat underway by
16 ka (Farber et al. 2005). These lakes infilled with clays, silts,
and sands beginning 12 ka (Glasser et al. 2009) leading to the
terrestrialization of the lake environments. In the wetland-
dominated pampas, the lake sediments are overlain by a thin
(<0.2 m) layer of peaty organic soil (Chavez 2013; Maharaj
2011). Networks of perennial and ephemeral springs emanate
from the toes of lateral talus and debris deposits, as well as
from mid-valley points. Spring water forms tributaries that
flow into the valley stream and are the primary connection
between the streams and the groundwater as evidenced by
tracer experiments in the Quilcayhuanca Valley (Gordon
et al. 2015; Somers et al. 2016).

Quilcayhuanca hydrogeomorphology

The Quilcayhuanca Valley contains roughly 3.5 km2 of wet
meadow area above 3,800 masl (Baraer et al. 2015; Gordon
et al. 2015), and receives meltwater from the Chinchey,
Pucaranra, Chopiraju, and Cayesh glaciers. This portion of
the Quilcayhuanca Valley consists of two meadows (upper
and lower) that are separated by a cross-valley end moraine
(Somers et al. 2016). Since the 1930s, two of Quilcayhuanca’s
four glaciers have reportedly lost considerable ice mass. The
Pucaranra glacier lost 690 m of length from 1930 to 1994
(Ames 1998) and the Chinchey glacier lost more than a quar-
ter of its ice-covered area between 1930 and 1970 (Georges
2004). Glacial retreat in the Quilcayhuanca Valley has been
linked to a 17.2% reduction in wetland area between 2000 and
2011 (Bury et al. 2013).

This study focuses on the lower Quilcayhuanca meadow
that lies just downstream of a cross-valley end moraine,
near the Casa de Agua diversion and discharge monitoring
station (9.465°S, 77.379°W, 3,905 masl, Fig. 2a). Lateral
talus slopes line the Quilcayhuanca Valley and consist of
boulders and cobbles (0.2–1 m in diameter) derived from
the source rocks of the overlying cliffs, which are primarily
granodiorite and metasedimentary (Chavez 2013). At the
valley edges, lower portions of the near-vertical (>80°)
bedrock valley walls are covered by talus deposits, which
form a gentler repose slope of 20–35° (Fig. 2; upper hill-
slope), then transition to colluvial deposits on lower slopes
of 10–20° (Fig. 2; lower hillslope) toward the valley center.
The lower colluvial slope intersects with the organic-and
clay-rich valley floor, which slopes gently up-valley to-
ward the glaciers at angles less than 10°. The upper and
lower hillslopes are covered by loose, dry soils and are
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lightly vegetated with shrubs, grasses, and small alpine
trees, whereas portions of the talus deposits higher in ele-
vations are free of soil cover.

Boreholes were drilled by Chavez (2013) in the lower
Quilcayhuanca meadow in 2012 and 2013 and completed as
seven piezometers (named GW1–GW7) screened in the
coarse sediments at the depth of refusal (Fig. 3). According
to these borehole logs, the top 2–7 m of sediment consists of
lacustrine silty clays and small amounts of fine sand with little
to no coarse fragments. At 2–7 m in depth (depth of refusal),
boulders were encountered, ranging from 10 cm to 1 m in
diameter, accompanied by small amounts of gravel and sand.
The boulders are largely composed of granodiorite and andes-
ite, with a small number originating from themetasedimentary
Chicama Formation (Chavez 2013).

Hydraulic head in each piezometer generally follows
seasonal precipitation patterns, with the lowest groundwa-
ter levels around the month of October, marking the end
of the dry season (Fig. 3). Artesian pressure was encoun-
tered upon drilling piezometer GW2, which had to be
permanently sealed to terminate water loss. These pres-
sure conditions suggest that the lower Quilcayhuanca

meadow is underlain by a confined aquifer, which transi-
tions to unconfined at the talus slopes near the valley
walls (Chavez 2013). During both the wet and dry season,
the hydraulic gradient across the piezometer transect
(GW7–GW1–GW5–GW6) slopes toward the mid-valley
stream, with the highest intra-annual head fluctuations in
GW7, the piezometer located closest to the exposed later-
al talus deposit.

Previous investigations of surface-water sources in the
Cordillera Blanca have shown that isotopic composition
varies according to season, proportion of glacial meltwa-
ter, and elevation of source precipitation (Mark and
Mckenzie 2007; Mark and Seltzer 2003). According to
Gordon et al. (2015), in the Quilcayhuanca Valley, water
from springs located in the upper and lower meadow
were more isotopically enriched than the stream, suggest-
ing that this water did not originate from the glacier.
Across these same meadows, the dissolved ion concen-
trations along with isotopic similarities between several
springs indicate that they are sourced from the same aqui-
fer (Baraer et al. 2015). Dye tracing experiments by
Somers et al. (2016) suggest that nearly a third of the

Fig. 1 Study area location. aYellow star marks location of Cordillera Blanca range. bDelineation of Callejon deHuaylas basin, which drains to a gaging
station at La Balsa via Santa River and tributaries. c Photograph (facing north) of Quilcayhuanca Pampa with major geomorphologic features
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discharge in this approximately 4-km reach was sourced
from groundwater that emerges from these valley springs.
These recent studies have resulted in a conceptual model
where the interaction of slope deposits with lacustrine
and glacial sediments creates the conditions for sustained
base flow throughout the Cordillera Blanca during the

dry season (e.g. Baraer et al. 2015). Although the relative
groundwater contribution to the Quilcay stream has been
estimated at varying scales (Baraer et al. 2015; Somers
et al. 2016), the hydrogeology leading to these types of
conditions has only been examined by point measure-
ments made in boreholes.

Fig. 2 a Study area in
Quilacayhuanca lower meadow,
including geophysical study area
in black box. Dominant
topographical slopes indicated by
shading. b Locations of
geophysical transects and
soundings, including vertical
electrical soundings (VES),
horizontal to vertical spectral ratio
(HVSR), electrical resistivity
tomography (ERT), and seismic
refraction tomography (SRT).
Locations of spring-fed tributaries
delineated by light blue lines
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Methodology

In this study, four types of surface-based geophysical methods
were interpreted along with existing well data (drill logs, pie-
zometric head data, groundwater chemistry including major
ions and water isotopes) to constrain the extent of buried col-
luvium, as well as its depth, sediment matrix composition, and
depth to bedrock in the Quilcayhuanca Valley pampa.
Geoelectrical and seismic methods are complementary and
ideal for this study because they respond to differing physical
properties of the subsurface and when used in conjunction,
can diminish interpretive uncertainty associated with the
methods when used in isolation (Cardarelli et al. 2010). In
the following, the field and analysis procedures used for each
geophysical survey conducted in the austral winters of 2015
and 2016 are outlined.

Seismic refraction tomography

Seismic p-wave velocity is sensitive to hydrogeologic proper-
ties such as lithology, porosity, density, and saturation of the
subsurface media, where sediments with low porosity and
high-saturation propagate p-waves at higher speeds, as do
more consolidated and crystalline materials (Haeni 1986).
Seismic refraction tomography is a geophysical method wide-
ly used to characterize elastic properties of the near-surface in
alpine regions (e.g. Langston et al. 2011; Vignoli et al. 2012).
Two seismic refraction surveys SRT-south and SRT-north
(Fig. 2) were conducted along the piezometer transect span-
ning the valley floor in July of 2015, targeting the interface
between bedrock and unconsolidated valley sediments, as
well as changes in sediment composition with depth. Forty-
eight vertical component geophones (40 Hz cut-off frequency)
were spaced at 2.5 m along two parallel lines SRT-south and
SRT-north, for a total length in each survey of 117.5 m. The
survey lines spanned the transition between the relatively flat
former lake bottom and sloping hillside composed of

colluvium and loose, dry soils (lower hillslope). The survey
was conducted using two 24-channel Geode exploration seis-
mographs from Geometrics, Inc., with the accompanying
Seislmager/2DTM software suite for in-field monitoring of
data quality. To increase the signal-to-noise ratio, 8–10 shots
were stacked (averaged) using a 6-kg sledgehammer striking a
2-cm thick, circular (30 cm diameter) stainless steel plate at 12
locations along each line.

Selected first arrival times (in ms) were generally limited to
geophones overlying the lower hillslope, as the organic-rich,
saturated sediments of the wet meadow resulted in lower
signal-to-noise ratios by signal attenuation—Fig. S1 of the
electronic supplemental material (ESM). Geophones overly-
ing the saturated, peaty sediments exhibited low signal-to-
noise ratios and therefore these regions of the velocity models
contain less information; additionally, sustained winds likely
contributed to noise in the data set. A combination of low pass
and band pass filters were used to identify and manually pick
the first arrivals for each channel. Using the principle of rec-
iprocity, which states that p-wave travel times are equivalent
upon the interchange of point source and receiver positions
(Zelt and Smith 1992), the average reciprocal pick error was
1 ms for line SRT-south and 3 ms for line SRT-north.

For the final inversions, a two-layer gradational starting
model was assigned for both SRT-south and SRT-north,
transitioning from 400 m s−1 at the surface to 2,500 m s−1 at
10 m in depth, with a maximum depth assigned at 25 m for
each model. The first arrival times were processed using
Geogiga’s DW Tomo software, which employs ray tracing,
also known as the Bshortest path^ method (Moser 1991) in
the forward modeling step. The forward model is a synthetic
data set of p-wave arrival times generated from a predefined
model of subsurface velocity. The calculated arrival times are
compared with those observed in the field, and the subsurface
velocity structure is updated using a regularized inversion
with smoothing constraints. The model domain consists of
gridded cells with dimensions of 0.625 m × 1.25m (horizontal

Fig. 3 Time series of hydraulic
head levels in piezometer transect
GW7–GW1–GW5–GW6,
plotted with rainfall hyetograph
for reference. Regional dry season
from May 1 to Oct 1 shaded in
grey. Insets show plan view (left)
and profile view (right) of well
transect
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by vertical). The smoothing (regularization) constraints allow
the user to define the degree of heterogeneity desired in the
final model. Smoothing lengths in the x- and z-directions were
set to minimize artifacts and overfitting, while maintaining
enough structure to resolve changes in lithology and/or satu-
ration with depth. Under the assumption that the subsurface
consists of horizontal or near-horizontal lacustrine sedimenta-
ry deposits, 5.0-m-horizontal and 1.3-m-vertical smoothing
constraints were selected for the final model runs. Iterations
of forward and inverse modeling were carried out until the
difference between observed and synthetic travel times were
minimized.

It is possible that some portions of the inverted tomogram
will be highly dependent on the starting model, rather than the
actual arrival times. Interpretation should be limited to regions
of the model that remain relatively unchanged when different
starting models are used. To characterize these uncertainties, a
sensitivity analysis was used to determine regions of the 2D
tomogram that were dependent more on the data than the
assigned starting model. To accomplish this, 22 separate in-
versions were carried out using distinct starting models that
encompass reasonable assumptions about the subsurface p-
wave velocity distribution and depth to bedrock (Table S1 of
the ESM). The starting models consisted of a surface velocity
of 500 or 1,500 m s−1, gradationally increasing by 5-m incre-
ments downward toward a bedrock velocity of 5,000 m s−1

(Table S1 of the ESM). The depth to bedrock in the starting
models was varied from 10 to 60 m in depth. If model cells
exhibit little variability despite diverse starting model struc-
tures, they can be considered sensitive to the data and reliable
for interpretation. For both seismic lines SRT-south and SRT-
north, the 22models converged in fewer than 10 iterations and
resulted in root mean squared error between 2 and 10%. For
each model cell, the coefficient of variation was calculated by
dividing the standard deviation of the 22 resulting velocities in
each cell by their mean.

Passive seismic

The horizontal to vertical spectral ratio (HVSR) technique is a
passive seismic method (i.e. no active source such as a ham-
mer is used) in which directional (north–south, east–west, up–
down) components of ambient seismic noise are recorded in
time series by a single station seismometer. The ratio of the
horizontal to vertical frequency spectra are used to determine
resonance frequencies of the underlying sediment, which
varies with total sediment thickness under certain physical
conditions (Nakamura 1989). HVSRmethods are widely used
in hydrogeology to characterize sediment thickness (e.g.
Briggs et al. 2018; Sauret et al. 2015), given that the uncon-
solidated overburden and underlying bedrock interface con-
trast in acoustic velocity by a factor of 2 or more (Lermo and
Chavez-Garcia 1994). Six HVSR surveys were conducted in

the Quilcayhuanca Valley in August of 2016 using a Tromino
multicomponent seismic recorder with acquisition lengths
ranging from 15 to 45 min and sampling rate of 128 Hz.
Irregularly spaced, the locations of the HVSR survey points
were determined by the apparent quality of coupling to the
ground surface using short metal spikes, and reasonable
shielding from nearby livestock and high sustained winds.

The data were processed using the software capabilities of
Grilla (Tromino) and Geopsy, which was developed as a part
of the larger SESAME European Project (Site Effects
Assessment Using Ambient Excitations, Bard 2004) After
manually filtering out transient signals and applying 20-s win-
dows to the time series, each windowed component was trans-
formed to Fourier amplitudes, and the ratio of the horizontal to
vertical amplitudes were calculated and averaged.

When the depth to bedrock is unknown, the estimated shear
wave velocity of the unconsolidated sediment can be used to
calculate overall sediment thickness (Johnson and Lane
2016). Resonance frequencies calculated for each point of
measurement were converted to a range of likely bedrock
depths (based on potential Vs), according to Eq. (1).

Z ¼ V s

4 F0
ð1Þ

where Z is the depth (m) from the land surface to the bedrock
or other competent surface, Vs is the average shear wave ve-
locity structure (m s−1) of the overlying sediment column, and
F0 is the H/V resonance frequency (s−1, determined in HVSR
data processing) where H and Vare the vertical and horizontal
components of ambient noise, respectively. As the average
shear-wave-velocity structure of the unconsolidated sediment
is unknown, first estimates were made to begin to constrain
the overall sediment thickness. Typical lacustrine clays and
gravels have exhibited Vs ranges of 200–500 m s−1 in pub-
lished studies (L’Heureux and Long 2016; Jongmans et al.
2009). The presence of a clast supported talus body should
increase these averages because rock material has a high stiff-
ness and contributes to higher shear wave velocities of over
800 m s−1 (Brocher 2005).

Electrical resistivity tomography (ERT) and vertical
electrical soundings

Seven ERT surveys were carried out in August of 2016 in the
lower Quilcayhuanca meadow to complement information
from the seismic surveys, targeting the upper 10 m of sedi-
ment (Fig. 2). Geoelectrical methods are among the most
widely used geophysical methods for hydrogeological charac-
terization because they can detect changes in subsurface satu-
ration, porewater and groundwater conductivity, lithology,
and clay content (e.g. Parsekian et al. 2015 and references
therein). Because a combination of these factors contributes
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to bulk resistivity, interpretation can have a high degree of
ambiguity. This ambiguity is reduced by combining the inter-
pretation with other geophysical methods and borehole data.
In general, higher degrees of saturation, along with clay con-
tent and smaller grain sizes contribute to a more electrically
conductive subsurface, whereas larger fragments, crystalline
rocks, and voids lead to higher resistivity. Electrical resistivity
tomography surveys and vertical electrical soundings (VES)
provide information about the subsurface electrical conductiv-
ity structure and are considered complementary to seismic
methods, which provide information about elastic properties
(Draebing 2016).

Using SuperSting R1/IP instrumentation (Advanced
Geosciences, Inc.), ERT data were collected with 28 stainless
steel electrodes placed at 6-m intervals for lines E1–E6
(Bdeep^ surveys), as well as a single 3-m spacing roll-along
survey (RA1, Bshallow^) that doubles over line E1, resulting
in transect lengths of 162 and 144 m, respectively (Table 1). A
roll-along survey is a way to overlap data from consecutive
lines to increase survey length, but not depth of investigation,
and was selected to cover the length of line E1. The roll-along
survey data were merged with the deeper E1 survey to im-
prove data density across the piezometer transect, and the
merged data were inverted and are presented here as model
E1*. To ensure low contact resistance between electrodes
placed in the ground, electrode locations were watered with
a saline solution until contact resistance test readings were
well under 4,000 Ω, allowing the current to sufficiently flow
into the subsurface. ERTsurveys did not extend onto the lower
hillslope due to very dry porous soil conditions, which result-
ed in high-contact resistance. Instead, all seven ERT surveys
were conducted on the low-gradient valley floor. DC current
was injected with 1.2-s signal pulse duration using a dipole-
dipole electrode configuration, where the current source/
receiver (A, B) and potential (M, N) electrode pairs are
coupled adjacent to one another. The dipole-dipole array was
chosen for this study to maximize the depth of investigation; it
provided a maximum density of data points without
compromising battery duration. The assignment and
switching of dipole pair (source and receiver) combinations
was specified and automated by using the SuperSting
SwitchBox. Two measurements were stacked for each
source-receiver combination and averaged in with a third mea-
surement if the first two differed by more than 2%. The ap-
parent resistivity values obtained in the field were inverted
using the smooth model inversion from EarthImager 2D soft-
ware (Advanced Geosciences, Inc.). A smoothing multiplier
of 10 was used as a constraint on the ERT inversions. This is a
Lagrange multiplier in the objective function that determines
the degree of roughness in the model, a value of 10 being the
recommended setting for surface data (Advanced
Geosciences, Inc. 2009). Model convergence criteria were
set such that differences between measured and calculated

resistivity values exhibit root mean square errors less than
10%.

Using a starting model of the average apparent resistivity in
each line, all six electrical resistivity tomography models con-
verged within 1–5 iterations with a root mean squared (RMS)
error between predicted and measured data less than 5%, and
normalized L2-norm values below 0.3 (Table 1). The normal-
ized L2-norm is a measure of data misfit, as the squared dif-
ference of weighted errors between the synthetic and modeled
data, normalized by the total number of data points.
Horizontal resolution was set to half the electrode spacing,
3 m for the deep survey and 1.5 m for the shallow roll-along.
Vertically, the model cell size increased from 2 m at the sur-
face to 4 m at depth. Because the deeper E1 survey and the
shallower roll-along were performed on two different days
that had distinct soil moisture conditions and varying contact
resistance, 91 shallow data points out of a total of 1,013 were
removed that coincided with more than 3% difference in re-
sistance between lines RA1 and E1. Repeated measurements
show little to no noisy data points on surveys E2–E6 and no
data points were removed for these lines.

The depth of investigation (DOI) indexing method
(Oldenburg and Li 1999) was used to determine the depth
below which the 2D resistivity model is no longer reliable.
This was achieved by performing each inversion with two
divergent, homogeneous half-space starting models and com-
puting the normalized difference between the two resistivity
values for each model cell. Model cells resulting in a DOI
index greater than 0.1 were not plotted for interpretation and
were considered more reliant on the starting model than on the
data.

Vertical electrical soundings

One-dimensional (1D) VES methods are among the simplest
near-surface geoelectrical methods, and can be advantageous
for use in remote alpine environments where deep probing of
the subsurface structure is desired (Bechtel and Goldscheider
2017). Although VES only provides models of resistivity in
the vertical direction without consideration of two-
dimensional (2D) or three-dimensional (3D) influences and
anomalies, the method was chosen for this study because the
maximum separation allowable by the VES cables increases
the depth of investigation from the shorter 2D ERT surveys.
Because VES requires the assumption that the subsurface con-
sists of horizontal homogeneous layers, resulting models re-
veal the simplest resistivity structure possible and can be pre-
sented as resistivity and depth ranges, as opposed to detailed
models of subsurface electrical structure that vary laterally
(Kneisel 2004).

For this study, six VES soundings were performed on the
center of each ERT line using a Schlumberger array, where the
current injection and receiver electrodes (electrodes A, B)
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were placed on either side of the voltage (potential) electrodes
M and N. The maximum AB electrode separation varied from
150 to 300 m, depending on the length of accessible terrain in
the study area (Table 2). Theoretically, the depth of investiga-
tion for each sounding depends on the maximum electrode
separation and the conductivity of the subsurface. In this case,
the maximum DOI for an AB separation of 300 m is between
30 and 90 m, although these depths can be reduced with lower
ground resistivity and decreased signal strength (Edwards
1977).

Each sounding was conducted by manually relocating the
source and receiver electrodes after each measurement to a
spacing that varied logarithmically from 2 m to the maximum
available separation distance, consisting of up to 18 manual
data collection points. When the inner potential electrodes (M
and N) were repositioned to wider spacing, repeat measure-
ments were taken at the previous and new MN locations to
account for data offset. The VES apparent resistivity data were
inverted using EarthImager 1D software (Advanced
Geosciences, Inc.), which employs a damped least squares
method to construct a layered resistivity model, where the
number of layers were minimized according to data fit. All

1D resistivity profiles converged with less than 5% RMS data
misfit between observed and modeled values, with the excep-
tion of V3, which converged with nearly 10%misfit (Table 2).

Results and interpretation

The geophysical data, sections, and soundings revealed a het-
erogeneous near-surface distribution of material and/or satu-
ration at depths coinciding with lithological interfaces shown
in borehole logs. Results from each geophysical method are
presented separately, and interpreted jointly along with bore-
hole data to conceptualize changes in lithology and saturation
with depth.

Seismic refraction tomography

Results from the starting model sensitivity analysis show large
variations in the portions of the model that are deeper and
closer to the valley center, where signals were attenuated in
the peaty organic soil (Fig. S2 of the ESM). In both lines SRT-
south and SRT-north, the upper 10 m varied by 10% or less,
and can be considered sensitive to the data. Deeper regions of
the models and those toward the center of the valley were
more sensitive to the starting model scenarios, and varied by
15–35% between model sensitivity runs below depths of
~10 m. These lower regions of the model are considered un-
reliable and are excluded from analysis in this study.

The final SRT-south model converged after 10 iterations
with a fitting error of 1.97 ms, and SRT-north model con-
verged after 10 iterations with a fitting error of 3.15 ms.
Two dominant seismic velocity ranges were observed un-
der lines SRT-south (Fig. 4a) and SRT-north (Fig. 4b), with

Table 1 Survey and model
conversion details for 2D
resistivity and seismic lines

2D line Survey length (m) Receiver spacing (m) No. of data points used Data misfit

RMS (%) L2 norm

E1* 162 NA 1,013 3.87 0.29

RA1 144 3 NA NA NA

E1 162 6 NA NA NA

E2 162 6 346 3.86 0.15

E3 162 6 346 3.41 0.12

E4 162 6 346 3.39 0.12

E5 162 6 346 4.4 0.19

E6 162 6 346 5.02 0.25

SRT-south 117.5 2.5 354 3.58 NA

SRT-north 117.5 2.5 335 5.33 NA

Data misfit represented as both the root mean square error (RMS) and L2 norm, as the weighted sum of squared
differences between observed and predicted values. Conversion information listed as NA (not applicable) is noted
for merged values RA1 and E1, whose combined data sets became E1*. Seismic refraction model conversion
error is represented as RMS only

Table 2 Maximum current source and receiver electrode spacing (AB),
and model convergence for 1D vertical electrical soundings (VES)

1D sounding Maximum AB separation (m) Data misfit (RMS %)

V1 144.8 4.93

V2 300 0.91

V3 144.8 9.73

V4 261 2.89

V5 300 3.13

V6 144.8 2.01
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shallow areas being relatively slow (500–700 m s−1) and
faster velocities at depths >5 m (2,000–3,000 m s−1). The
reliability of the velocity models was considered using re-
constructed seismic raypaths that are based on the shortest
travel time connecting each source to each receiver along
the line (Fig. 4a,b). Regions where many raypaths intersect
are considered to be well constrained by the data (arrival
times), whereas regions that lack raypaths are interpola-
tions and were not considered for interpretation. In models
SRT-south and SRT-north, dense intersections of modeled
raypaths in the top 10–15 m overlap with the clay-boulder
interface at depth, although piezometer GW1 extends into
regions of moderate variation (5–10%, Fig. 4).

The slower velocities (500–700 m s−1) that were clos-
est to the surface toward the valley side (Fig. 4a) were
consistent with other studies of talus slopes in North
America (e.g. Brody et al. 2015), and can be associated
with porous, unsaturated coarse sediments (Powers and
Burton 2012). The lower hillslope produced strong audi-
ble reverberations after striking the sledge hammer.
Because the hillslope comprised large boulder-sized clasts
(0.5–2 m in diameter) that were partially exposed above
dry soil, the slow velocities in zone 1a are interpreted as
an unsaturated, highly porous colluvial deposit. At the
base of the slope, similar velocities were observed in the
partially saturated, organic and clay-rich sediments that
exhibited low resistivity (Figs. 4a and 6b; zone 1), which

were devoid of any fragments or clasts represented in the
borehole logs (Chavez 2013). Slow velocities in zone 1
appear to correspond to both the lower hillslope and to the
fine-grained, variably saturated lacustrine sediments im-
mediately underlying the valley floor.

At depths of 5–10 m, the 1,300 m s−1 iso-velocity con-
tour (Fig. 4c,d) corresponds to depths where boulders were
encountered in the boreholes (Chavez 2013). Below this
line, the faster seismic velocities (2,000–3,000 m s−1) are
consistent with more compact, dense, and/or saturated me-
dia, likely reflecting the top of a buried, clast-supported
body of talus with a higher overall seismic velocity. The
composition of the sediment infilling the talus boulders
could not be determined by seismic methods, and was ex-
plored using electrical methods (see section ‘Electrical re-
sistivity tomography’). The vertical change in seismic ve-
locity was plotted for each column of model cells, showing
a step-increase in p-wave velocity with depth, rather than a
gradational increase (Fig. 4c,d). The transition to faster
seismic velocities occurs 5–10 m beneath the surface, and
borehole observations above this transition at GW 7 are
absent of any clasts or fragments. These lines of evidence
indicate that zone 1 is a laterally continuous unit of fine-
grained lacustrine sediments lying beneath the colluvial
slope (zone 1a), and that the refracting interface that cor-
responds to 1,300 m s−1 does not appear to be a subsurface
extension of the lower hillslope (Fig. 4c; zone 1).

Fig. 4 a P-wave velocity model, showing modeled raypaths as small
black lines. Piezometer depths for GW7 and GW1 included for reference.
b P-wave velocity model and raypaths for line SRT-north. c –dChange in
velocity with every vertical meter for lines SRT-south and SRT-north. c

Shows hydrogeologic zones 1a, 1, and 2. The thick black line represents
the 1,300-m s−1 contour, which coincides with the depth of drilling refus-
al. Topography labeled as lower hillslope (lh) and relatively flat pampa
(wet meadow)
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Electrical resistivity tomography

The depth of investigation of the 2D resistivity surveys limits
interpretation to the top ~20 m of sediment. Models of sub-
surface resistivity across the wet meadow indicate a region of
varying resistivity (100–300 Ωm) in the shallow subsurface
(Fig. 5a; zone 1), where lacustrine clays and silts were encoun-
tered during drilling and p-wave velocities are relatively slow.
The upper, more electrically conductive (Fig. 5a, zones 1 and
2, 50–300 Ωm) portion of the subsurface transitions to a
higher resistivity zone (Fig. 5a, zone 3, 300–650 Ωm) at 10–
15 m depth. Zones 1, 2 and 3 are present in all six ERT lines
and show spatial continuity (Fig. 5b), suggesting variable lay-
er thicknesses and moisture content.

Low to moderate values (10–300 Ωm) in the uppermost
5 m of sediment, which are dominated by lacustrine clays,
are likely attributed to variable saturation and/or composition.
The surveys were conducted during the dry season, and evap-
orative moisture deficits in the near surface could explain
these variations. Further, this variability can be influenced
by unsaturated pore spaces and the presence of sand particles,
which would contribute to elevated resistivity readings from
the background conductive clays (Samouëlian et al. 2005).

Vertical electrical soundings

The top 7 m of valley fill for each VES point measurement
varied from 150 to 3,000 Ωm, and deviated from 2D values at
similar depths (Fig. 6). Because the survey was conducted
toward the peak of the dry season (late July/early August),
spatially variable soil moisture conditions along with compo-
sitionmay contribute to higher variability in the shallow layers

(Michot et al. 2003). The VES profiles are generally consis-
tent with the ERT sections, showing: (1) high and variable
resistivity (up to 1,000 Ωm) at the shallowest depths of less
than 5 m (zone 1); (2) lower resistivity (50–200Ωm) at depths
of 5–10 m (zone 2); and (3) higher resistivity (300–600 Ωm)
in regions at depths greater than 10 m (zone 3). All VES
profiles show that the resistivity subsequently decreases at
depths of 18–35 m below land surface (Fig. 6; zone 4). This
deeper, less resistive layer could be composed of subglacial till
deposits. Low-resistivity till layers are common in alpine gla-
cial valleys, particularly when fully saturated and with a high
clay content (e.g. Andersen et al. 2016; Brand et al. 1987;
Kneisel 2004).

Further constraints from the VES data also suggest that
zone 3 is not indicative of bedrock. These lower resistivity
values (50–200 Ωm) in zone 4 (Fig. 6) can be explained by
the presence of a deeper unit composed of older lacustrine
deposits or clay-rich glacial till, rather than bedrock. Thick
glacial deposits above bedrock are prevalent throughout the
proglacial valleys of the Cordillera Blanca upon glacial retreat
(Chavez 2013; Klimeš 2012; López-Moreno et al. 2016) and
are consistent with the decrease in resistivity at depth in the
vertical electrical soundings, provided the glacial deposits
contain electrically conductive material. The lower extent of
the Quilcayhuanca talus aquifer therefore lies at the top of
zone 4, leading to an overall aquifer thickness ranging from
10 to 25 m. Further investigation into deeper sediments is
needed to corroborate the lower portions of the VES models
because geophysical methods used in isolation could produce
artifacts and uncertainties, as well as multiple solutions for the
same data set, especially with increasing depth where signal
strength decreases (Barker 1989).

Fig. 5 a 2D resistivity section for line E1*, which consists of merged data
from E1 (6-m spacing) and RA1 (3-m spacing roll-along survey). Four
hydrogeologic zones (1a, 1, 2, and 3) are marked, along with the

1,300 m s−1 p-wave velocity contour (dotted line). b All six intersecting
resistivity models plotted in 3D
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Passive seismic

Clear resonance frequency peaks were found for all six HVSR
survey points, ranging from 1.82 to 3.73 Hz (Fig. 7b). The peak
and trough shape of the resonance frequency curves indicate a
high acoustic impedance contrast of the underlying material,
likely due to a competent bedrock-sediment interface (Seht
andWohlenberg 1999). Given that the measuredH/V resonance
frequencies ranged from 2 to 4 Hz (Fig. 7b), and assuming a Vs
structure that ranges from 300 to 600 m s−1 for clays intermixed
with gravel or boulder-sized fragments and glacial deposits, one
can estimate a range of bedrock depths (Fig. 7a). Estimated
average shear wave velocities in the range of 300–400 m s−1

correspond to bedrock depths ranging from 20 to 50 m, while a
Vs range of 500–600 m s−1 indicates that bedrock is between 30
and 85 m, depending upon the location in the valley.

Discussion

Results integrated from four geophysical methods along with
borehole data present a refinement of the conceptualized

hydrogeologic structure and function of the Quilcayhuanca
lower hillslope and wetland zones (Fig. 8). The conceptual
model supports that recharge that is sourced primarily from
precipitation occurs at the lateral valley edge where talus boul-
ders are exposed, although portions of this recharge could be
sourced from a small ice patch that lies directly upslope.
Laterally recharged water becomes confined as it flows to-
ward the valley center, and emerges in valley springs via pref-
erential flow pathways. Proglacial depositional environments
generally exhibit a high degree of spatial complexity
(Carrivick et al. 2013); however, the Quilcayhuanca and other
valleys of the range contain organized structure that originates
in lacustrine deposition (Glas et al. 2018). The conceptual
model posits that these low-permeability lacustrine sediments
contain and slow groundwater discharge to perennial springs
throughout the dry season.

Prior work indicates the springs that emerge at the interface
of the talus slope and the valley floor are chemically distinct
from glacial meltwater, sharing more hydrochemical proper-
ties with springs toward the center of the valley (Baraer et al.
2015). These springs are likely connected to the talus aquifer
via macropores in the clay structure of the aquitard, which can

Fig. 6 1D resistivity plotted with
depth (solid line), indicating
zones of substantial aquifer
storage (shaded area). 2D ERT
resistivity represented as box
plots for each model row, plotted
at the mean row depth.
Hydrogeologic zones 1, 2, 3, and
4 are marked on the upper right
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transmit artesian groundwater to the land surface (Dekker and
Ritsema 1996; Kurtzman et al. 2016). Because these pathways
hypothetically have lower levels of clay than their surround-
ings, they may contribute to bulk resistivity values that are
slightly higher (200–300 Ωm) than the surrounding lacustrine
clays (50–200Ωm in zone 2). The locations of springs and the
tributaries they feed remained largely unchanged

interannually, suggesting that the preferential flow pathways
that lead to those tributary positions are also perennial.

Borehole observations indicate the presence of crystalline
boulders at depths corresponding to areas with low bulk resis-
tivity (50–200 Ωm). The presence of large crystalline rock
fragments, however, are more likely associated with higher
resistivity values, depending on the extent of saturated

Fig. 7 a Spatial locations of HVSR points in relation to other geophysical
lines (background). Plot inset: Possible sediment thicknesses for each
HVSR point based on estimated shear-wave-velocity ranges. b HVSR
plots for all six locations. Standard deviation ofH/V ratios in shaded grey

region. Resonance frequency for each point is marked as f0. (Aerial im-
agery from Wigmore and Mark (2017) Department of Geography/Byrd
Polar and Climate Research Center, The Ohio State University,
Columbus, OH, USA)

Fig. 8 Conceptual model of Quilcayhuanca talus aquifer, including recharge zones at valley edge and zones of maximum storage
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fractures and weathering within the clasts (Loke 2000;
Samouëlian et al. 2005). The low resistivity in the presence
of boulders in zone 2 suggests that the sediments infilling the
talus are saturated and clay-rich, contributing to a lower bulk
permeability of the unit. The small grain size and conductive
electrical properties of clay along with saturated pore spaces
can mask a more resistive signal from large igneous rock
fragments (Abu-Hassanein et al. 1996). This agrees with evi-
dence from piezometers that, in the dry season, moisture con-
tent and saturation are variable near the surface, but full satu-
ration occurs at depths corresponding to the buried talus.

Quilcayhuanca, which is geomorphologically similar to
many northern and central valleys of the Cordillera (Glas
et al. 2018), contains talus slopes that are incident on the
pampa floor at an angle of 20–35°, becoming buried beneath
the less permeable lacustrine sediments. The top of the buried
talus unit coincides with the 1,300 m s−1 p-wave velocity
contour, and this interface extends continuously eastward
and upward toward the valley edge. The buried unit, therefore,
is likely connected to an exposed portion of talus near the
valley wall, recharging groundwater to deeper confined sedi-
ments during times of precipitation.

The uppermost portions of the buried talus at depths of 2–
10 m are infilled with saturated clay, contributing to a low
(10–100 Ωm) bulk resistivity (zone 2). The region of higher
resistivity (zone 3) is interpreted to be a continuation of the
buried talus deposit at depth, but infilled with a clay-poor
matrix due to limited infiltration of lake bottom sediments into
the talus material at the time of deposition. The lack of clay in
deeper portions of the talus deposit suggests that the sediments
in Quilcayhuanca’s lower meadow are more permeable be-
tween depths of 10–25 m, contribute to a higher hydraulic
conductivity, and form the productive aquifer storage volume.
An alternative hypothesis for the increase in resistivity at
depths of 10–15 m is that this boundary is the top of intact
or weathered bedrock, rather than unconsolidated material.
Bedrock depth ranges of 20–85m, which were estimated from
the HVSR results, do not support this alternative hypothesis.
In order for bedrock depths to be this shallow, overlying shear
wave velocities would range from 200 to 300 m s−1, which is
more consistent with soft soils and stiff clays with less than
20% gravel or rock fragments (Borcherdt and Glassmoyer
1994).

Geomorphological evolution

Results from the geophysical surveys indicate that
Quilcayhuanca and other pampas of the Cordillera Blanca
underwent lacustrine phases in which high amounts of collu-
vium (talus and debris fans) were deposited on lake floors
from steeply incised proglacial valley walls. This process is
currently taking place elsewhere in the range, where fine-
grained lake sediments are deposited with talus boulders such

as in the Llanganuco pampa (Glas et al. 2018). Over time,
glacial lake infilling and deposition of fine-grained lake sedi-
ments occurred over the subaqueous talus, with the lake
draining slowly enough to allow for thick lacustrine clay de-
position that infiltrated the upper 5–10 m of the talus deposit.
The fine-grained and relatively impermeable sediment matrix
in the upper talus then continued to infill, resulting in 2–8 m of
clay that is devoid of clasts or fragments in the shallowest
portions.

Deeper parts of the talus deposit that were not directly
exposed to the water column became a lower layer of the talus
structure that has a clay-poor matrix and is more hydraulically
conductive (Fig. 8). After the terrestrialization of the
Quilcayhuanca Valley lake since the last glacial retreat
~12 ka (Rodbell et al. 2008), the accumulation of peat-rich
organic soils accumulated by the process of paludification,
which generally occurs over moist mineral soils and leads to
conditions of poor drainage (Lavoie et al. 2005). Both peaty
and peat-poor organic soils are commonly found in the valley
pampas of the Cordillera Blanca (Polk 2016), as are terrestrial
and subaqueous talus deposits in the many lakes of the range
(Emmer et al. 2016; Vilímek et al. 2015). Cordillera Blanca
slope deposits submerged in alpine lake environments are
therefore the primary stage for the formation of confined aqui-
fers upon the lakes’ paludification or terrestrialization, and are
likely found in other valleys of the range. Furthermore, be-
cause alpine proglacial wetlands occur globally (Jacobsen
et al. 2012), talus aquifers likely influence the global hydro-
logic cycle by buffering interannual streamflow fluctuations
caused by seasonal precipitation regimes.

Seismic velocities directly beneath the lower hillslope were
similar to those found in zone 1 (500–700 m s−1), and the
sediment column directly at the toe of the lower hillslope
was completely devoid of clasts. It does not appear that the
lower hillslope connects with the buried talus aquifer, as these
two units are separated by ~5 m of clay sediments. This indi-
cates that the exposed colluvial slope at the valley edge was
not deposited at the time of the buried talus layer, but rather
after deposition of the organic and clay-rich lake sediments.

Groundwater storage potential

Although this study has examined only a single talus aquifer, a
first-order, rough approximation of the drainable groundwater
storage potential of the Quilcayhuanca Valley can be made
under assumptions of similar depth and porosity throughout
both of its wet alpine meadows, which cover approximately
3% of total catchment area above 3,800 masl (Gordon et al.
2015). The geophysical interpretations support that a confined
talus aquifer underlying the lower Quilcayhuanca meadow is
10–25 m thick. If confined talus aquifers of comparable thick-
ness underlie the entire 1.86 km2 of the wet meadow area in
the Quilcayhuanca Valley above 3,800 masl, the total aquifer
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volume would be approximately 0.02–0.05 km3. This is an
overestimation of pampa area coverage because varied pro-
portions of the wet meadow do not contain talus, nor are they
covered by cross-valley moraines that have been found to
transport and exchange groundwater with the surface, rather
than store it (Gordon et al. 2015). Using a typical porosity of
coarse-grained talus deposits (30–40%), one could estimate
that talus aquifers in the Quilcayhuanca Valley can store from
0.006 to 0.02 km3 of groundwater. This calculation varies
greatly with porosity estimates, and further work is needed
to constrain this value as well as the spatial distribution of
these aquifers.

To put this storage capacity into context, consider the basin-
wide precipitation and discharge for comparison. The outflow of
the Santa River at the La Balsa gage, which drains the Callejon
de Huaylas basin, discharges 2.8 km3 annually (1954–1997,
Mark and Seltzer 2003). Hence, the Quilcayhuanca meadows
have the capacity to store between 0.2 and 0.7% of the upper
Santa’s annual basin discharge, under the assumption of a 30–
40% aquifer porosity. Assuming an annual precipitation rate of
650 mm/year for the Callejon de Huaylas (Huaraz station,
3,052 masl, Mark and Seltzer 2003), the Quilcayhuanca talus
aquifers have the capacity to store 0.2–0.6% of annual precipita-
tion for the basin, although it is likely that only a portion of this
groundwater turns over on decadal timescales.

This study estimates that the clay-rich aquitard in
Quilcayhuanca’s talus aquifer is approximately 10 m thick,
with a depth to crystalline bedrock between 20 and 85 m.
These estimates can be used to constrain boundary conditions
for groundwater flow models in order to calculate groundwa-
ter residence times using particle tracking techniques (Pollock
1989). More work is needed to characterize the nature of
deeper sediments in talus aquifers, which will improve esti-
mates of porosity at depth. Because this region is remote and
deeper drilling operations are not feasible, combined remote
sensing and geophysical methods provide a means to under-
stand the composition and structure of these deeper sediments.
Additionally, these talus aquifers are likely intermittent in
some valley pampas, and surveys are needed to map the oc-
currence of sloping talus and springs to better refine their
spatial extent. In addition to a spatial characterization, further
investigation is needed to quantify any glacial melt contribu-
tions to aquifer recharge in these alpine groundwater systems.
These glacial contributions to stored groundwater will likely
diminish over the next few decades, particularly if the source
glacier is low-lying and small.

Conclusion

Four near-surface geophysical methods were employed
and interpreted with existing borehole records to estimate
aquifer thickness and composition in the Quilcayhuanca

Valley. Results suggest that the top of a buried talus unit
lies 2–8 m below the surface, and the shallower portion of
the talus is infilled with lacustrine clay. Groundwater is
likely stored beneath this low permeability layer in clay-
poor talus at depth, as the bulk resistivity of the subsur-
face increases in these deeper portions. Groundwater like-
ly discharges to the surface through preferential flow
paths that penetrate the surficial material, forming springs
that flow to the valley stream throughout the region’s wet
and dry seasons. The talus aquifers of the Cordillera
Blanca formed from the interaction of lake sediment de-
position with gravitational slope deposits. Glacial retreat
and prevalent landslides have led to the formation and
damming of many alpine lakes throughout the range,
many of which have filled with fine sediments over time.
These lake deposits act as a confining layer over saturated
buried talus, which existed in a subaqueous environment.
The lack of frozen material at depth allows for greater
groundwater storage volumes and exchange with surface
waters than alpine groundwater flow that is controlled by
permafrost or seasonal freeze–thaw patterns.

Based on this study and assumptions of aquifer poros-
ity, it is estimated that the maximum pampa storage ca-
pacity of the Quilcayhuanca Valley above 3,800 masl is
between 0.006–0.02 km3. Refinement of this estimate
will allow for basin-wide calculations of hydrologic pro-
cesses in a region that is becoming increasingly water-
stressed, including groundwater residence times in these
valleys. Future work should be aimed at refining the
storage capacity and permeability of deeper sediments
and evaluating the spatial extent of buried talus aquifers
that likely occur where large talus deposits intersect
proglacial wetlands and grasslands, as evidenced by the
presence of spring-sourced tributaries. The talus aquifers
of the Cordillera Blanca represent a hydrogeologic sys-
tem that relies on interactions between glacial erosion,
gravitational slope deposits, and the formation and sedi-
mentation of proglacial lakes in a tropical climate. The
water from these aquifers will become an increasingly
important source of dry season discharge for the
Callejon de Huaylas basin over the next few decades,
when many of the glaciers of the range are predicted to
disappear.
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