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Most natural rock slope failures result from long-term strength degradation. It is often hypothesized that glacial
retreat leads to enhanced progressive damage accumulation in adjacent rock slopes, due tomechanical unloading
and changes to the thermal and hydraulic boundary conditions. However, direct observations of subsurface pro-
cesses in a rock slope subject to glacial retreat are rare. In this paper, we present the design, implementation, and
performance of a new borehole monitoring system installed on a rock slope in fractured crystalline rock located
beside the glacier tongue of the retreating Great Aletsch Glacier (Valais, Switzerland). The three vertical, 50 m
deep boreholes were instrumented to continuously monitor groundwater pressure, temperature and deforma-
tion at high resolution, in order to investigate thermo-hydro-mechanical coupled slope processes that drive pro-
gressive rock mass damage. We show that the system is capable of measuring both reversible and irreversible
displacements along single fractures at magnitudes ranging between 0.001 mm to N2 mm in the studied rock
slope, and that it is often possible to identify drivers of these deformation signals. The transient subsurface tem-
perature field shows clear indications of former ice occupation in form of cold temperatures preserved at depth
and superimposed annual temperature cycles penetrating down to a depth of about 17 m. The variability of the
pressure head in the slope is driven by annual snowmelt infiltration cycles, rainfall events, and the assumed con-
nection to englacial water of the temperate glacier. The new and continuously growing dataset presented here
will enable us to relate the changing boundary conditions caused by glacial retreat and fatigue from daily to an-
nual thermal and hydraulic loading cycles to progressive rock mass weakening, which may ultimately result in
rock slope failure.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Retreating glaciers induce progressive damage in rock slopes, lead-
ing to long-term strength degradation, and ultimately rock slope failure
(Augustinus, 1995; Ballantyne, 2002;McColl, 2012). Several hydro- and
thermo-mechanical mechanisms have been hypothesized to explain
this evolution (Grämiger, 2017; Grämiger et al., 2017, 2018), which
are mainly based on geological inference and interpretation of numeri-
cal models. To our best knowledge, accurate in-situ monitoring dedi-
cated to the study of subsurface thermo-hydro-mechanical processes
driving damage in rock slopes in the context of ice retreat remains ab-
sent. Quantification of these thermo-hydro-mechanical coupled pro-
cesses and their potential to induce damage is critical to understand
the long-term evolution of initially stable paraglacial rock slopes that
can potentially turn into active slope instabilities. The aim of this
paper is to detail the design, implementation and first results of a bore-
hole monitoring system built to quantify damage propagation in rock
slopes subject to glacier retreat.
ugentobler).

. This is an open access article under
Rock slope failure is often the result of long-term strength degrada-
tion (e.g., Gunzburger et al., 2005; Prager et al., 2008; Gischig et al.,
2016). The strength of an initially stable slope degrades through time
due to stress perturbations caused by different fatigue processes that
drive progressive damage. Damage in fractured rock masses occurs
through a number of mechanisms, including tensile or shear fracture
propagation, breakage of intact rock bridges, degradation of asperities,
smoothing of discontinuity surfaces due to shearing, and formation of
new fractures (Preisig et al., 2016). Due to the inelastic nature of these
damage mechanisms (i.e., deformation remains after stress perturba-
tion), irreversible strain in rock slopes is often used as a proxy to quan-
tify damage (Eberhardt et al., 2004; Gischig et al., 2011b; Preisig et al.,
2016; Grämiger et al., 2017; Grämiger et al., 2018). Stress perturbations
that cause damage can have several origins, such as thermal stress cy-
cles (i.e., thermo-mechanical fatigue) (Gunzburger et al., 2005; Gischig
et al., 2011a, 2011b; Collins and Stock, 2016; Grämiger et al., 2018),
water pressure fluctuations (i.e., hydro-mechanical fatigue) (Guglielmi
et al., 2005; Preisig et al., 2016; Grämiger, 2017), or dynamic loading
from earthquakes (i.e., seismic fatigue) (Gischig et al., 2016). Once a
slope is weakened enough, failure can be triggered by a discrete event
such as heavy rainfall or an earthquake (e.g., Preisig et al., 2016).
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Several authors have hypothesized that glacial retreat causes
changes in thermal and hydraulic boundary conditions, which, in com-
bination with mechanical unloading during glacial retreat, lead to en-
hanced slope strength degradation (Prager et al., 2008; McColl, 2012;
Ballantyne et al., 2014a; Riva et al., 2017; Grämiger et al., 2017, 2018;
McColl andDraebing, 2019). Currently, it is assumed that themajor pro-
cesses that cause damage during paraglacial transition in initially stable
slopes are stress changes due to: (i) removal of overburden and glacial
ice unloading, (ii) short- and long-term subsurface temperature and
pore pressure variations caused by the changing glacier boundary con-
dition, and (iii) seismic activity possibly increased by glacio-isostatic ad-
justment (McColl and Draebing, 2019). The present work focusses on
the first two of these processes.

The term “glacial debuttressing”, i.e., loss of ice support due to down
wasting at the base of a slope, is often hypothesized as a cause for slope
failures in the vicinity of retreating glaciers. However, delayed slope re-
sponse (Prager et al., 2008; Ivy-Ochs et al., 2009; Ballantyne et al.,
2014b; Ivy-Ochs et al., 2017) and theoretical considerations (McColl
et al., 2010;McColl andDavies, 2013) question the importance of glacial
unloading as a major process that propagates damage in adjacent rock
slopes. Based on a 2D numerical discontinuum model through the
Great Aletsch Glacier Valley, Grämiger et al. (2017) propose that purely
mechanical effects of glacial ice loading (and unloading) do not signifi-
cantly propagate damage and displacement of the adjacent slope, but
alter the in-situ stress field, which potentially increases the criticality
of fractures.

From numerical investigations, Baroni et al. (2014) and Grämiger
et al. (2018) conclude that both long-term (at the time-scale of glacial
cycles) and seasonal temperature variations induce significant
thermo-mechanical stresses to paraglacial valley flanks, which are
able to propagate damage in stable rock slopes. The efficiency of
thermo-mechanical forcing of deep rock slope deformation has been
shown based on a case studywith deformationmonitoring data and nu-
merical simulations (Gischig et al., 2011a, 2011b). Gischig et al. (2011a,
2011b) found that thermo-elastic stresses, which are highest near-
surface (amplitudes above 1 MPa), extend below the thermally active
layer and can drive progressive failure of critically stressed discontinu-
ities to a depth of N100 m. Glaciers impose a strong control on the sub-
glacial temperature regime. Below temperate glaciers, temperatures at
the ice-rock interface are kept at a relatively constant value around 0
°C and are shielded from ambient temperature and solar radiation
(Wegmann et al., 1998). When glaciers retreat, a new mean annual
ground temperature and daily and annual temperature variations alter
the subsurface temperature regime and potentially introduce signifi-
cant thermomechanical stresses (Grämiger et al., 2018).

The amplitudes of annually reversible surface displacements driven
by thermo-mechanical stresses are on the order of a few millimeters,
while irreversible displacements (fracture slip or opening) depend on
slope damage and criticality (Preisig et al., 2016; Grämiger et al., 2017,
2018). In stable crystalline rocks, a single Holocene glacial cycle, such
as the Little Ice Age (LIA), might induce cumulative thermo-
mechanical slope displacements of a few centimeters (Grämiger et al.,
2018). Modeled shear displacements along individual fractures during
a glacial cycle (lasting 100 years) are between 1 and 10 mm,
i.e., annual irreversible fracture displacements are on the order of 10–
100 μm.

Cyclic hydro-mechanical slope processes are known to drive revers-
ible, elastic slope deformation in stable rock slopes (Loew et al., 2007;
Hansmann et al., 2012; Rouyet et al., 2017). These mechanisms are
also thought to promote progressive slope damage and irreversible dis-
placement (Guglielmi et al., 2008; Prager et al., 2008; McColl, 2012;
Ballantyne et al., 2014b; Preisig et al., 2016), and are more efficient
than thermo-mechanical loading (Grämiger, 2017). Elastic reversible
deformation is normally explained by a pore pressure decrease that
causes an increase in effective normal stress on the fracture leading to
normal closure, or in the contrary, a pore pressure increase that causes
fracture opening (Guglielmi et al., 2008). A comprehensive model for
reversible hydro-mechanically coupled rock mass deformations has
been presented by Zangerl et al. (2003). Pore pressure increase, and ac-
companied decrease of effective stress, also causes a reduction of shear
strength of the fracture (Rutqvist and Stephansson, 2003; Guglielmi
et al., 2008). Thus, if a fracture is critically stressed, a pore pressure in-
crease can promote irreversible slip.

Since temperate glaciers carry large amounts of water, it is often as-
sumed that the phreatic groundwater surface in a glaciated valley flank
is tied to the elevation of the phreatic surface within the glacier; so that
the temperate glacier has a similar hydraulic head boundary effect on
the adjacent slope as a reservoir lake (cf. McColl et al., 2010). In temper-
ate glaciers, subglacial water pressures show a strong seasonal signal,
which depends on the subglacial drainage system. During the winter,
subglacial water pressures are normally constant, with values of ap-
proximately 80% of the ice overburden. Once an efficient subglacial
drainage system is established in the summer, the mean subglacial
water pressures are lower and daily variations with higher pressures
during daytime due to meltwater supply and lower pressures during
night occur (Fudge et al., 2005; Harper et al., 2005; Lappegard et al.,
2006). High-amplitude diurnal water pressurefluctuations (from atmo-
spheric up to nearly ice overburden pressure) in summer are restricted
to regions connected to the main subglacial drainage (Hubbard et al.,
1995).

Groundwater table elevations in alpine slopes typically show sea-
sonal variations with higher groundwater levels in spring or early sum-
mer due to snowmelt infiltration followed by a long period of recession
interrupted by normally smaller events of recharge during rainstorms
(de Palézieux and Loew, 2019). The annual amplitude and depth of
the phreatic groundwater table are controlled mainly by the ratio of re-
charge to the hydraulic conductivity of the active layer (Gleeson and
Manning, 2008). In fractured crystalline rock, groundwater movement
is mainly controlled by fractures and other discontinuities because of
the low porosity and permeability of intact crystalline rock (Singhal
and Gupta, 2010). Hence, hydraulic conductivity can strongly vary
with changing fracture characteristics (i.e., frequency, orientation, aper-
ture, interconnectivity, and persistence, etc.). The recharge response
timescales and amplitudes (typically 1–50 m in the Alps) of slope
water table variations due to infiltration events are depth-dependent
and strongly site-specific (de Palézieux and Loew, 2019).

Hydro-mechanical coupled surface displacements recorded during
5 years by Glueer (2019) in our study area along the Great Aletsch Gla-
cier show both annual reversible magnitudes of about 10 to 20mm and
irreversible magnitudes of about 1 to 2 mm per year. Due to the small
irreversible slope displacements, presumably caused by subcritical
damage propagation and minor slip along a large number of fractures,
and no signs for active slope movement regarding rock mass structure
and geomorphology, these slopes will be referred to herein as quasi-
stable. Numerical simulations carried out by Grämiger (2017) for
these slopes result in irreversible horizontal displacements per glacial
hydro-mechanical cycle of about 10 cm and annual hydro-mechanical
cycles superimposed on long-term hydro-mechanical effects result in
a shear displacement of around 100 μm per year along individual
fractures.

Fig. 1 summarizes the above introduced processes and boundary
conditions affecting a rock slope adjacent to an actively retreating gla-
cier. The figure illustrates the mechanical, thermal, and hydraulic pro-
cesses leading to cyclic and permanent stress changes within the rock
slope and potentially promotes rock mass fatigue and progressive
damage.

In this paper, we present the setup and first data of a new high-
resolution borehole-based monitoring system installed in a quasi-
stable rock slope adjacent to a deglaciatingmargin. The uniquemonitor-
ing systemwasdesigned to recordmulti-annual and daily reversible de-
formations and irreversible slip along individual fractures (in the ranges
described above) and the corresponding main drivers for the



Fig. 1. Illustration of different boundary conditions affecting rock slopes in a deglaciating environment. The schematic cross-section cuts throughour central borehole location (B4), and the
approximate projected location of B2 and B6 is indicated. The figure is exaggerated by a ratio of 2:1.
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deformation. These drivers are the retreat and downwasting of the
Great Aletsch Glacier (Switzerland), and fatigue resulting from the an-
nual and daily thermo-mechanical and hydro-mechanical cycles de-
scribed above. Three vertical, 50 m deep research boreholes (B2, B4,
and B6 in Figs. 1, 3) were drilled with short but variable distance from
the 2017 lateral ice margin close to the glacier tongue. The research
boreholes were logged with geophysical and hydrogeophysical probes
to characterize the rock mass structure and its hydrogeological param-
eters before they were equipped with high-resolution strain (axial
and radial), temperature and pore pressure sensors. Additionally, de-
tailed surface structural mapping was conducted in the study area.
First, we present a description of the study site and the details of the
monitoring system (Sections 2 and 3). Next, we discuss the reliability
of the monitoring system, and present data from the first two years of
monitoring, to demonstrate the capability and limitations of the system
to record thermo-hydro-mechanical coupled reversible displacements
and irreversible damage in the glacier adjacent rock slope (Section 4).
This is followed by a discussion of the results to date (Section 5). We
end with a summary and an outlook (Section 6).

2. Site description

Our research area is situated on a rock slope alongside the retreating
glacier tongue of the Great Aletsch Glacier (Figs. 2, 3), Canton Valais,
Switzerland. The site can be reached by a one-hour hike along a moun-
tain trail from the Moosfluh cable car station (see Fig. 2). Heavy equip-
ment has to be transported to the site by helicopter. The climatic
conditions of the study site are harsh, with many meters of snow be-
tween November and May, strong winds, and limited irradiation.

The study site is situated within the Aar-Massif, the largest external
crystalline massif of the Central Alps, consisting mainly of granites and
gneisses (Steck, 2011) (Fig. 3). The slope is NNW dipping with an aver-
age slope angle of about 30°. Bedrock in the area is smoothed by the gla-
cier and has a distinct ridge and furrow morphology. Furrows often
follow weak schist layers and brittle-ductile shear zones. A relatively
thin recent moraine layer covers parts of the lower study area (Fig. 3).

Borehole televiewer logs in two of the boreholes and surface struc-
tural mapping in the study area leads to structure orientations as fol-
lows (Fig. 4). The foliation is striking valley subparallel and shows a
sub-vertical dip angle, mostly dipping into the slope (i.e., in SE direc-
tion). The rock is intersected by three persistent joint sets (F1: Foliation
subparallel oriented (mean: 136/85), F2: steeply SSW dipping (mean:
186/86), F3: slope subparallel oriented (mean: 327/31)) and numerous
steep, mainly foliation subparallel lying brittle-ductile shear zones. At
the surface, joint sets F1 and F3 show a normal spacing of around 1 m
and F2 of about 3 m. Borehole televiewer images show a decrease of
the fracture densitywith depth (see Fig. 4). Joint set F2wasnot captured
with the borehole mapping which could be attributed to a combination
of its unfavorable orientation relative to the borehole, its larger normal
spacing compared to F1 and F3, and its lower persistence. Field investi-
gation revealed that the brittle-ductile shear zones rarely contain fault
gouge, but do feature an increased fracture density and a dense foliation.
They are typically a few decimeter wide and show a normal spacing of
10 to 20 m. Glueer et al. (2020) showed that these brittle-ductile
shear zones dominate the kinematic behavior of the nearby Moosfluh
slope instability (discussed below), and they are expected to also be im-
portant for the kinematic behavior of the quasi-stable slopes in our
study area. The joint orientations from detailed mapping in our study
area agree with the published data from previous studies (Kos et al.,
2016; Grämiger et al., 2017; Glueer et al., 2020).

The Great AletschGlacier is the largest icemass in the EuropeanAlps
and has a current length of about 22 km (GLAMOS, 1881-2018). The
Aletsch valley experienced a long history of glacial advances and re-
treats summarized in Holzhauser et al. (2005). During theWürm glacial
period, which presumably lasted ~100 ky and included the last glacial
maximum in the Alps (dated at ~30 ky to ~18 ky BP (Ivy-Ochs et al.,
2008)), the Aletsch valley was covered by a thick icefield. In the late
Pleistocene glacial period, a general ice retreat occurred in the Alps,
which was interrupted by a series of readvances (Ivy-Ochs et al.,
2008). The maximum extent of the latest of these late Pleistocene
readvances, the Egesen stadial (dated at ~12 ky BP) (Kelly et al., 2004;
Ivy-Ochs et al., 2008; Schindelwig et al., 2012), is well preserved in mo-
raines and trimlines at the Aletsch valley (Kelly et al., 2004).

The Great Aletsch Glacier strongly retreated during the Holocene in-
terglacial, and showed ice fluctuations at a lower level, with minimum
stages comparable to the current ice elevation or lower (e.g., during
the Bronze Age Climate Optimum; ~ 3300 years ago (see Fig. 3) and a
clear glacial advance at the onset of the Little Ice Age (LIA) with three



Fig. 2. A) Overview of the study area, showing the Great Aletsch Glacier, the elevation of the approximate LIA and Egesian lateral ice extents, and the location of the Moosfluh slope
instability. B) Drilling at B6 location. C) Borehole set-up at B4, notice solar panel in the background. D) Solar panel and control box with batteries and FBG data acquisition system.
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local maxima (Holzhauser et al., 2005). The extent of the last LIA ice
maxima around 1860 is well preserved by trimlines and lateral mo-
raines in the Aletsch valley (Holzhauser et al., 2005). A comparison of
the LIA glacier elevation and the current ice elevation in our study
area results in a mean annual vertical ice height loss of 1 to 2 m per
year since 1860. However, annually acquired high-resolution digital
surface models with a pixel size of 0.5 m provided by the Swiss Federal
Office of Topography (swisstopo, JA100120) currently show higher
values of about 5–10 m annual ice height loss between 2012 and
2018. The change in ice elevation during this ongoing retreat relative
to our borehole locations is illustrated in Fig. 3. The observed ice retreat
of the Great Aletsch Glacier is causing the successive exposure of the
rock surface in the study area that was ice-covered for probably 2000–
3000 years (Holzhauser et al., 2005). The drilling location of B2 has
been exposed to the ambient temperature in summer 2017 (i.e., few
months before drilling), and glacial ice temporarily returned in winter
2018 for about 4 months (Fig. 3B). The location of B4 was exposed to
the ambient temperature in summer 2014 whereas the location of B6
was exposed to ambient temperature in summer 2016 (Fig. 3C, D).

We find a significant number of rock slope instabilities in the
area of the current tongue of the Great Aletsch Glacier, including
the deep-seated Moosfluh slope instability (Figs. 2, 3). This large
toppling-sliding instability was dramatically re-activated in fall
2016, is monitored in detail and has been described and analyzed
in several studies (e.g., Strozzi et al., 2010; Kos et al., 2016;
Grämiger et al., 2017; Glueer et al., 2019, 2020). Most of the
study area including B2 and B4 borehole locations lie in the previ-
ously defined quasi-stable rock slopes. The area surrounding bore-
hole B6 has a distinct morphology, including a pronounced head-
scarp and an outward rotated foliation in the mass below,
indicating a toppling rock slope instability (see Fig. 3). Surface
and borehole displacement monitoring data currently do not
show anomalously high rates of movement here compared to the
quasi-stable rock slopes in its surrounding; hence, this rock slope
instability is considered to be dormant or relict.

The entire area of the valley around the glacier tongue is monitored
with two robotic total stations (or Target Processing System, abbr. TPS),
four permanent GNSS stations, several climate stations, two seismic sta-
tions, and four time-lapse cameras (for details see Loew et al., 2017;
Glueer, 2019).
3. Methods

3.1. Monitoring design and sensor installation

3.1.1. Drilling and logging
The three drilling locations for the research boreholes were chosen

at variable distances from the glacier margin and located about 200 to
600 m away from the active Moosfluh slope instability (Fig. 3A). Bore-
hole B2 was drilled directly at the 2017 ice margin, B6 had a lateral dis-
tance of about 5 m to the 2017 margin, and B4 was drilled upslope at
about 50m lateral distance to the 2017 icemargin (Fig. 3). The research
boreholes (summarized in Table 1) were destructively drilled with a
borehole diameter 101mmby a specialist company that has experience
drilling in remote alpine environments. Due to financial and logistical
constraints, a light drilling rig was used (see Fig. 2B), which restricted
the maximum borehole depth to around 50 m. A total number of six
boreholes were initially planned for this study, one vertical borehole
and one inclined borehole at each of the three drilling locations. The



Fig. 3. A: Map view of the three borehole locations (B2/4/6, red dots) alongside the Great Aletsch Glacier tongue in Autumn 2017 and indication of the extent of the Moosfluh rock slope
instability. The geological map from Steck (2011) was expanded down to the current glacier extent in our study area because, during their mapping campaign, this area was still ice-
covered. The maximum LIA ice extent is well constraint by lateral moraines in the study area, and the Holocene minimum ice extent is shown as proposed by Holzhauser et al. (2005).
The illustrated lateral glacial extents between 1926 and 2014 were digitized from aerial photographs by Glueer et al. (2020). B-D: Cross-sections cutting through the three borehole
locations showing the glacial- and rock surface measured in the year of installation (2017) and the dashed lines indicate the lateral ice extent and approximate glacial height at the
indicated year (DEM reproduced with permission of swisstopo (JA100120)). The shaded area in cross-section B indicates the stronger fractured surface layer (cf. Fig. 4), and the
hatched area in cross-section D illustrates the dormant or relict landslide at B6 location. The locations of all other monitoring equipment close to our study site, including the GNSS
sites and second total station, are provided in Glueer (2019).
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three vertical (B2, B4, and B6, Table 1) and one inclined borehole (B3,
Table 1) could be completed successfully.

At the first drilling location, the drilling rod got jammed while
drilling the inclined borehole (B1, Table 1), so it had to be aban-
doned. At the third drilling location (B5, B6; Table 1), unstable
borehole conditions were encountered. Therefore, perforated PVC
casings were inserted directly after drilling in order to keep the
boreholes open until the sensors could be installed. The installa-
tion of a PVC casing was accomplished in the vertical borehole
B6 but not in the inclined borehole B5 (see Table 1). Before
installing the permanent monitoring system, the successfully com-
pleted vertical boreholes were logged with geophysical and hydro-
geophysical probes to characterize the rock mass and its
hydrogeological parameters. The conducted logs and main results
are summarized in Table 2. Borehole televiewer images show a
strongly fractured rock mass at B2 with several open fractures, es-
pecially in the upper 20 m, whereas the rock mass at B4 is rela-
tively intact, containing fewer and mainly closed fractures (see
Fig. 4). Due to unstable borehole conditions, no extensive logging
could be conducted in B6. The three vertical boreholes (i.e., B2,
B4, and B6) were used for the installation of a borehole monitor-
ing system described in Section 3.1.2, whereas the only success-
fully completed inclined borehole B3 was secured with a
perforated PVC-casing and saved for future investigations.



Fig. 4. Left: Structure logs from the optical televiewer (OPTV) survey in B2 and B4
(Location see Fig. 3). In borehole B6 no optical televiewer survey could be conducted
because of unstable borehole conditions (cf. Section 3.1.1). The solid lines in the
structure log indicate major discontinuities such as open joints, filled joints, and sheared
and fractured zones, whereas the dashed lines indicate minor discontinuities
(e.g., closed or healed joints). Hatched areas in the logs indicate depth sectionswith noop-
tical televiewer data. Right: Structure orientations from optical televiewer log analysis and
scanline mapping at surface outcrops in the study area. Surface structure data is compiled
from 18 scanlines containing 533 discontinuity measurements.
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3.1.2. Monitoring systems
High-resolution axial strain is recorded with FBG (Fiber Bragg Grat-

ing) strain/temperature sensor chains of 5 m base-length installed in
each of three vertical boreholes (B2, B4, and B6). Horizontal strain com-
ponents along these boreholes are recorded with biaxial SAA (Shape
Accel Array) in-place inclinometer chains of 0.5 m base-length. These
sensor chains include temperature sensors with a 1 m downhole
Table 1
Summary of the drilling works. All boreholes were destructively drilled with a borehole diame

Coordinates
(lat/long)

Elevation
[masl]

Drilling
inclination

Depth Date
completed

Ad

B1 46.405417/8.042693 1786 45° 19.0 m 07.08.2017 D
B2 90° 50.3 m 08.08.2017 Co
B3 46.405045/8.044873 1813 45° 54.0 m 10.08.2017 Co
B4 90° 44.4 m 14.08.2017 Co
B5 46.406383/8.047138 1808 60° 40.5 m 27.09.2017 Bo
B6 90° 50.0 m 26.09.2017 Bo
spacing. Two of the three boreholes have functioning piezometric pres-
sure sensors installed in a 1–2m long sandfilter at each borehole end. In
B4, a modular rod extensometer chain with 10 m base-length is
installed. Table 3 shows a summary of the installed borehole sensors,
type, range, and accuracies. The sensors have recorded all parameters
since fall 2017 at hourly intervals. Temporary downtimes of individual
sensors that caused data gaps in the monitoring time series are
discussed in Section 4.2. The instrumentation was accomplished by a
collective work of two specialist companies for geotechnical monitor-
ing. The SAA in-place inclinometer chain, the temperature sensor
chain, and the pressure sensor are connected to a local data logger
that contains an internal battery and a GSM data transmission unit
that allows local data storage and transmission. The hourly measured
data is automatically uploaded to an FTP server once per day, which al-
lows data access from the office.

Fig. 5A shows the setup of the borehole monitoring system, a sche-
matic sketch of the sensors in the boreholes (Fig. 5B), and cross-
sections through the individual boreholes (Fig. 5C).

The FBG data acquisition system (DAS) consists of an FBG interroga-
tor, a specially configured on-site computerwith the FBGdata recording
software (Enlight byMicronOptics), the power supply (two 230Ahbat-
teries and a solar panelwith twomonocrystalline 165Wpmodules), and
amobile access router for data transmission (see Fig. 2D). To reduce en-
ergy consumption, which is especially important inwintertime, the FBG
system is controlled by a timer that provides power supply to the sys-
tem during only 9 min per hour and initiates the measurement. This
FBG DAS is located close to the central borehole location B4 (see
Fig. 3) and connects to the FBG sensor chains of the individual boreholes
with a reinforced fiber optical cable. The principles of operation of FBG
strain sensors for geotechnical monitoring are described in the litera-
ture (e.g., Morey et al., 1990; Zhu et al., 2017).

For the current monitoring application, ten pre-strained, long gauge
FBG strain sensors of nearly 5 m base length with integrated tempera-
ture compensation were installed in series down each of the boreholes.
The pre-straining of the sensors was accomplished by fixing them to a
stiff PVC injection pipe prior to insertion into the borehole (see
Fig. 5B). For measuring the FBG sensors, aMicron Optics SM130 interro-
gator is used. The static hourly strainmeasurements are gained bymea-
suring for approximately 30 s every hour and averaging the recorded
strain readings to improve the precision. The improvement of the preci-
sion is proportional to the square root of the number of measurements
(N) used for averaging (Smith, 1997). Thus, averaging of N = 40 mea-
surements recorded in the 30 s leads to an improvement of theprecision
by a factor of sqrt(N)≈ 6.3, which results in a precision of below 1 μɛ for
our setup.

The installed SAA in-place inclinometer chains are accelerometer-
based sensor arrayswith rigid 0.5m long segments separated byflexible
joints. Each of the segments contains three accelerometers thatmeasure
the tilt relative to gravity along the X, Y, and Z-axes. Every second seg-
ment additionally comprises a temperature sensor that is used for the
internal correction of the segment length due to thermal expansion.
The sensor chain was inserted in a PVC conduit that is grouted in the
borehole. The bidirectional horizontal displacement is calculated with
the tilt information in twohorizontal directions and the segment length.
ter of 101 mm and flushed with compressed air.

ditional info

rilling rod jammed -N abandoned
mpleted without issues; stable borehole
mpleted without issues; stable borehole; PVC-casing installed to keep borehole open
mpleted without issues; stable borehole
rehole unstable -N re-drilling -N installation of PVC casing not possible
rehole unstable -N re-drilling -N perforated PVC-casing successfully installed



Table 2
Summary of the conducted logging works in the three vertical boreholes. In the inclined borehole B3, no successful logging could be performed due to friction along the rugged borehole
walls. In B6, only borehole fluid logging could be carried out through the perforated PVC-casing.

Optical
televiewer
probe

Caliper
probe

Heat
pulse
flow
meter

Fluid electric
conductivity/temp.
log

Pumping/injection
test

Main results

B2 Yes Yes Yes No Yes Strongly fractured upper part of the borehole with open joints often filled with fines;
discontinuity orientations (see Fig. 4); transmissivity in the upper 15 m of the borehole high (~
10−3 m2/s) and in the lower part around ~10−6 m2/s

B4 Yes Yes Yes Yes Yes More intact rock mass with mainly closed or low aperture fractures; discontinuity orientations
(see Fig. 4); transmissivity between 9 m and 44 m borehole depth ~10−6 m2/s with higher
assumed values in the top layer; major transmissive structure at 29.4 m depth and minor
transmissive structures at 19.5 m, 25 m, and 39.8 m

B6 No No No Yes Yes Transmissivity between 14 m and 50 m depth ~10−5 m2/s with higher assumed values in the top
layer; major transmissive structures at 35.5 m and 43 m depth and minor transmissive
structures at 29.5 m and 47 m
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To ensure the durability of the system andminimize the exposure of
the fiber optical cable to environmental effects (e.g., snow creeping, av-
alanches, debris flows, and rockfalls), the cable was either buried into
themoraine soil, fixed onto bedrock, or suspended over critical sections
such as creeks or debris flow channels. The borehole heads and the local
dataloggers are secured by concrete chambers that are anchored to the
ground (see Fig. 2C).

3.1.3. Borehole completion and grouting
After sensor installation, and to assure a good coupling of the sensors

to the rock, the three instrumented boreholes were fully grouted with
an expanding cement-bentonite mixture. The grouting of B2 and B6
was challenging because of the risk of losing grout through highly trans-
missive structures. In B2, this problem was prevented by inserting a
geotextile prior to the sensor installation. However, in B6, no geotextile
was used for the grouting because this would have led to a coupling of
the sensors only onto the PVC casing and would not have fixed the sen-
sors directly onto the rock. Therefore, more than once the borehole vol-
ume of the grout was lost through transmissive structures during
injection and only the lowermost 23 m of the borehole (i.e. 27 m to
50 m depth) could be filled in the first grouting campaign in 2017. The
remaining uppermost 27 m of the borehole B6 were then successfully
grouted during a second campaign in August 2018.

3.1.4. Surface deformation monitoring
Continuous surface deformation has beenmeasured at the study site

since 2013 and is used to compare continuous displacements at the sur-
facewith displacements measured at depthwith the borehole monitor-
ing system. Themonitoring array includes a robotic total station (TPS 1),
and a GNSS receiver (Frukacz et al., 2017; Glueer, 2019). This total sta-
tion monitors the position of over 80 reflectors, and locations 12, 24,
25, and 85 are relevant to the present study. The reflector and TPS 1 lo-
cations are shown in Fig. 3.
Table 3
Characterization of the sensors deployed in the three research boreholes B2, B4, and B6. All sens
vided by the manufacturer.

Sensor Parameter Type

FBG sensors Axial strain SC-01 (Sylex Fiber Opti

SAA inclinometer chain (biaxial) Horizontal displacement SAAF500–003 (Measura
Temperature

Piezometric pressure sensor Pressure PA-27XW 10 bar (Kelle
Extensometer rod (only in B4) Axial strain M-RHX (Solexperts AG)

a ±3000μɛ assumed as maximum strain range for the current project.
Only nighttime measurements from the TPS station were used in
order to reduce atmospheric artifacts and temperature variations. Off-
sets caused by maintenance of the total station are also corrected. A
daily solution is built by first removing outliers at the 4 standard devia-
tion level, and then low-pass frequency filtering of the angular mea-
surements (horizontal and vertical) for white noise reduction.
Calculated coordinates relative to the TPS station are then corrected
for the motion of the monitoring station itself, with low-pass filtered
continuous Global Positioning System (cGPS) data. The cGPS data are
processed independently, using a protocol described by Limpach et al.
(2016).

4. Results and interpretation

In this section,monitoring data collected between October 2017 and
October 2019 (i.e., the first 2 years of monitoring) is provided and
discussed in order to show its value to investigate the thermo-hydro-
mechanical coupled processes introduced in Section 1. More specifi-
cally, the monitoring system should enable quantification of displace-
ments at the borehole and fracture scale caused by permanent
changes in thermal and hydraulic boundary conditions due to ice retreat
and cyclic thermo-hydro-mechanical loads originating from daily and
seasonal fluctuations in the rock slope and the ice body.

4.1. Borehole grouting effects

The monitoring data time series during the first few weeks after in-
stallation in October 2017 are not used for interpreting the in-situ con-
ditions of the rock slope. This is because these measurements contain
artifacts related to the hardening process of the grout in the borehole,
such as temperature anomalies due to the exothermal reaction and
borehole internal displacements. Under the given borehole conditions,
temperature peaks of the hardening process normally occurred
orsmeasure at an hourly time interval. Accuracy and precision values shown here are pro-

Range Segment length, base
length, sensor spacing

Accuracy (A),
Precision (P)

cs s.r.o) ±5000 μɛ B2: 4.81 m
B4: 4.31 m
B6: 4.83 m

A: 11 μɛ (b0.18% FS)a

P: 6 μɛ (b0.10% FS)a

nd Inc.) ± 60° w.r.t. vertical 0.5 m A: ±0.25 mm
−35 °C to 60 °C 1 m –

r AG) 0–10 bar – A: b ±3.5 mbar
± 50 mm 10 m A: 0.1 mm (0.2% FS)



Fig. 5.A: Setup of the boreholemonitoring system; B: Schematic sketch of the sensor deployment within a borehole; C: Cross-section through the boreholes B2, B4, and B6 drawn in scale.
1: SAA inclinometer chain; 2: FBG strain/temperature sensors; 3: Pressure sensors; 4: Extensometer rod; 5: Injection tube; 6: Injection pipe; 7: Geotextile; 8: Perforated PVC tube.

8 M. Hugentobler et al. / Geomorphology 362 (2020) 107190
approximately two days after the grout injection into the specific inter-
val. Subsequent to this peak, the temperature sensors in the lower por-
tion of the boreholes approached a constant value within less than two
months. After this time (i.e., from December 2017 onwards), the mea-
sured temperatures are considered to reflect in-situ subsurface temper-
ature values without disturbance from the grouting process.

4.2. System reliability

Continuous monitoring in an extreme alpine environment is chal-
lengingmainly because of the reduced accessibility during the longwin-
ters with snow heights up to a few meters. Fig. 6 shows a summary of
the time when the individual sensors were reliably measuring. The
SAA inclinometer, temperature and pore pressure data in B4 and B6
have been almost continuously recording since October 2017. The infre-
quent data gaps in these monitoring time series were related to battery
issues that could be fixed within a fewweeks. The FBG system has been
reliably recording since July 2018. Extreme environmental conditions
were the cause of two further data gaps, one at all sensors of B2 (label
‘a’ on Fig. 6) and one at the FBG system (label ‘b’ on Fig. 6). The four-
month data gap at borehole B2 sensors was related to a re-advance of
a side finger of the Great Aletsch Glacier that overrode this borehole lo-
cation and disrupted the borehole sensor chains from the loggers in
Fig. 6. Downtimes of individual sensors of the borehole monitoring system since the time of in
whereas gaps in the lines mean no useful data. The letter ‘a’ and ‘b’ denote time periods referr
March 2018. In August 2018, these borehole sensors could be
reconnected to the loggers that were newly placed at a safe location,
and a rampwas cemented over the borehole location to prevent the ca-
bles from being destroyed during a possible (but not expected) future
winter re-advance of the glacier's side finger. In January 2019, a winter
storm took down the solar panel of the FBG DAS and caused a data gap
of 1month in the FBG data (Fig. 6, label ‘b’). The pore pressure sensor of
B2 has not been working properly since the time of installation, either
due to a malfunction of the sensor or because it was accidentally
grouted.

4.3. Temperature data

A full annual subsurface temperature cycle from 2018, containing
monthlymean values measured in B2 and B4 is provided in Fig. 7. Addi-
tionally, the figure contains unwrapped images of the borehole wall il-
lustrating the mapped structures from the optical televiewer log of the
two boreholes. The temperature data of B6 is not shown because this
borehole was still partly ungrouted until August 2018, and then the
in-situ subsurface temperature field got further disturbed by the second
grouting campaign.

In the B2 temperature plot, the monthly mean temperatures be-
tween April and July are missing. Although the complete year could
stallation. Times, where the sensors were reliably working, are indicated with black lines,
ed to in the text.



Fig. 7. 2018monthly mean subsurface temperature profiles in research boreholes B2 and B4with the absolute temperature range indicated in gray. The mapped discontinuities from the
optical televiewer log in an unwrapped boreholewall visualization of B2 and B4 are provided to the left of the particular temperature data. Dashed lines in the structure log indicateminor
structures (e.g., closed joints), whereas solid lines indicate major discontinuities (e.g., open fractures, filled fractures, fractured zones, and sheared zones).
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not be measured at B2, the annual thermally active layer is considered
to be captured well. This is because the maximum temperatures in B2
are clearly captured with the measurements in August, September,
and October, and the annual minimum values are considered to be
very close to the values of March (cf. B4 temperature data).

The temperature profiles of the two boreholes show a similar depth
of the annual thermally active layer of around 17m, however, with dif-
ferent amplitudes. The uppermost sensor of B4 (installed at about
0.33 m depth) shows an annual temperature variation of 8.2 °C,
whereas, at B2 the amplitude at 0.33 m depth is only 5.3 °C. At B2,
below the thermally active layer and down to a depth of about 25 m,
the average temperature is close to 0 °C. Below this depth, the temper-
ature linearly increases with an approximate rate of 0.2 °C/10 m depth.
The B4 data show a decreasing temperature with depth below the ther-
mally active layer with the lowest absolute value of about 1 °C at 42 m
depth. The rate of this negative downhole trend, however, is not linear
and decreases with depth. Superimposed to the general temperature
profile, both boreholes show weak positive and negative temperature
anomalies at specific depths (e.g., Fig. 7, in borehole B2 at 20 m, 24 m,
and 35 m or in borehole B4 at 29 m and 33 m depth).

Typical undisturbed and conduction-dominated subsurface temper-
ature profiles are expected to show a linear temperature increase with
depth, with a temperature gradient controlled by the geothermal heat
flux from the earth's interior (which is a product of the geothermal gra-
dient and thermal conductivity of the rock) and surface temperature on
the other side (Pollack, 1993). If other influencing factors
(e.g., vegetative patterns, hydrological features, lateral heterogeneity,
phase changes, or advective heat transfer) are assumed minor, devia-
tions from such a quasi steady-state profile can be interpreted as surface
temperature perturbations that penetrate into depth; positive devia-
tions show a warming and negative deviations a cooling at surface, re-
spectively (Pollack, 1993; Pollack and Huang, 2000).

The inverse temperature gradient observed in B4 is interpreted to
reflect surface warming caused by the glacier retreat since summer
2014 that changed the surface temperature from relatively constant 0
°C below the ice to a mean annual ground temperature above 0 °C
after exposure of the land surface to the atmosphere. Thus, the cold tem-
peratures induced bymore than one thousand years of ice occupation at
this location are still preserved at depth. The subsurface temperature at
this location is in a transient state, slowly adapting to a new mean an-
nual ground temperature. It is assumed that the inverse temperature
profile measured in this borehole is approaching a turning point some-
where below the borehole to a positive geothermal temperature gradi-
ent similarly as illustrated in figure 5 of Grämiger et al. (2018).

The shape of the temperature profile of B2 is different. Below 25 m
depth, it shows a linearly increasing temperature with depth of about
0.2 °C/10 m, which agrees with the literature values of the geothermal
gradient in the Aaremassif of 23 °C/km (Rybach and Pfister, 1994). Sen-
sors between 17 m (depth of thermally active layer) down to about
25 m depth show rock temperatures around 0 °C. We hypothesize
that observed temperatures in this depth could be related to advective
heat transport of cold water (close to 0 °C) that is directly connected
to the glacial ice through the transmissive discontinuities in the highly
fractured shallow subsurface. This because such low temperatures at a
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depth of 17 to 25 m cannot be physically explained by conduction only,
assuming approximately 0 °C at the ground surface (below temperate
glacial ice) or even higher mean annual ground temperature after ice
retreat.

The weak positive and negative temperature anomalies along both
temperature profiles are likely caused by transmissive fractures
conducting water (or air) at a different temperature compared to the
surrounding rock. This hypothesis is supported by observation from op-
tical televiewer images where the depth of fractures sometimes coin-
cides with temperature anomalies (e.g., Fig. 7, B2 - zoom between 15
and 30 m, B2 at 35 m, or B4 at 29 m depth) or by interpretation of the
fluid electric conductivity log that showed a conductive feature in
B4 at 29 m depth. The results of the fluid electric conductivity logs are
not shown in this publication.

4.4. Pore-water pressure data

Fig. 8 shows the pressure head from the two sensors installed at the
end of borehole B4 and B6 at a depth of 43.75 m and 48.75 m, respec-
tively. No pore-water pressure data can be provided for borehole B2 be-
cause this sensor is not working (see Section 4.2). The two sensor
readings show a different pressure regime between the slope location
(B4) and the location next to the glacier (B6) (see Fig. 3). At B4 - the
slope location with approximately 50 m lateral distance to the 2017
ice margin - the pressure head shows an annual variation of about
15m. Themaximumhead is reached directly after snowmelt infiltration
in spring (i.e., April/May). After thismain recharge period, pore pressure
Fig. 8.Pressure head (above borehole end) fromatmospherically corrected pressure data in B4a
MeteoSchweiz from theweather station “Bruchji” (Valais) located approximately 6 km away fro
snow (i.e., at surface temperatures below 1 °C at our study site (cf. Jennings et al., 2018)). The bla
red horizontal bars indicate the time daily pressure fluctuations could be observed in the time s
location of the presented data in Fig. 9.
globally decreases over the course of the year, punctually interrupted by
minor pore pressure rises linked to smaller recharge events following
rainfall and small snowmelt events. From late autumn onwards, as
soon as the precipitation is held back as snow on the surface and no
more recharge occurs (black bar, Fig. 8), the pressure head decreases
even faster. Some exceptions are related to heavy rainfalls in winter
that probably infiltrate through the snowpack into the bedrock (see
label a, Fig. 8).

At B6, which was drilled with only 5 m lateral distance to the
2017 ice margin and below a major groundwater seepage zone
(Fig. 2), the annual variation of the pressure head is only around
4.5 m, lower than the annual amplitude measured in B4. The highest
values again coincide with the timing of the main snowmelt infiltra-
tion in spring, and sometimes weak pressure reactions to rainfall can
also be observed.

The two-year pore pressure history in B4 shows signs of a typical
slope groundwater recharge-discharge regime (cf. de Palézieux and
Loew, 2019)with a relatively strong annual pressure head increase dur-
ing the main snowmelt infiltration period in late spring, and slow pres-
sure recession during the course of the year interrupted only by
significant rainfall and snowmelt events outside themain snowmelt pe-
riod. The lower pore pressure variability in B6, initially located 5m from
the glacier, is likely related to its proximity to the relatively constant
boundary conditions from the temperate glacier and possibly the seep-
age zone some tens of m upslope. Similar to the assumed englacial
water pressure, B6 shows a relatively stable pressure head during win-
ter and more variability during summer.
nd B6. The vertical bars show the cumulative total precipitation data (per 24h)providedby
m our study site. The cyan colored bars indicate precipitation that presumably occurred as
ck horizontal bars indicate the time of the year when the slopewas snow-covered, and the
eries. Labels a indicate pressure head increases referred to in the text. Label b indicates the



Fig. 9. Zoom on daily pressure signals in B4 and B6 plus surface temperature at the study site for interval b (Fig. 8) in late June 2018. The tick labels on the date axis are located at midnight.
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In both boreholes, low amplitude daily pressure cycles can be de-
tected from spring until fall but not in winter. The red horizontal bars
in Fig. 8 indicate the timing of these daily pressure cycles, and Fig. 9
shows the detailed pressure signals in late June 2018. These diurnal
pressure signals showmaximum values in the afternoon andminimum
during the night, correlated to variations in air temperature; however,
often with a slight time shift that is not constant over time. The ampli-
tude of the daily pressure head cycle varies between the two boreholes
with approximately 20–30 cm in B4 and 2–5 cm in B6, respectively.
Their amplitude stays relatively constant over the time of the year that
they occur. These clearly detected daily pressure fluctuations could re-
flect a strongly attenuated pressure signal of daily glacial meltwater cy-
cles diffusing into the slope. The different shapes of the diurnal signals
(i.e., amplitude and phase shift) might be related to variable hydraulic
properties of the bedrock at the two borehole locations. The irregular
shape of the daily cycles in borehole B4 (e.g., June 28th and 29th)
might also suggest that signals of different origins could be
superimposed.

4.5. Displacement data

This section illustrates the different observed displacement charac-
teristics, magnitudes, and potential drivers for the deformation in the
instrumented, glacier adjacent rock slope. Annual reversible surface dis-
placements at these slopes are on the order of 10–20 mm, and the irre-
versible displacements are about a factor 10 smaller (Glueer, 2019). The
surface displacements are interpreted as the integrated displacements
along individual discontinuities at depth. Numerical simulations of
Grämiger (2017) suggest that these displacements result from
thermo-hydro-mechanical coupled effects of annual groundwater and
temperature cycles superimposed to long-term stress changes due to
glacial retreat (i.e., mechanical ice unloading and long-term tempera-
ture and groundwater changes). The irreversible portion of the dis-
placement is thought to reflect progressive damage that occurs along
individual, critically stresses fractures driven by these fatigue processes.
Magnitudes of irreversible displacements along individual discontinu-
ities weremodeled on the order of 10 to 100 μmper year. For the differ-
entiation between reversible deformation and irreversible deformation,
the measured deformation signal is compared to potential drivers for
stress perturbations such as temperature or pore-water pressure fluctu-
ation. The portion of the deformation that remains after the perturba-
tion is defined as irreversible deformation (or damage) whereas
reversible deformation recovers after the perturbation. These stress per-
turbations occur at diurnal to annual timescales in the presented data
(cf. Sections 4.3 and 4.4).
The investigation of the staged evolution of rock slopes leading to
the formation of rock slope instabilities, such as toppling or sliding
slopes, can be based on kinematic analysis of fracture reactivation trig-
gered by various loading mechanisms (Gischig et al., 2011a, 2011b). In
Section 4.5.3, we show how our data set will therefore be used to inte-
grate information from the subsurface structure logs and the horizontal
and vertical displacementmonitoring data. This will allow us to identify
displacement vectors along individual structures in order to gain an un-
derstanding of the slope kinematics and themost critical fracture orien-
tations reacting to the environmental drivers in the given stress field.

4.5.1. FBG strain sensor data
Fig. 10 shows the readings of the temperature corrected hourly

strain measurements of all FBG sensors in borehole B4. FBG strain data
from boreholes B2 and B6 are not provided because of limited space.
Strain recordings in these two boreholes, however, show similar dis-
placement characteristics and reactions on precipitation and infiltration
events as the presented data from B4. The static strain values are calcu-
lated by averaging over hourly dynamic measurements of approxi-
mately 30 s duration. In the first 14 months of FBG strain data
measurements, various displacement characteristics were identified at
a wide range of strain amplitudes from below 1 μɛ (or ~4 μm) up to sin-
gle strain events larger than50 μɛ (or ~0.2mm) (e.g., Fig. 10, label a).We
measure both extension and contraction in a reversible and irreversible
manner as well as a combination of the two. Deformation can be ob-
served as abrupt steps that occur between two measurements
(i.e., within 1 h) at a single sensor (e.g., Fig. 10, label b) or at several sen-
sors simultaneously (e.g., Fig. 10, label c). In general, distinct short-term
strain events (hours to few days), which may correspond to individual
slip events, often coincide with precipitation events (cf. Fig. 10 events
a-d). The twomajor displacement events in our current FBG time series
temporally coincide with two major infiltration events. The first event
occurred during a very strong rainfall in late October 2018 that was
able to melt the early snow cover in the area (Fig. 10, label d), and the
second one occurred during the main snowmelt period in spring 2019
(Fig. 10, label e). Deformations during these two events were clearly de-
tected atmost of the sensors and normally occurred as a combination of
reversible and irreversible displacements. In addition, long-term contin-
uous displacements are observed in the time series, which occur over
several hours, days, or months.

In Fig. 11, a zoom of the three lowermost FBG sensors in B4 (from
30.4 to 43.4 m depth) during July 2018 is provided (cf. Fig. 10, label f).
At these sensors, among others, clear daily strain cycles with a variable
amplitude of around 5 μɛ can be observed. These daily cycles do not
occur during winter, are measured in all the three boreholes, but not



Fig. 10. The black lines in the upper plot show a visualization of the temperature corrected strain data of the individual 4.31m base-length FBG sensors installed in borehole B4. The strain
data of each sensor is plotted in the center of the specific depth interval, and the vertical axis ticks correspond to anchoring depth of the FBG sensors. Positive strainmeans elongation and
negative strain compaction of the sensor, and the strain scale is provided on the top left inmicrostrain (μɛ). Additionally, thepressure headmeasured in the borehole is shownwith the blue
line in the lower plot. The vertical bars in the lower plot show the cumulative total precipitation data (per 24 h) provided by MeteoSchweiz from the weather station “Bruchji” (Valais)
located approximately 6 km away from our study site. The cyan colored bars indicate precipitation that presumably occurred as snow (i.e., at surface temperatures below 1 °C at our
study site (cf. Jennings et al., 2018)).
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at all of the sensors, and they are generallymore strongly pronounced at
deeper sensors. Further, the strain cycles at the different sensors are in
phase but can show an opposite strain direction and sometimes stop
abruptly or change strain direction e.g., after simultaneously occurring
strain events such as event ‘c’ in Fig. 10.

The observed daily strain cycles in Fig. 11 show a positive or inverse
correlation to surface temperature and pressure headmeasurements in
the borehole. Days with lower surface temperature and pressure ampli-
tude (e.g., July 5th and 6th) cause a smaller amplitude in both the pres-
sure and strain signal. We hypothesize that direct correlations of the
strain signal might be related to fracture opening (or shear dilation) in
the given interval due to water pressure increases. Inverse correlations,
Fig. 11. The upper plot shows an example of daily strain cycles measured in B4 at the three low
between the sensors for better visualization. The lower graph illustrates the pressure head mea
date axis are located at midnight.
in contrast, could be explained by pressurized transmissive structures
outside of themeasured interval that cause a compression in the FBG in-
terval. Similar couplings between adjacent strain monitoring intervals
have also been observed in other experiments (e.g., Krietsch, 2019).

4.5.2. SAA inclinometer chain data
Results of the horizontal displacements measured with the SAA in-

place inclinometer chain of borehole B4 in the year 2018 are provided
in Fig. 12. Inclinometer displacement data of boreholes B2 and B6 are
not shown because of limited space. Both, B2 and B6, show similar dis-
placement characteristics as presented below using the example of B4.
Although the resolution of these sensors is not as high as with the FBG
ermost FBG sensors (30.4 to 43.4 m depth). The strain data is provided with a 10 μɛ offset
sured in B4 and the surface temperature measured at the study site. The tick labels on the



Fig. 12. Left: SAA inclinometer chain data of B4 in 2018 showing the cumulative displacements of each segment from the borehole end up to the surface in both horizontal directions vs.
borehole depth (X+ direction equals an azimuth of 194° and Y+ direction of 104°). Further, the mapped discontinuities from the optical televiewer log in an unwrapped borehole wall
visualization are provided. Right: Continuous sensor readings of specific depth segments in X and Y direction using amovingmean filter over 10measurements and the raw data provided
in gray in the background (a, b, c and d). Numbers 1–4 indicate rapid displacement events referred to in the text. Below the continuous displacement data, precipitation data, surface
temperature data of the study site, and the atmospherically corrected pressure head measured in borehole B4 is shown. The vertical bars in the precipitation plot show the cumulative
total precipitation data (per 24 h) provided by MeteoSchweiz from the weather station “Bruchji” (Valais) located approximately 6 km away from our study site. The cyan colored bars
indicate precipitation that presumably occurred as snow (i.e., at surface temperatures below 1 °C at our study site (cf. Jennings et al., 2018)).
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system, clear reversible and irreversible displacements can be recorded
at this location. Using a moving mean filter over 10 measurements re-
duces the high-frequency noise and allows for the detection of sudden
displacement events down to about 0.1 mm (see Fig. 12, graphs to the
right). Visualization of horizontal displacement data in a cumulative
plot highlights specific depths with high activity (i.e., steps in Fig. 12
(left graph) at depth a-d). These locations usually coincide with the
depth of mapped structures in the optical televiewer log.

The inclinometer system detects both slow/continuous and rapid
displacements. Rapid displacement events at specific depth were mea-
sured at individual magnitudes of up to about 2.5 mm (e.g., events 1–
4 in Fig. 12). The existing data shows that the timing of some of the dis-
placement events coincides with potential climatic triggers. For exam-
ple, event 2 and 3 (Fig. 12), occurred during the strong pressure head
increase due to snowmelt infiltration in spring 2018. Other sudden dis-
placements coincide with extreme summer surface temperatures
(e.g., Fig. 12, event 4 at depth b and c).

Horizontal surface displacements at reflector 12 and the cumulative
horizontal displacements of the inclinometer chain at B4 were com-
pared between April and December 2018 (see Fig. 13). Borehole B4
data was used for the comparison with surface displacement data, be-
cause it is the only one of the three boreholes that has a reflector close
by with a continuous data series that is adequate for comparison. Both
show a similar displacement behavior (in orientation and timing)
with a mainly reversible component in downslope direction and a
slope parallel displacement component oriented in direction SW
(i.e., down valley and in the direction of the Moosfluh slope instability).
Themagnitudes of the slope parallel displacement components are sim-
ilar for both systems. However, the magnitude of the reversible down-
slope displacement of inclinometer B4 is only about a quarter of the
magnitude of the reflector. This could indicate that thedeformation pro-
cess leading to the reversible downslope displacement occurs also along
discontinuities that are deeper than borehole B4 (44 m), and the slope
parallel displacement in the monitoring period is happening mainly
along discontinuities in the uppermost 44m. The reversible, downslope
oriented displacement temporally coincidences with the annual main
pressure head increase due to snowmelt infiltration and its subsequent
recession during summer. Therefore, this displacement likely reflects a
mainly elastic response of the slope to annual groundwater table fluctu-
ations. These elastic responses to groundwater fluctuations in alpine
valley flanks have been observed in other studies (e.g., Hansmann
et al., 2012).

4.5.3. Slope kinematics
Someheavy rainfalls cause clear displacement events that can be ob-

served simultaneously in both the FBG sensor and the SAA inclinometer
chain data within the same depth interval (e.g., in borehole B2, Fig. 14,
event 1). During event 1, a positive axial strain (i.e., extension) of
about 40 μɛ (or ~ 0.19 mm) was observed at the FBG sensor 3 anchored
between10.38m - 15.19mdepth.Within this depth interval, four of the
eleven inclinometer sensors (circled in Fig. 14) also detected horizontal
displacements with individual amplitudes between 0.1 and 0.2 mm. In
order to infer actual fracture kinematics and mode of re-activation, the
two horizontal SAA and the vertical FBG displacement have to be



Fig. 13. Visualization of the horizontal surface displacements at reflector 12 (black diamond symbol on map) measured with the TPS 1 station (left graph) and the cumulative horizontal
displacementsmeasuredwith the SAA in-place inclinometer system in borehole B4 (red dot) (right graph). On the top right, a zoom of themap in Fig. 3 is provided to show the local slope
direction and the location of the borehole B4 and the reflector 12.
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combined with the fracture orientation from televiewer logging. For
geometrical reasons, normal opening and reverse shearingmechanisms
cause positive strain (or extension) at the FBG sensor, whereas negative
strain measurements (i.e., contraction of the sensor) will originate from
normal closure or normal shearing of fractures (Fig. 15). In addition, the
measured strainmagnitude not only depends on the actual fracture dis-
placement but also on the angle between the fracture and the sensor
(see Fig. 15). This angle-dependent ratio between actual fracture dis-
placement and strainmeasured at the sensor can be calculated geomet-
rically using the law of cosines. In a similar manner, the measured
horizontal displacement of the SAA chain only reflects a fraction of the
total fracture displacement.

One possible interpretation of the actual fracture kinematics is illus-
trated with blue arrows in Fig. 14. This interpretation includes normal
shearing and opening between 10 m and 11.5 m depth and reverse
shearing and possibly closing at around 13 m. Although such an inter-
pretation of 3D fracture displacements is currently uncertain, longer
time series will allow a clearer identification of active structures and
their kinematic behavior.

5. Discussion

5.1. Subsurface temperature and pore-water pressure regime

The temperature sensor chain revealed the effect of the lateral ice re-
treat and annual temperature cycles on the transient subsurface tem-
perature regime. The annual thermally active layer in the slope above
the ice elevation is around 17 m deep at our study site and the negative
thermal gradient (i.e., cooling downwards) observed in borehole B4
likely reflects a transient temperature signal as the slope adapts to a
new, warmer mean annual ground temperature following ice retreat.

The pressure sensors allow us to characterize the pore-water pres-
sure in a fractured, crystalline rock slope adjacent to a warm valley gla-
cier. Seasonal pore pressure variations are regulated by (1) snowmelt
recharge during the main snowmelt period in spring, (2) recharge
from rainfalls and snowmelt events outside the main snowmelt period,
and (3) effects of englacial water in the temperate glacier. The data
shows low annual pressure head variability (~ 4 to 5 m) and relatively
stable values during wintertime close to the glacier (borehole B6).
This low variability is likely related to the proximity of the borehole to
the relatively constant glacial pressure boundary condition (i.e., the res-
ervoir effect of temperate glaciers). In borehole B4, located further from
the glacier, the pressure head shows stronger annual fluctuations (~
18 m) with maximum values after snowmelt infiltration and a subse-
quent depletion over the course of the year, interrupted by strong rain-
falls or additional minor snowmelt events. Further, we measure weak
daily pressure head fluctuations of up to a few decimeters in amplitude
in the rock slope between spring and autumn, but not in winter. These
signalsmight originate fromenglacialwater pressurefluctuation caused
by the daily glacier meltwater cycles.

5.2. Deformation signal validation and artifacts

Our displacement data show that themonitoring system can capture
displacement dynamics at a spatial and temporal resolution required to
describe the processes involved (FBG system: ~ 1 με (≈ 4 μm) or below,
and SAA in-place inclinometer system: ~ 0.1 mm/0.5 m). In order to in-
vestigate high-resolution FBG strain signals for the occurrence of mea-
surement artifacts, a detailed analysis of all significant FBG strain
events in the early data was conducted. It showed that: (1) most (~
70%) of the strain signals temporally coincide with potential triggers
such as rainfall or snowmelt events; (2) around 20% of the FBG strain
events could be clearly detected with the lower resolution SAA incli-
nometer chain and for about 50% of the FBG strain events a signal
close to the detectability of the SAA chain may be present; and
(3) that the measured strain signals do not show systematic errors.
This allows us to conclude that the majority of the measured reversible
and irreversible displacement signals (as well as combinations of the
two) measured with the FBG system at magnitudes between 1 μm to
N200 μm reflect real displacements. An open issue when interpreting
data from these high-resolution sensors is that micro-displacements
within the borehole might also originate from interactions of the stiff
PVC tube, the grout, and the different sensors. Longer time series will
help to distinguish between such borehole artifacts and real fracture



Fig. 14. Comparison of borehole axial strain measurements from FBG interval 3 (10.38–15.19 m depth) in B2 with horizontal displacements in the specific interval measured by the SAA
inclinometer chain. The black lines in the SAA data show horizontal x-axis displacement in slope dip direction, whereas the red lines show horizontal y-axis displacement in slope strike
direction (i.e., 90° x). In the precipitation plot, the bars show the cumulative total precipitation data (per 24 h) provided byMeteoSchweiz from theweather station “Bruchji” (Valais) lo-
cated approximately 6 km away from our study site. The cyan bars indicate precipitation that presumably occurred as snow (i.e., at surface temperatures below 1 °C at our study site (cf.
Jennings et al., 2018)). To the right of the monitoring data, the mapped structures from the optical televiewer log in the specific depth interval of B2 are shown in a slab core projection
cutting the borehole parallel to the slope dip.

Fig. 15. Geometrical dependency of the fracture orientation relative to the FBG sensor that controls the percentage of the total fracture displacement that can be measured with the FBG
sensor. Positive values mean extension and negative values contraction.
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displacements. Detecting a single eventwith different sensor types (FBG
system and SAA inclinometer) is one way to confirm that a specific
strain signal is a real fracture displacement.

Horizontal displacement events measured with the SAA inclinome-
ter can be validated by correlating them with the timing and location
of strain events measured with the higher resolution FBG system. The
reliability of the horizontal displacement data from the SAA in-place in-
clinometer was also investigated by comparing cumulative horizontal
displacements over the total depth of borehole B4 with independent
surface displacementsmeasured at a nearby reflector. The two displace-
ment measurements show similar behavior in orientation and timing,
however, at different displacement magnitudes. The fact that only a
part of the total horizontal surface displacement is captured in the bore-
hole allows us to conclude that the measured total surface displace-
ments occur down to greater depth (i.e., deeper than the borehole
depth of 44 m).

5.3. Deformation characteristics and drivers

The presented data shows that reversible and irreversible displace-
ment (or damage) events (as well as combinations of the two) often
temporally coincide with potential drivers such as rainfall events, pore
pressure variations due to snowmelt recharge, or extreme surface tem-
peratures. Major pore pressure buildups due to annual snowmelt re-
charge in spring or recharge from extreme precipitation events cause
clear deformation that can be observed at several sensors in all of the
three boreholes. The displacement magnitudes measured at individual
sensors during these events are in the range of a few tens of μm up to
more than two mm.

Reversible deformation is observed at different timescales and dis-
placement magnitudes. Weak daily strain fluctuations with an ampli-
tude of about 20 μm that correlate to the diurnal pressure cycles
during the summer season are measured at several FBG sensors. These
strain fluctuations might be related to englacial water pressure fluctua-
tions caused by the daily glaciermeltwater cycles. At intermediate time-
scales, reversible deformations (of a few days to weeks) are related to
pressure buildups due to recharge from heavy rainfalls or snowmelt
events, and normally show magnitudes up to 100 μm at individual
FBG sensors. Deformation during these events normally also includes
a minor irreversible component. Surface displacement monitoring and
cumulative horizontal borehole displacements further reveal reversible
deformation at an annual periodicity. These deformation signals might
be related to the annual pore pressure fluctuations in the slope. To
date it is difficult to clearly identify the irreversible portion of the defor-
mation related to this annual timescale because of the relatively short
time series. At least a few annual cycles are necessary to clearly distin-
guish an irreversible component related to progressive rock mass
damage.

5.4. Implications for the study of paraglacial rock slope evolution

In the framework of paraglacial rock slope evolution and in order to
investigate the effect of a retreating glacier on progressive damage and
stability state of adjacent rock slopes, it is of major importance to have a
good knowledge of the static and dynamic boundary conditions affect-
ing the slope. The annually acquired high-resolution aerial photos of
the Great Aletsch Glacier provided by the Swiss Federal Office of Topog-
raphy (swisstopo, JA100120) define themechanical boundary condition
of the ice loading and rates of ice retreat. With the borehole monitoring
of pore-water pressure and temperature at variable lateral distances to
the glacier, the thermal and hydraulic boundary conditions and its var-
iability over time can be clearly captured with our monitoring system.
As discussed in Sections 4.5 and 5.2 our surface and subsurfacemonitor-
ing system is also able to record localized displacements at the scale of
individual fractures. Future investigations will focus on the physical
relationships between these displacements field and the postulated
hydro-thermo-mechanical drivers.

As detailed in the introduction, rock slope failure can be the result of
damage accumulation over long timescales (e.g., Riva et al., 2017). Nu-
merical modelling results from Grämiger (2017) and Grämiger et al.
(2018) show that annual loading cycles from temperature and pore
pressure variations in rock slopes, superimposed on the mechanical
unloading effects from glacial retreat, can induce fracture displacements
on the order of 10–100 μm for thermo-mechanical processes and 100
μm per year for hydro-mechanical processes. The initial measurements
fromourmonitoring system show that differential displacements of this
magnitude are occurring along individual fractures at our study site, and
often correlate with these changing boundary conditions. Thus, our ini-
tial measurements support the modelling results presented by
Grämiger (2017) and Grämiger et al. (2018). However, the detailedme-
chanical conditions and drivers for minor fracture displacements are
still unclear, especially when consider quasi-stable rock slopes and
long geological time scales. As such, the strength criteria applied in the
models of Grämiger (2017) will be critically reviewed in future studies
of this novel data set.

The preliminary findings of this study have important implications
for many fields, for example the long-term stability of underground ex-
cavations for the disposal of radioactive wastes in crystalline rocks (e.g.
SKB Svensk Kärnbränslehantering AB, 2018), or the understanding of
the delay between deglaciation and catastrophic rock slope failure
noted by many authors (e.g., Ivy-Ochs et al., 2017). Three periods of en-
hanced slope failure have been noted in the Alps: 10–9 ky, 5–3 ky and
2–1 ky, which correspond to times when the climate became warmer
and wetter (Zerathe et al., 2014; Ivy-Ochs et al., 2017). Our measure-
ments support one possible mechanism that may help to explain this
observation: increased rate of damage accumulation during warm and
wet periods. We have directly measured damage accumulation tempo-
rally correlated with temperature and pore pressure fluctuations
(e.g., Fig. 12), and we hypothesize that during warmer and wetter cli-
mate periods thesewould bemore frequent.We postulate that the tran-
sition from a quasi-stable slope into a mature landslide is a continuous
process rarely studied and discussed in literature. In Alpine crystalline
rock slopes, it takes typically thousands of years to bring such a slope
close to a critical stability state. Discrete damaging events, such as earth-
quakes, can result in rock slope failures, but many large failures in crys-
talline rocks occur without a clear trigger.

6. Summary and outlook

In this work, we describe the setup, performance, and data gathered
fromanovel high-resolution boreholemonitoring system. The system is
installed at a unique location in a quasi-stable rock slope along the
retreating glacier tongue of the Great Aletsch Glacier (Switzerland).
We have established an automatic, continuousmonitoring systemoper-
ating reliably in a harsh alpine environment. The monitoring system
continuously records groundwater pressure, temperature variations,
and fracture displacements at highest resolution in order to investigate
thermo-hydro-mechanical coupled processes and their contribution to
progressive rock mass damage. While in the past, the processes in-
volved in progressive rock mass damage during the paraglacial transi-
tion were mainly investigated through numerical modelling
(e.g., Grämiger, 2017), our new monitoring system provides unique
and critical data supporting the analysis of paraglacial rock slope me-
chanics. The dataset presented here provides new information about
thermal and hydraulic boundary conditions and thermo-hydro-
mechanical coupled processes occurring in quasi-stable rock slopes
interacting with a retreating valley glacier.

In the future, the continuously growing dataset will be quantita-
tively analyzed for reversible and irreversible displacement signals
resulting from thermo-hydro-mechanical coupled processes, and addi-
tional data will be collected to better understand the coupling between
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englacial water pressures and those in the adjacent rock slope. The inte-
gration of longer time series of displacement monitoring data and the
structural information from the optical televiewer borehole logs will
allow us to investigate characteristics of specific displacement events
along individual fractures in 3D space in order to analyze dominant frac-
ture modes, kinematics, and predominant driving mechanisms. This
will enable us to relate the changing boundary conditions caused by gla-
cial retreat and fatigue from daily to annual thermal and hydraulic load-
ing cycles to progressive rock mass damage and weakening.
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