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The Aknes rockslide lies in a steep mountain slope, dipping on average
30 to 35° towards Sunnylv Fjord, Western Norway. As part of the early-
warning system implemented for this rockslide, hydraulic heads have been
continuously monitored since 2007. Four multi-level boreholes established in
2017-2018 provided an unprecedent dataset to better understand groundwater
recharge in such geological setting. Hydraulic-head timeseries reveal high and
opposing trends of up to 3.5 and —6.3 m/year, which could be related to the
continuous alteration of the geometry and permeability of the water-carrying
fracture network, due to rockmass creeping and widening of tension fractures.
Deeper than 80 m below ground, hydraulic heads change from underpressured
conditions in Spring to overpressured conditions in Autumn. The seasonal peak
in hydraulic heads, coinciding with overpressured conditions, is a major concern
in an eventual acceleration of the rockslide. Water infiltration is favoured in
vertical fracture zones and local topographic depressions, such as the backscarp,
while the connectivity of the sub-vertical fractures allows infiltrating water to
reach the water table at 33—-78 m depth, contributing to groundwater recharge.
Water is available for infiltration in periods with near frost- and snow-free ground
(May to November), with considerably higher amounts of water from May to
June due to higher snowmelt rates. These results provide a better understanding
of the hydrological regime and recharge processes in a steep mountain slope
and their implications for the management of unstable slopes.

KEYWORDS

seasonality of hydraulic heads, stratification of hydraulic heads, snowmelt, vertical
fracture zones, localized groundwater recharge

Introduction

Due to their importance for freshwater supply systems, the majority of the
literature concerning groundwater recharge has focused primarily on porous,
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karstic (e.g., Healy, 2010; Ordens et al, 2012; Malik et al,
2020), and to a lesser extent on fractured aquifers
(Kambuku et al., 2018; Ofterdinger et al., 2004, among others).

A better understanding of i) the water flow in the unsaturated
zone, ii) the seasonality of hydraulic heads, and iii) their response
to precipitation and snowmelt events, is crucial to assess the
natural processes that control the temporary storage of groundwater
in fractured aquifers located at steep mountain slopes. This is
especially important when these mountain slopes display instability
of the fractured rockmass, such as the Aknes rockslide bordering
the Sunnylv Fjord, in western Norway. Triggering of rock- and
landslides is controlled by an often very complex set of factors,
with water being one of the most critical drivers. Understanding
groundwater recharge is therefore an essential part of understanding
and monitoring rock- and landslides. Furthermore, climate change
is likely to disturb the prevailing hydrological system in Aknes,
resulting in changes in temperature, rainfall and snowfall (Hanssen-
Bauer et al., 2017). Thus, it is critical to understand the hydrological
regime and recharge processes so that we can assess the effect
of climate change on slope stability. This paper contributes to fill
some of these knowledge gaps by providing a new hydrogeological
dataset on the Aknes rockslide. Based on this dataset, we develop a
conceptual model of groundwater recharge and perform an analysis
of the corresponding recharge events.

The work presented here is a further development of the
dataset and complementary study to the work presented in NVE
(2024), Norwegian Resources and Energy Directorate). The latter
is the online publication of an internal project report, published in
2021. This is a thorough project report where besides conceptual
modelling of the sliding surfaces and rockmass properties, and
numerical modelling of groundwater flow, the timeseries of
groundwater levels were also analysed. In NVE (2024) the main
focus regarding the timeseries of groundwater levels was on the
open boreholes, and only one multi-level borehole (KH-02-17),
which by 2020 was the only multi-level borehole with high enough
quality data.

The present work adds to NVE (2024) (i) data which is now
available for three multi-level boreholes (KH-02-17, KH-01-18 and
KH-02-18) together with data from open boreholes, with timeseries
until December 2022; (ii) the analysis of individual recharge events,
based on the water-table fluctuation method, and (iii) the analysis of
the underpressured and overpressured conditions that are registered
at depths higher than 80 mgb (meters below ground).

Materials and methods
Study area

Aknes rockslide (62.18 North; 7.00 East) is located on a relatively
steep mountain slope dipping on average 30 to 35° southeast, with
minimum and maximum dips of less than 4° and 90°, respectively.
The mountain side extends from the mountain ridge at 1,430 masl
(meters above sea-level) down to the Sunnylv Fjord at 0 masl, while
the Aknes rockslide extends from the backscarp, at 900 to 700
masl, to the toe zone at approximately 200 masl (Figure 1). To the
west, the unstable slope is delimited by a steep NNW-SSE trending
fracture zone along which runs an ephemeral stream, referred to
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as the Western Gully. This fracture zone detaches the rockslide
from intact rock farther west. To the east, the unstable slope is
bounded by a pre-existing fault dipping 35°-45° to the west, where
the ephemeral Eastern Stream runs (Ganerod et al., 2008). Borehole
and geophysical data indicate a basal shear zone between 33 to 70
mbg (meters below ground), and a shallower shear zone between 8
and 34 mbg (Aspaas et al., 2024).

The backscarp area in Aknes is an important geomorphological
element in the mountain slope, where groundwater recharge is
favoured. It is more open to the west, and progressively closes to
the east. The graben that forms the western part of the backscarp
is 20-30 m deep, 20-30 m wide and 150 m long. In the middle
part of the backscarp, ca. 350 m long open fractures partially filled
with disintegrated rock, penetrate at least 60 m deep. To the east, a
10-20 m high rocky cliff runs along for 240 m. The treeline, which
influences evapotranspiration rates and therefore groundwater
recharge, crosses the rockslide around 200 m downslope from the
backscarp.

The rockmass is dominated by granitic to biotite-rich schistose
gneisses reworked during the Caledonian Orogeny. There are also
laminae, and up to 20 cm thick layers of biotite schistose gneiss
(Braathen et al., 2004). Sub-vertical joints form predominantly
in the granitic gneiss while undulating foliation surfaces, which
are sub-parallel to the mountain slope, prevail in the biotite
schistose gneiss (Ganerod et al., 2008).

Every winter-spring (December to May), the mountain slope
has a snow cover of up to 550 cm deep, from the mountain ridge
down to at least 500 masl. In addition, the ground freezes along
the mountain slope, reaching a depth of up to 30 cm. In Spring,
runoft from snowmelt brings significant volumes of water into the
rockslide area. Several ephemeral springs and streams have been
mapped from 1,000 to 100 masl, and in the rockslide area the springs’
location indicates groundwater seepage along the sliding surfaces.
The seasonal streams located at the Upper Spring Horizon (Figure 1)
flow into the backscarp, eventually leading to groundwater recharge,
while the abundant springs at the Lower Spring Horizon, represent
an important discharge area for groundwater (Ganerod etal,
2008). By comparing displacement data from the backscarp with
meteorological data from the Aknes station, Groneng et al. (2011)
identified the most important meteorological factors affecting the
activity in the backscarp, namely, snow and ice melt water in Spring
and large temperature fluctuations around the freezing point in
Spring, Autumn, and early Winter.

Hydrometeorological timeseries

Hydrometeorological data, such as snow cover, snowmelt, frozen
soil depth and wind-speed, are crucial for the present study.
As the dataset at Aknes meteorological station for the period
2007-2022 is limited to daily air temperature and precipitation,
we use grid-based hydrometeorological calculated data publicly
available at Xgeo (2023) for the two grid-cells that cover the Aknes
mountain slope (with centroids at 1,160 and 300 masl). The daily
hydrometeorological data is estimated for grid cells of 1 km? that
cover the whole Norway. Observed data of daily air temperature
(ca. 230 stations) and precipitation (ca. 400 stations) are spatially
interpolated using a Bayesian method (Boje et al., 2018; Saloranta,
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FIGURE 1 ,
Location of Aknes rockslide and its instrumentation, managed by NVE. Interpreted backscarp and sliding planes by Ganered et al. (2008). Location of
springs and streams by Frei (2008) and Bigrn-Hansen (2019). WGS84 UTM 32N coordinates in meters. GNSS: Global Navigation Satellite System. Insert
map from Google Maps shows location of Aknes (red dot) in western Norway.

2012). A strong correlation is observed between data measured at the
Aknes meteorological station and the calculated data for the grid-
cell at 1,160 masl, with a Pearson correlation coefficient of 0.911
for precipitation (n = 3,111), and of 0.953 for air temperature (n =
3,418). This data is shown in Supplementary Section 1.

Frontiers in Earth Science

Timeseries of hydraulic heads

As part of the early warning system implemented by the
Norwegian Directorate for Water and Energy (NVE) for Aknes
rockslide, the timeseries of measured hydraulic heads include
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four open boreholes, KH-04-05at 239.8 masl, KH-02-06 at
560.9 masl, KH-03-06 at 239.9 masl, and KH-01-12 at 701.1
masl (covering the period October 2007 to December 2022)
and three multi-level boreholes, KH-02-17 at 733.8 masl, KH-
01-18 at 593.0 masl, and KH-02-18at 471.4 masl (covering
the period November 2019 to December 2022). Further details
are given in Supplementary Section 2.

Results and discussion

Seasonality and trends of the estimated
hydrometeorological parameters

The Aknes mountain side is characterized by an average annual
precipitation of 1,489 mm/yr (with a maximum of 2,577 mm in
2022) and an average annual air temperature of 0°C, for the 30-
year normal period 1993-2022, at 1,160 masl. For the same normal
period, the average annual temperature at 300 masl (6°C) is higher
than at 1,160 masl (0°C), indicating the influence of elevation on
the local air temperature, which affects the snow cover duration
and melting rate, thus affecting the groundwater recharge rate. The
warmest months are June through August, with an average of 6°C,
and a maximum of 20°C. The coldest months are December through
February, with an average of —-6°C, and a minimum of -26°C, at
1,160 masl.

The months with higher precipitation rates (December
through February) are also the coldest, with prevailing negative
temperatures. If there is an early thick snow cover, it will insulate
the ground, resulting in shallower depth of frozen ground. However,
in years with a thin snow cover, the ground may freeze to a greater
depth. Both a thick layer of frozen ground and a thick snow cover
hinder the infiltration of liquid water and groundwater recharge, the
latter attaining its maxima from January to April.

The months that are more favourable to infiltration of water
in the soil and subsequent groundwater recharge in Aknes are
those with little to no frozen soil, nor snow cover: June through
November at 1,160 masl; and all months except February at 300 masl.
In addition, in the months with higher snowmelt rates, February
through May at 300 masl, and May through July at 1,160 masl, higher
amounts of water will infiltrate where the snowpack and/or frozen
soil thickness so allow.

The wind speed influences the amount of humidity above
the ground and canopy, which in turn influences the rates of
evapotranspiration during the warmer months, and snow and ice
sublimation during the colder months. The wind speed data at
Aknes, from Xgeo (2023), is limited to the period 2018/03/01 to
2022/12/31. This data shows a less prominent seasonality than
the remaining hydrometeorological variables, where the windier
months are January through March with average and maximum
wind speeds of 8 and 20 m/s, respectively. Wind speed at 300 masl is
approximately half of that observed at 1,160 masl.

At 300 masl, for the 15-year period 2007-2022 that coincides
with the hydraulic head timeseries in Aknes, precipitation and
snowmelt show a slightly increasing trend of 0.11 mm/d/year
and 0.02 mm/d/year, respectively. Temperature increases by
0.11 °C/year, while snow depth shows the largest increasing trend of
0.33 mm/d/year (and a significantly higher trend at 1,160 masl
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- 32.46 mm/d/year). Frozen soil depth has a decreasing trend
of —0.29 mm/d/year, at 300 masl, but an increasing trend of
0.91 mm/d/year, at 1,160 masl.

Seasonality and stratification of the
measured hydraulic heads

The shallowest water-table, at 32.7 mbg, is observed in borehole
KH-01-18, which is at 593.0 masl in the mountain slope, located
closest to the deep crevasse that forms the Western Gully. The
deepest water table, at 77.8 mbg, is observed in borehole KH-02-17,
located highest in the mountain slope, at 733.8 masl. Hydraulic
head data from the multi-level borehole KH-01-18 show an upward
hydraulic gradient that can reach up to 30 m of head difference in
November and December (between the deeper sensors at 153 and
189 mbg, and the sensor at 43 mbg, Figure 2), while borehole KH-
02-18, also located close to the Western Gully, shows an upward
hydraulic gradient throughout the whole year. This clearly indicates
that the Western Gully is a local groundwater discharge area,
with deeper fractures feeding the shallower fractures that directly
discharge into the ephemeral springs located on the flank of the
Western Gully (Middle Spring Horizon, in Figure 1).

The monthly average, maxima and minima of measured
hydraulic heads are shown in Figure 2. The datasets from the
open boreholes (KH-04-05, KH-02-06, KH-03-06, KH-01-12)
reveal a much lower amplitude of variation, between 1.8 and
5.1 m, than the dataset from the deeper sensors of the multi-level
boreholes (KH-02-17, KH-01-18, KH-02-18), with an amplitude of
13.5-41.5 m (Supplementary Table 2). The much smaller amplitude
of variation observed in open boreholes indicates that this dataset
that does not reveal the vertical stratification of hydraulic heads
which is clearly seen in the multi-level borehole dataset. The
shallowest sensor in each multi-level borehole also has a low
amplitude-between 1.1 and 4.1 m, suggesting that the fractures
intersecting the shallowest borehole intervals may discharge
groundwater close enough to the borehole, resulting in a limited rise
in hydraulic head during recharge events.

Stratification of the hydraulic heads has previously been
reported based on borehole flow-meter measurements undertaken
by the Norwegian Geological Survey (Elvebakk, 2008; Elvebakk,
2013; Elvebakk and Pless, 2018), and on distributed heat tracing
tests performed by Acuna et al. (2021). In addition, the evolution
of groundwater physico-chemical properties (including pH,
temperature, electrical conductivity, major and minor dissolved
elements) at springs from the Upper Spring Horizon, close to the
backscarp, to the Lower Spring Horizon, at the toe zone (location
shown in Figure 1) (Biorn-Hansen, 2019) also indicates different
residence times for the shallower and deeper groundwater flow
paths in the mountain slope.

Hydraulic heads’ maxima occur from July through December,
during which the hydraulic heads at the deeper sensors of KH-
02-17 (except sensor at 129 mbg), KH-01-18, and KH-02-18 are
higher than the hydraulic heads measured at shallower depths,
i.e., upward hydraulic gradient. This stratification of the hydraulic
heads, and the corresponding direction and amplitude of the vertical
hydraulic gradient change seasonally (Supplementary Figure 2;
Supplementary Section 2.2). Hydraulic heads measured deeper than

frontiersin.org


https://doi.org/10.3389/feart.2025.1612208
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Sena et al. 10.3389/feart.2025.1612208
675 -
670 KH-02-17 (2019-2022)
665 - 733.8 masl
. 660 - . —x— e & : --®- 78mbg
2 655 ZES ;:'F:#’ ==
£ 650 A -0 - 88mbg
T 645 -
%2‘3‘2' *-0-0-0-0 -0 -0 000 o9 O l0Imk
3 ] --@- 121mbg
3 630 -
2 233 ] { { --8- 129mbg
615 1 }\¥_4__{__+—'f’%"f — & -KH-01-12 (2013-2022)
1 1.1
605 r 142 - | To1lmad
595 -
590 4 KH-01-18 (2019-2022)
E 585 593.0 masl
E _
= :?g --8- 43mbg
S _
£ 570 4 l l l_ l_ l l/ = - @--80mbg
2565 1 - :l( =®--9-- 'L
> 7’
2560 1 @-- -GBS -* 153mbg
i) Pttt
T 550 T°= -#--189mbg
545 — T 1 4+ + 111
Z 530 -
£ 525 - --@- KH-02-06 (2007-2022)
T 520 A 560.9 masl
255] 0--0-9--0--0-0--0-0--0--0--8--9
£ 510 |
=)
® 505
32 500 — T
y
465 -
460 1 G-Bog 1 1.4 KH-02-18 (2020-2021)
%:gg | T ?\?\\. T"' *-9-TY T 471.4 masl
E 1
o ﬁg ] -@=--67mbg
2 435 -@--111mbg
£ 430 -
425 A 145mbg
AR STEEC oo s il S
2(1)‘53' o--o--o-o-tf-o-o-o-o-o—o
Z 220 -
£ 215 | --®- KH-03-06 (2015-2021)
T 210 A 239.9 masl
2 205 |
£ 200 - O e it s T To T o FTY, S, S --e - KH-04-05 (2010-2016)
? 195 L B S S sk dn i e k. ok s 239.8 masl
S 190 —
* 1 2 3 4 5 6 7 8 9 10 11 12
Month
FIGURE 2

Average hydraulic heads measured in open boreholes (KH-04-05; 02-06; 03-06; 01-12) and multi-level boreholes (KH-02-17; 01-18; 02-18) in
Aknes. Bars are minima and maxima. Values in masl, below the borehole reference, refer to the elevation of the borehole on the slope.

80 m in the four multi-level boreholes (KH-01-17, -02-17, 01-18
and -02-18) are over hydrostatic pressure in Autumn, and below
hydrostatic pressure in Spring, suggesting that at these depths,
groundwater recharge rate is higher than groundwater discharge rate
in Autumn, and vice versa in Spring. This seasonal accumulation
and drainage of groundwater in the fractured rockmass is likely to
enhance the destabilization of the Aknes rockslide. The hydraulic
heads’ maxima and overpressured conditions observed in boreholes
KH-02-17, KH-01-18 and KH-02-18, coincide with peaks of
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velocity of displacement of the rockmass, and therefore are a
major concern regarding an eventual acceleration of the Aknes
rockslide (NVE, 2021).
The head
Supplementary Table 2) reveal approximately no pluri-annual
trend (<0.01 m/year) in three boreholes (open boreholes KH-
04-05; KH-01-12; and, multi-level borehole KH-02-17, sensor
at 78 mbg), and clear pluri-annual trends (>0.01 m/year) in two
open boreholes (KH-02-06 and KH-03-06) and twelve sensors in

hydraulic timeseries (Supplementary Figure 6;
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three multi-level boreholes (KH-02-17, KH-01-18 and KH-02-18,
shown in the Supplementary Table 2). The highest increasing trend
of 3.47 m/year is observed in borehole KH-02-17 at 129 mbg, and
the most decreasing trend of —6.31 m/year in borehole KH-01-18 at
189 mbg. The possibility that these trends are due to measurement
errors is relatively low given the fact that all the boreholes have been
installed under controlled conditions, with casing in the upper part
and packers at different depths in the multilevel boreholes. They
are also not easily accessible to other people that could interfere
with the readings. In addition, since all boreholes are part of NVEs
early warning system for Aknes rockslide, they are periodically
quality-controlled and maintained by dedicated technicians.

The relatively high and opposing trends observed in the
hydraulic head timeseries cannot be explained by the trends in
precipitation and snowmelt (both at 0.11 mm/d/year). What may
explain these trends in hydraulic heads is the continuous alteration
of the geometry of the water-carrying fracture network, and the
aperture and filling of the fractures themselves, as a consequence of:

o the creeping that occurs constantly at different depths
and speeds (Aspaas et al., 2024);

« changes in the topography due to rock fall, which is especially
active along the Western Gully, and;

« widening of tension fractures, with eventual collapse of part of
the fractures” walls and/or filling with transported rock debris.

Analysis of groundwater recharge events

Based on the length and continuity of the timeseries, the
representativity of the groundwater pressure conditions, and the
elevation range in the mountain slope, three boreholes were selected
for the analysis of groundwater recharge events:

« Multilevel borehole KH-01-17, at 733.8 masl, using data from
sensors at 78, 101 and 129 mbg, timeseries extending from
October/2018 to December/2022

« Open borehole KH-02-06, at 560.9 masl, timeseries extending
from October/2009 to December/2022

« Open borehole KH-04-05, at 239.8 masl, timeseries extending
from November/2009 to January/2017

This analysis is based on the water-table fluctuation method
(Healy, 2010), where we first selected individual peaks in the
timeseries, and subsequently measured the time it took to reach the
peak (duration), and the rise in hydraulic head (Figure 3) (selected
peaks are shown in Supplementary Section 2.3). The water-table
fluctuation method assumes that rises in groundwater levels in
unconfined aquifers are due to recharge water arriving at the water-
table. In this method groundwater recharge is estimated based on
the assumption that the amount of available water in a column of
aquifer unit surface area is equal to specific yield times the height of
water in the column.

It should be noted that the water-table fluctuation method
proposed by Healy (2010) is not fully applied in this study. Since
there are high uncertainties related to the specific yield that needs to
be attributed to the fractured rockmass at Aknes, to be able to fully
apply the water-table fluctuation method, we decided to focus solely
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on the quantification of the rise in hydraulic head, and the time it
takes to reach the peak.

The longest recharge events are observed at 101 and 129 mbg in
borehole KH-02-17, and in borehole KH-02-06. These events lasted
between 165 and 214 days and reached their peaks in the months
of July, August and November. The shortest recharge events of less
than 2 days are observed in borehole KH-04-05, with relatively short
events also observed at the shallowest sensor in borehole KH-02-17.
The largest rises in hydraulic head (up to 14.7 m) are registered in
borehole KH-02-17 at 101 and 129 mbg. Both of the open boreholes,
KH-04-05 and KH-02-06, display small rises in hydraulic head
(up to 2.7 m).

At KH-04-05, located at lower elevation, peaks of recharge events
are registered every month, while at higher elevation at borehole KH-
02-06, no peaks are registered from December to March and in June.
The absence of the recharge event peaks from December to March in
borehole KH-02-06 suggests that snow cover and/or frozen ground
hinder groundwater recharge, but do not completely cease it, according
to the data registered in borehole KH-02-17, located at even higher
elevation than KH-02-06. At78,101and 129 mbg, borehole KH-02-17
registers smaller and shorter peaks of recharge events from December
to March (compared to the other warmer months), indicating that
water melts at the bottom of the snow cover and/or frozen ground and
slowly recharges groundwater also in the winter months.

Conceptual model of groundwater
recharge

Following the approach proposed by Healy (2010), the
conceptual model of groundwater recharge at Aknes attempts to
answer when, where, and why recharge occurs. The conceptual
model of groundwater recharge presented here is based on the work
presented in NVE (2024). In Aknes, groundwater recharge occurs
because of the combined effects of:

the available water for infiltration in periods with nearly frost-
and snow-free ground (May to November), with considerably
higher amounts of infiltrating water from May to June due to
higher snowmelt rates;

« the occurrence of vertical fracture zones;

local topographic depressions, such as the middle part of the
backscarp containing a graben; and,

o the connectivity of the sub-vertical fractures below the ground
that allow infiltrating water to reach the relatively deep water-
table (between 32.7 and 77.8 m deep).

The quantitative estimation of the recharge rates at Aknes
are out of the scope of this paper, and the interested reader is
referred to NVE (2024) for further reading.

Based on the slope morphology, and field observations of
the soil cover and fracturing of the exposed bedrock, the Aknes
mountain slope is divided in two main areas-the area upstream and
downstream the backscarp (Bruun, 2019; Ringstad, 2019). The area
upstream the backscarp, extending from the surface water divide to
the backscarp, is located above the treeline, dominated by bare rock
areas with a lower degree of fracturing, and sporadically covered
by thin soil and rock debris. On the other hand, the area from the
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FIGURE 3
Average rise in hydraulic head (in decimeters, dm, and meters, m) and duration (in days, d) of the groundwater recharge events analyzed for selected
boreholes. n is the number of recharge events; black bars show maxima and minima.

backscarp down to the fjord, is mostly below the treeline, is more
fractured, with several sub-vertical fracture zones, slide scars, and
larger areas covered with thicker soil and rock debris (Figure 4).
For these reasons, the area downstream the backscarp is considered
more favourable for groundwater recharge than the area upstream
the backscarp, and the surface runoff from above the backscarp is
believed to infiltrate preferentially at the backscarp (red and blue
recharge areas, in Figure 4).

The area upstream the backscarp is divided into three sub-
catchments (Figure 4), based on how they contribute to groundwater
recharge downstream of the backscarp:

o West area (68,120 m?), where surface runoff does not lead to
groundwater recharge downstream of the backscarp. This is
because of the significant slope steepness in the upper part of
the Western Gully, which is a deep crevasse that collects rock
avalanches, loose boulders, surface runoff from snowmelt and
precipitation, and groundwater discharge.

« Middle area (124,190 m?), where surface runoff infiltrates in
the middle backscarp area dominated by the graben and open
fractures, resulting in localized groundwater recharge.

« Eastarea (101,170 m?), where surface runoff runs down the rocky
cliffs as thin waterfalls and preferentially infiltrates in the area
between the foot of the cliffs and the upper part of the Eastern
Stream, where the ground is covered by bouldery rock debris.

The area downstream the backscarp (including the

backscarp) is therefore divided in three distinctive groundwater

recharge areas (Figure 4):
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« Middle area (9,090 mz), where localized

groundwater recharge occurs due to the infiltration of surface

backscarp

runoff from upstream the backscarp, favoured by the presence
of the graben and open fractures in this part of the backscarp.
« East backscarp area (64,250 m?), where groundwater recharge
is also fed by infiltration of surface runoft from upstream the
backscarp, but it is less localized than in the middle backscarp
area due to the more even downslope topography, and fewer
open fractures.
(583,900 m?),
runoff from upstream of the backscarp is considered
not to contribute recharge. this
area, what is left from precipitation and snowmelt after
evapotranspiration and surface runoff is the only source of

where  surface

Precipitation-only  area

to groundwater In

diffuse groundwater recharge.

The reliability of the conceptual model of groundwater
recharge at Aknes has been tested in a three-dimensional
groundwater flow simulation, which has a relatively good agreement
between measured and simulated hydraulic heads in five out
of seven boreholes that were used in the calibration (NVE,
2024). These results provided a robust framework that proved
two major hypotheses: (1) the recharge rate in the backscarp
is much higher than in the rest of the unstable slope, due
to infiltration of surface runoff originated from the mountain
ridge, and (2) tension fractures caused by the displacement
of the unstable rockmass generate “groundwater barriers” that
sustain a relatively high water table at high elevation in the
rock slope.
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FIGURE 4

Recharge areas with distinct groundwater recharge processes, and the sub-catchments upstream the backscarp. The main sub-vertical fracture zones
that can influence groundwater recharge, are also shown with black lines (modified from NVE, 2024). Topographic basemap from OpenStreetMap

Conclusions and future work

The timeseries of hydraulic heads in Aknes, covering the period
October 2007 to December 2022, reveal high and opposing trends of
up to 3.5 and —6.3 m/year that cannot be explained by the trends in
precipitation and snowmelt (both at 0.11 mm/d/year). What could
explain the trends in hydraulic heads is the continuous alteration
of the geometry and permeability of the water-carrying fracture
network, as a consequence of the creeping of the rockmass, the
changes in topography due to rock fall, and the widening of the
tension fractures in the rockslide.

Deeper than 80 m below ground, hydraulic heads change from
underpressured conditions in Spring to overpressured conditions in
Autumn. This seasonal accumulation and drainage of groundwater
in the fractured rockmass is likely to enhance the destabilization
of the Aknes rockslide, and the seasonal peak in hydraulic head,
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registered in November-December represents a major concern in an
eventual acceleration of the rockslide.

The longest groundwater recharge events can last as long as
214 days, attaining their peaks in July, August and November. The
largest rises in hydraulic head-up to 14.7 m, are registered in July
and August in borehole KH-02-17, located closest to the backscarp.
Smaller and shorter peaks of recharge occurring from December to
March indicate water melting at the bottom of the snow covered
and/or frozen ground and slowly recharging groundwater also in the
winter months.

Groundwater is recharged in Aknes due to infiltration in vertical
fracture zones and local topographic depressions, such as the middle
part of the backscarp containing a graben. Water is available for
infiltration in periods with near frost- and snow-free ground (May
to November), with considerably higher amounts of available water
from May to June due to higher snowmelt rates.
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Three main groundwater recharge areas are defined in the
Aknes rockslide:

o the middle backscarp area, where localized groundwater
recharge, with an important contribution from surface runoff
from upstream the backscarp, occurs due to the presence of a
graben and open fractures;

o the east backscarp area, where groundwater recharge is also fed
by infiltration of surface runoff from upstream the backscarp,
but due to the more even downslope topography and fewer
open fractures, infiltration is less localized than in the middle
backscarp area; and,

o the precipitation-only fed area, where the portion of
precipitation and snowmelt that is left after evapotranspiration
and surface runoff contributes to diffuse groundwater recharge.

The results achieved in this investigation greatly contributed to
the onset of the groundwater drainage plan as a measure to increase
the stability of this rock slope. As a continuity to this work, we
suggest performing a systematic analysis of the effect of (i) the water
movement in the unsaturated zone, (ii) the vegetation cover, (iii)
the steepness of the ground surface, and (iv) the soil thickness and
properties on the groundwater recharge in Aknes, including the use
of environmental tracers.
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