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ABSTRACT: In this study we will show how fractographic (i.e., fracture surface morphology) data of exfoliation fractures (i.e.,
fractures subparallel to landscape surfaces limited to near-surface rock masses) and three-dimensional numerical modeling can be
used to infer orientations of principal rock mass stresses in topographically complex Alpine areas. Analysis of exfoliation fracture
plumose axes, i.e., fractographic features that indicate main fracture propagation directions, and supposed local maximum com-
pressive principal stress (o;) orientations at the time of fracture formation, suggests complex directional trends of near-surface o
within trough valleys of the Grimsel region (central Swiss Alps). We investigated near-surface stress tensors with a three-
dimensional, elastic numerical model to 1. deduce evidence that plumose axes form parallel to o; in an overall compressive (far-
field) stress field, and to 2. increase our knowledge of near-surface stress orientations in Alpine settings. Model results illustrate
that superposition of topographic stresses with realistic horizontal strains reveals complex near-surface o; trajectories that widely
follow the patterns of plumose axes. The model results demonstrate large variations of stress orientations, which cannot be captured
by small numbers of classical stress measurements. /n-sifu stress measurements support exfoliation fracture formation under com-

pression and principal stress directions as inferred from our numerical model.

1. INTRODUCTION

Characterization of rock mass stresses is of great im-
portance during design and construction phases of many
geotechnical projects, such as surface mining (e.g., quar-
rying), underground excavations (e.g., tunnels and
shafts), and for analyzing slope stability. However, rock
stress data are commonly rare, and in many cases come
from a very limited number of boreholes and borehole-
based in-situ stress measurements. In early project phas-
es there might even be no such stress data at all.

To date, most analytical and numerical studies on topo-
graphically-induced alteration of gravitational, tectonic,
and exhumation-induced remnant stresses focused on
two-dimensional cross valley geometries illustrating in-
plane stress rotation (i.e., parallel to valley cross profile),
occurrence of tensile and compressive stresses, and
changes of principal stress magnitudes. These studies
contributed substantially to our understanding of stresses
in (alpine) valley slopes [1-5]. Though, model results
were rarely compared with local in-situ or palacostress
data. In addition, the three-dimensional orientations of
principal stresses remained poorly understood.

The granitic rock mass of the Grimsel region, located in
the Central Alps of Switzerland between the town of
Guttannen and Grimsel Pass, contains well-developed
Pleistocene exfoliation joints' (i.e., joints that follow
present or former landscape forms; also known as sheet
or sheeting joints [6]) up to maximum depths of about
200 m below ground surface (bgs.) and within different
landforms, such as trough valleys [7]. These joints are
commonly decorated by fractographic markings (joint
surface morphologies) like radial plumose structures that
typically show a plumose axis (Fig. 1). Plumose axes
propagate from a fracture origin in two opposing direc-
tions (i.e., they consist of two semi-axes) and mark the
locations of fastest fracture propagation and greatest
stress intensity during fracture growth [8]. Exfoliation
joints are thought to form under high differential princi-
pal stresses (o; = 0, >> g3; compressive stresses are
positive) with compressive ¢; and o, oriented parallel to
the fracture plane [6, 9]. In-situ stress measurement re-
sults and stress-induced rock mass failures in shallow
subsurface galleries, such as spalling along tunnel walls,

' In this paper we use the term exfoliation joint when referring to a single,
continuous surface. This surface may, however, be composed of several
coplanar individual exfoliation fractures with distinct fracture origins.



support such high near-surface maximum and intermedi-
ate compressive stresses in the Grimsel region [10].
High near-surface compressive stresses can originate
from: 1. the elastic response of laterally confined rock
mass to erosional unloading [11-13], 2. ice unloading
during deglaciation [14], 3. active regional tectonics
[15-17], 4. topographic perturbation in areas of high
relief topography [2, 18, 19], or 5. a combination of
these mechanisms [1]. We assume that o, lies parallel to
the plumose axis at the time of fracture propagation.
Thus, the orientations of plumose axes on exfoliation
joints could be used as a proxy for near-surface pal-
aeostress directions, and, in case of recent exfoliation
fractures, contemporary stress directions (cf., [8]). This
article supports this hypothesis by comparing fracto-
graphically-inferred stress directions with stress direc-
tions calculated utilizing a three-dimensional finite-
difference stress model that incorporates the real topog-
raphy of the Grimsel landscape. Furthermore, this paper
aims to illustrate the complexity and patterns of near-
surface stress orientations, which can be estimated from
fractographic analyses and simplified numerical models.
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Fig. 1. Example of a radial plumose structure on a steep exfo-
liation joint northeast of Lake Raterichsboden (Fig. 3). Dotted
arrows mark the plumose axis and major fracture propagation
directions, respectively.

2. THE GRIMSEL STUDY SITE

2.1. Geomorphological and lithological overview

The Grimsel region is located in the upper Aar valley of
the high Swiss Alps and ranges in elevation from about 1
to 3 km above sea level (asl.). Its morphology contains
landforms of distinct ages (Pleistocene and pre-
Pleistocene) and origin (glacial and fluvial) of which
inner-trough valleys are most prominent [7]. Typical
cross valley profiles contain (from crest to valley bot-
tom): 1. glacial cirques or (sharp) kinks (i.e., glacial
trimlines), 2. gently inclined, roughly linear upper valley
slopes, 3. (convex) valley shoulders characterizing the
boundary to 4. inner, steeper U-shaped trough valley,
and 5. inner-valley gorge. Fig. 2 shows an elevation
model of the area with a 25 m grid size (DHM25, swiss-

topo). The main inner-trough valley strikes about W-E to
WSW-ENE west of Grimsel Pass and trends towards
NNW north of Grimsel Pass.

Rock mass of the Grimsel region consists primarily of
late Variscan intrusive rocks of the central Aar Massif
(mainly Central Aar Granite and Grimsel Granodiorite;
Fig. 2). These are surrounded by primarily older,
polymetamorphic gneisses and schists, known as Altkris-
tallin (Ger.) [20].
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Fig. 2. Digital elevation model (DHM25) of the Grimsel area.
Rock mass mainly consists of Carboniferous intrusives, such
as Central Aar Granite (CAGr) and Grimsel Granodiorite
(GrGr). Dark grey colored areas predominantly contain pre-
Variscan gneisses, schists, and migmatites (Ziegler et al. [7],
and references therein). The shown area corresponds to the
modeled area (Fig. 5).

2.2.  In-situ stress measurements

Stress measurement data of the Grimsel area come from
the shallower and deeper subsurface (between about 40
and 680 m bgs.). In the course of preliminary projects
for new subsurface hydropower constructions of Kraft-
werke Oberhasli AG (KWO, Innertkirchen), borehole-
based in-situ stress measurements utilizing hydraulic
fracture method were conducted in 2009 (Handegg I)
and 2011 (Kessiturm). Further data of the in-situ stress



state originate from overcoring and hydraulic fracture
experiments at the NAGRA Grimsel Test Site (GTS;
borehole GS 84.041 A). Additional overcoring data
come from a niche located along an access gallery to the
underground Grimsel II hydropower plant. Stress meas-
urement locations and results are given in Fig. 2 and
Table 1, respectively. The majority of stress measure-
ments (in total 44) yield S > S;, > S, (see Fig. 9).

Table 1. Magnitude and orientation of in-situ stresses inferred
from stress measurements in boreholes [21-24]

Location / S, S, Sy S,
overburden [MPa] [MPa] [MPa] orientation
nggg gn% Vol 120 | 7490 | 142-173 (nga-]i 0
T:%igggin 11-14 | 15-30 25-40 WI}I‘INV‘\;IESSSEEtO
Sgismnslel " 70 - 20 (N17III}_ES:E 11)
13(555‘5“;81{ 8.7-15.5 | 7.8-223 | 9.5-37.3 WNW-ESE

Vertical (S,), minimum horizontal (S,,), and maximum horizontal (Sy)
stress components.

3. ANALYSIS OF PLUMOSE STRUCTURES

3.1.  Data acquisition and processing

The spatial coordinates (position, length, and direction)
of a total of ~400 nearly straight (visible parts of) exfoli-
ation fracture plumose semi-axes (for ease of reading
referred to as the plumose axis) were surveyed with a
reflectorless laser rangefinder (Vectronix VECTOR 1V)
connected to a mobile GPS station (Leica Zeno 15) with
an integrated geographical information system (Leica
Zeno GIS). The plumose axes are represented by three-
dimensional polyline features consisting of up to eight
linear segments with a mean of about three segments.
Visible plumose axes lengths range from about 1.5 to
35.3 m with a median of 8.4 m. The mean trend and
plunge of plumose axes (and fracture propagation direc-
tions) were calculated by linear best fit through the
measured segments. Presentation of pitch angles, in con-
trast to cardinal directions, allows us to directly compare
investigated exfoliation joint surfaces (and plumose
structures) of variable orientation (data processing is
described in more detail in [25]). The plumose axis pitch
angle is the angle between a horizontal line and the (lin-
early approximated) plumose axis on the (inclined) frac-
ture surface (Fig. 1). The exfoliation fracture (joint) ori-
entation, necessary for calculating pitch angles, was
estimated from LiDAR-based digital terrain models
(open area minimum altimetric precision (10): £ 0.5 m)
and/or from three-dimensional photogrammetric models.
Plumose axis pitch angles contain information of the
main direction(s) of plumose structure propagation rela-
tive to local slope topography. In this article we show
representative data from plumose structures (~140 plu-
mose axes) that originate from inner-trough valley

slopes around Lake Riterichsboden, located in Central
Aar Granite.

3.2.  Plumose structures north of Lake Rdterichs-
boden
Plumose structures around Lake Raterichsboden are
situated within massive rock mass sections of Central
Aar Granite (CAGr) (Figs. 2 and 3), and belong to exfo-
liation joints of Upper Pleistocene and Holocene age
(denoted generation 3 and 4, according to Ziegler et al.
[7]). We combine the data from generations 3 and 4 in
this analysis based on common characteristics: 1. shal-
low occurrence (on the order of meters to few decame-
ters below ground surface), 2. young ages (primarily
fresh joint surfaces as compared to older exfoliation joint
generations found in the region), and 3. orientations
characteristically subparallel to today's ground surface.
All plumose structures deviate from circularity and
comprise a straight to slightly curved plumose axis.
Complete plumose structures indicate that these axes
form from a fracture origin in opposing directions and
that exfoliation fractures propagated radially outwards
(Fig. 1).
Fig. 3 presents an overview of the direction and length
of plumose structures around Lake Réterichsboden. The
calculated plumose axes pitch angles are presented in
Fig. 4. These show that lefi- and rightward propagating
axes dominate (68%). However, a considerable amount
of plumose axes (32%) indicate down- and upward di-
rected propagation (left, right, up, and down with respect
to the line of sight from GPS stations; bin size 90°, i.e.,
four sectors of + 45° from horizontal). Latter plumose
axes occur, e.g., at location A close to the inner-trough
valley bottom. Plotting pitch angles with a bin size of
2.5° shows local maxima at 20°, 35°, and 45°.
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Fig. 3. Direction and length of plumose axes north and east of
Lake Riterichsboden (for overview see Fig. 2; background:
airborne orthophoto Swissimage, swisstopo). The red star
marks the location of the plumose axis shown in Fig. 1.
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Fig. 4. Frequency (N) of exfoliation joint plumose axis pitch
angles at the Lake Réterichsboden area. Pitch angle bin widths
are 90° (grey sectors; L: left, R: right, D: down, U: up; N =10
=37%) and 2.5° (black).

4. FINITE DIFFERENCE IN-SITU STRESS
MODELING

4.1. Intact rock and rock mass properties

Based on (mean) values of intact granitic rock strength
and elastic properties from Keusen et al. [26] we esti-
mated mechanical rock mass properties (Table 2). We
ignored lithological variations in the Grimsel area and
used the rock properties of CAGr, the major rock type in
the region, throughout the model. The rock mass consist-
ing of CAGr is dissected by four widespread systematic
joint sets with very wide mean joint spacing of ~15 m
[27]. Thus, we only slightly reduced the mean Young's
modulus of intact rock (£;) to receive a continuum
equivalent approximation of the Young's modulus of the
rock mass (E,,), accounting for joint compliance. Since
the model is calibrated by increasing displacements at
boundaries until target far-field stresses are reached
within the model, the exact value of E,, is of minor rele-
vance.

Table 2. Material properties of (intact) granitic rock and rock
mass (Central Aar Granite)

Parameter Unit Value

Density (o)) kg/m® | 2660 + 23.8 (10)
Uniax. compr. strength (UCS) | MPa 169 + 37.1 (10)
Young's modulus (E;) GPa 533 +11.0(10)
Poisson's ratio (1) - 0.37 + 0.12 (10)
Density (0,,) kg/m® | 2660

Poisson's ratio (;,,) - 0.30

Young's modulus (E,,,) GPa 47

Gravitational acceleration (g) | m/s® 9.81

10: range of the standard deviation.
i: intact rock; rm: rock mass.

4.2. Mesh setup

Our three-dimensional, rectangular 'block model' repre-
sents a height of z,, = 13.5 km (ranging from -10.0 to 3.5
km asl.), is 10.5 km wide (x,, is oriented W-E), and 13.5
km deep (y,,). We set a deep lower model boundary in

order to reduce boundary effects from influencing near-
surface stresses (e.g., [28]). To establish an approximate-
ly realistic recent topography, we modified the digital
terrain model DHM25, presented in Fig. 2, by deleting
artificial dams. The modified terrain model — ranging
between about 1.0 km and 3.5 km asl. — was used to
define the upper free boundary of the model. To avoid
lateral boundary effects from influencing near-surface
stresses in areas of primary interest, such as the area of
Lake Raiterichsboden, the model was located in a way
that the target areas lie close to the center of the model.
We discretized our model using ~8 million cubic ele-
ments that gradually decrease in size with increasing
elevation from 500 m to ~15.5 m edge length (Fig. 5).
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Fig. 5. Sketch of model discretization.

In order to avoid mesh effects influencing subsequent,
near-surface stress tensor analysis, stress data was sam-
pled along the recent topography in a 'palacotopography
model'. The 'sampling surface' is composed of approxi-
mately 0.6 Mio. elements (we thus only show a repre-
sentative selection of modeled stress trajectories in Figs.
6-8). This palaeotopography model simulates a former
erosional episode (~ early Upper Pleistocene) with pal-
aeotopography roughly approximated by 'adding eleva-
tion' (i.e., rock mass) to the recent topography as a func-
tion of today's terrain altitude. The landscape elevation
was gradually increased by 0 m at mountain peaks and
up to ~45 m in valley bottoms, i.c., up to 3 elements of
~15 m edge length were added (Fig. 5).

We used three 'observation points' within the model for
detailed investigation of principal stress magnitudes and
orientations close to specific borehole intervals where in-
situ stress measurements were conducted (Handegg I,
GTS, and Kessiturm; Fig. 5). Each observation point is
represented by a single model element.



4.3.  Boundary and initial gravitational stress con-
ditions

The today's (in situ) and palaeo stress states are the re-
sults of superposition of different stress sources. Within
this study our aim was to investigate the effect of topo-
graphic perturbation on gravitational and horizontal
compressive (tectonic, remnant) stresses within the up-
permost parts of the Grimsel rock mass. We used a
three-dimensional, finite difference model (FDM) utiliz-
ing FLAC3D 5.0 (Itasca, 2012).

First, we investigated loading by gravity until we
reached equilibrium conditions ('gravitational stress
model’). Our model is linearly elastic and rock mass
properties were assumed to be isotropic. All external
boundaries were established as 'rollers' to allow for
boundary-parallel displacements, except the upper
boundary (i.e., along topography), which we left uncon-
strained.

4.4.  Simulating high near-surface stresses

We approximated additional horizontal (far-field) stress
components from active tectonics and/or exhumation-
induced (remnant) stresses, Spfurfiew aNd S jar-fieiss DY
switching two adjacent, vertical external boundaries into
displacement boundaries and stepwise compressing the
model horizontally. Stress magnitudes and stress orienta-
tions were continuously tracked as the two boundaries
were displaced simultaneously. This displacement aimed
to simulate additional horizontal stress components as
inferred from in-situ stress measurements at four loca-
tions within the study area (Table 1). We varied the
boundary displacements in such a way as to create iso-
tropic horizontal strains (&, = &,; 'isotropic strain mod-
el").

4.5. |Initial (gravitational) stress model results

First, we simulated the influence of gravitational stresses
to evaluate the effect of topographic perturbation on
near-surface stresses. Minimum principal stresses (o3)
are compressive at the landscape surface of higher eleva-
tion and in most parts of the subsurface. Tensile stresses
develop primarily in the valley bottom of the ~N-S di-
rected part of the Aar valley. Tensile stresses are limited
to relatively shallow depth below the valley bottom (up
to ~100 m below the model surface). Their orientations
strike about perpendicular to the main valley axis and are
subhorizontal in the valley bottom. In addition, the
Grimsel Pass area and regions of comparably low eleva-
tion show tensile stresses. In contrast, the W-E to WSW-
ENE directed main valley bottom west of Kessiturm
does not exhibit tensile stresses. Compressive maximum
principal stress (o;) orientations are slope-downward
directed at the near-surface for most of the modeled area

(Fig. 6).
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Fig. 6. Overview of projected stress tensor components o; and
o> along the recent topography (£ 15 m; palaeotopography
model; topographic perturbation of gravitational stresses;
background: modified DHM25). Owing to comparably small
magnitudes the projections of o3 are too small to be recog-
nized in Figs. 6-8.

4.6. General results from isotropic strain model

Besides unrealistic tensile stresses in valley bottoms and
valley slopes (Table 1; cf., Section 5.1), the initial gravi-
tational stress model results revealed that topographic
perturbation of gravitational stresses alone cannot ex-
plain high compressive stress magnitudes derived from
in-situ stress measurements (cf., Table 1 with Table 3).
To roughly approximate active tectonic and/or remnant
stress components from regional uplift and erosion, we
stepwise applied horizontal displacements (note that in
this article displacements are given in direction of the
model y-axis) up to a maximum displacement of 10 m
(~0.74 millistrain) at two adjacent vertical boundaries of
our initial (gravitational stress) model. 10 m displace-
ment along the y-axis equals an additional horizontal
stress component (Syzsieta = Shjarpet) of ~49.6 MPa.
Observing stress tensors close to the surface (up to ~45
m below the palaeotopography model surface) reveals



that principal stress orientations change little (< ~5°)
after 3 m boundary displacements (~0.22 millistrain)
within and close to valley bottoms and close to crest
lines. In contrast, 'transition zones' located between low-
er and higher sections of inner-trough valley slopes and
upper slopes above the valley shoulder (Section 2.1)
show further, considerable stress rotations (>> 5°) above
3 m boundary displacement. In contrast to stress tensors
located within the valley bottom and along mountain
crests, stress tensors of these 'transition zones' are char-
acterized by rather similar principal stress magnitudes,
o; and o (subparallel to the ground surface), and com-
parably prone to rotate under the given far-field stresses.

Table 3. Principal stresses at observation points in the gravita-
tional stress model (recent topography)

this stress state is reached within the valley bottom be-
tween Handegg and Lake Réterichsboden at approxi-
mately 4-8 m displacement (~0.29-0.59 millistrain). For
subsequent analysis of stress tensors we use our 0.37
millistrain model (i.e., 5 m boundary displacement refer-
ring to additional horizontal stress of ~24.8 MPa).
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With increasing boundary displacement the initially
steep plunges of o; become flatter for the selected ob-
servation points in the model. Stress rotations considera-
bly seize after about 4-8 m of horizontal boundary dis-
placement (~0.30-0.59 millistrain), and maximum prin-
cipal stress orientations at observation points finally
plunge subhorizontally. Modeled and in-situ stress direc-
tions from Handegg I and Grimsel Test Site (GTS), clos-
est to the Lake Riterichsboden area, show consistent
results: about WNW-ESE to W-E oriented o; at GTS
from our model agrees well with WNW-ESE in-situ Sy
(~op) orientation inferred over most of the borehole
length (cf., Table 1). Similarly, WSW-ENE to W-E ¢;
orientation at Handegg conforms to in-sifu stress meas-
urement results. Comparisons of modeled o; with Sy
magnitudes and orientations are rough estimations, since
vertical and horizontal in-situ stresses may not coincide
with principal stress orientations owing to, e.g., topo-
graphic stress perturbation.

The boundary displacements lead to approximately line-
ar increases in the magnitudes of o; and o> at our obser-
vation points, while the magnitude of o3 remains rela-
tively low. Changes in the ratios of o; to o> remain small
(< ~5%) at boundary displacements greater than 3—5 m.
Comparison of modeled principal stresses with in-situ
stress results reveals that at observation point GTS a
model boundary displacement of ~5 m (~0.37 mil-
listrain) results in a stress state fairly similar to the
measured in-situ stresses (the influence of palacotopog-
raphy with AS, < 1.5 MPa are negligible).

Assuming that exfoliation fractures start forming when
o; exceeds a crack initiation stress of 30-50% of the
UCS (~50-85 MPa for mean UCS values of CAGr; Ta-
ble 2) and the o;/o3-ratio is greater than ~10 (e.g., [29]),
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Fig. 7. Overview of projected stress tensor components o; and
o, along the recent topography (£ 15 m; palaeotopography
model; topographic perturbation of gravitational and addition-
al isotropic far-field stresses).

Fig. 7 presents an overview of stress tensors near the
recent ground surface at 0.37 millistrain. The model
results show concentration of compressive stresses with
large o0/03- and oy/o3-ratios at valley bottoms. Maxi-
mum principal stresses are oriented sub-perpendicular to
valley axes within valley bottoms and lower ranges of
inner-valley troughs in most of the modeled area. Higher
slope sections, including mountain ridges, reveal subhor-
izontal to inclined orientations of o;. These are signifi-
cant differences in comparison to the initial gravitational
stress model.



4.7. Comparison of fractographic and model re-
sults north of Lake Rdterichsboden

We now compare in detail modeled stress tensors, and in
particular the directions of o, with those assumed from
plumose structure axes at the Lake Réterichsboden area
(Section 3.2). In general, the numerically modeled and
fractographically-inferred data sets reveal complex pat-
terns of stress orientations that follow similar general
trends. Fig. 8 shows stress trajectories at the Lake
Réterichsboden area and illustrates that overall (km-
scale) and local (on the order of few hundred meters)
trends of o; orientations derived from the two data sets
are surprisingly consistent.
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Fig. 8. Comparison of o; directions inferred from plumose
axes and modeled stress tensors (projected) around Lake
Réterichsboden (0.37 millistrain model; topographic perturba-
tion of gravitational and additional isotropic far-field stresses).

At the Aar valley bottom an about perpendicular strike,
with respect to the valley axis, of o; orientations inferred
from plumose axes was captured by the model (e.g., at
location A). Similarly, the model reflects subhorizontal
to moderately inclined (pitch angle: 25-45°) o; orienta-
tions at higher parts of trough valley slopes (e.g., at loca-
tion B). Less consistent or contradictory stress orienta-
tions are evident, e.g., at location C. Mismatch between
the two data sets seems to be most pronounced where
modeled o; and o> are of similar magnitude.

5. DISCUSSION OF MODEL CONSTRAINTS
AND NEAR-SURFACE PRINCIPAL STRESS
ORIENTATIONS

5.1. Observations from initial gravitational model
Our numerical model with pure gravitational loading
predicts tensile stresses in parts of main valley bottoms.
This is consistent with results obtained from two-
dimensional analytical and numerical models neglecting

active tectonics or remnant stresses (e.g., [18, 28, 30]).
However, subhorizontal tensile stresses in the valley
bottom stand in contrast to stress measurement results
from the Grimsel region.

5.2, Strain magnitude and orientation

Stepwise isotropic straining of the gravitational model
showed that different locations, such as valley bottoms,
steep inner-trough valley slopes, less steep upper valley
slopes, and mountain crests react differently to addition-
al horizontal strains. For detailed analysis of stress tra-
jectories we used 0.37 millistrain, keeping most of the
modeled area below or within a typical range of mi-
crocrack initiation close to the ground surface.

Model boundary displacements aimed to roughly simu-
late (active) tectonic strains and/or exhumation-induced
stresses. Apart from topographic stress perturbation,
compressive tectonics and exhumation are considered
primary causes for high compressive, near-surface
stresses with k& > [ (see references in Section 1; k =
Sun/Sy). Fig. 9 illustrates the evolution of £ with depth
for our isotropic model, together with in-situ stress data
from borehole measurements (ks and kg;). Despite local
differences in in-situ ks (and kg,), the comparison re-
veals considerable overlaps between the in-situ and
modeled stress states and further supports the strain
magnitude used for stress tensor analysis.
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Fig. 9. Evolution of k& with depth below ground (isotropic
strain model; 0.37 millistrain; black curve), shown together
with single, in-situ stress measurement results from four loca-
tions in the Grimsel area (Section 2.2). We calculated S, using
the load of the overburden, neglecting topographic effects.

Deepest stress measurements from the Kessiturm and
GTS boreholes suggest anisotropic horizontal stresses
with mean horizontal stress ratios Sy:S, of ~1.5:1. In
comparison, horizontal stress ratios at observation points
GTS and Kessiturm are about 1.2 and 1.3, respectively.
Thus, modeled horizontal stress ratios do not reach the
in-situ horizontal stress ratios at the investigated loca-
tions. Anisotropic present-day strains (anisotropic far-
field stresses) are supported by, e.g., inversion of region-
al GPS data [31], regional findings from earthquake



focal mechanisms, and stress measurements in boreholes
(e.g., [32, 33]). The influence of anisotropic horizontal
strains and strain directions on near-surface stresses will
be investigated and presented in the future.

5.3.  Near-surface principal stress orientations
from isotropic strain model

As first approximation of rock mass stresses, active dur-
ing exfoliation fracture formation, we analyzed a model
simulating topographic perturbation of gravitational and
additional isotropic far-field stresses. We revealed o;
trajectories that follow specific trends. Main and hanging
trough valley bottoms comprise compressive stresses
and o; orientations about perpendicular to valley axes.
This behaviour has been described previously by other
researcher utilizing two-dimensional models of cross-
valley profiles (e.g., [2]) and is to a certain extent ana-
logue to well-studied compressive stress concentrations
around boreholes and larger subsurface openings, such
as tunnels (e.g., [34, 35]). Sy directions inferred from in-
situ stress measurements at Handegg I and Grimsel 11
agree very well with and support modeled stress orienta-
tions within inner-trough valley bottoms. In addition, the
majority of plumose structure axes located close to the
valley bottom north of Lake Raiterichsboden is aligned
about perpendicular to the valley axis (Figs. 3 and &:
location A). At steeper slopes of inner-trough valleys,
away from valley bottoms, o trajectories reduce in pitch
angle, i.e., they rotate around the direction of o3 (orient-
ed sub-perpendicular to the landscape surface). As a
consequence, certain slope sections of inner-trough val-
leys contain locations where o; and o are similar in
magnitude (see 'transition zones' in Section 4.6). In our
models these areas often locate below or nearby the val-
ley shoulder, i.e., the transition from steep inner-valley
to more gently inclined upper valley slopes. Our analysis
of plumose structure axes supports such stress rotation.
We yield good accordance at locations around Lake
Raterichsboden (Fig. 8). These findings indicate that our
palaeotopography isotropic strain model in combination
with a mean stress tensor sampling depth of up to about
45 m below ground is capable of reproducing overall
and local trends of stress trajectories during formation of
generation 3 and 4 exfoliation joints.

6. CONCLUSIONS

Three-dimensional, elastic finite difference models illus-
trate that horizontal compressive strains, simulating ac-
tive tectonic and/or exhumation-induced stresses, lead to
changes in stress quality within valley bottoms of the
Grimsel region, i.e., from unrealistic tensile to compres-
sive stresses. While pure gravitational loading causes
predominantly downslope oriented, compressive maxi-
mum principal stresses (o;) at slopes, superposition of
gravitational and horizontal far-field stresses results in
considerable stress rotation within slopes of alpine val-

leys. This rotation is characterized by a transition from
downslope oriented ¢; near inner-trough valley bottoms
up to subhorizontally oriented o, at higher slope sections
up to mountain crests. Comparison of modeled, irn-situ
measured, and fractographically-inferred near-surface o;
(~Sy) orientations (i.e., using plumose axis data from
Upper Pleistocene/Holocene exfoliation joints that are
subparallel to today's landscape surface) unfolds con-
sistent results. Thus, our numerical calculations strongly
corroborate our hypothesis that exfoliation fracture plu-
mose axes follow g; trajectories, and suggest that direc-
tional trends of plumose axes can be used as proxy for o;
orientations. In addition, stress tensor analysis suggests
that compressive stresses prevail within the uppermost
parts of the modeled rock mass, proposing exfoliation
fracture formation under overall far-field compressive
principal stresses (i.e., 0; >0, > g3 > 0).

Novel integration of in-sifu stress data, fractographical-
ly-inferred stress orientations, and findings from simpli-
fied numerical modeling results in robust characteriza-
tion of near-surface stress patterns within areas of com-
plex topography, such as the Grimsel region of the Swiss
Alps. Our numerical model demonstrates large varia-
tions of stress orientations, which cannot be captured by
small numbers of classical stress measurements, and
suggests to put more emphasis on interpreting in-situ
stress data in the topographic and tectonic context.
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