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Program

Day 1: - Meeting point is 10 AM at Engelberg train station
- Main focus: thrusts at the external massif front, timing peak metamorphism
and deformation
- One day hike at Engelbergertal

Day 2: - Kinematic link to Subalpine Molasse and Helvetic nappes
- N-S-change of the overall structural appearance along the Reusstal
transect
- Metamorphic evolution and exhumation of the massif
- Several stations by bus, transfer to the Susten Pass and overview Farnigen
Zone

Day 3: - Farnigen Zone, inherited normal faults and Alpine inversion,
- Overprinting relationships, different deformation behaviour of different
lithostratigraphic units
- Stratigraphic affiliation?
- One day hike Farnigen Zone, Chli Griessenhorn

Under the following map link, you can find the approximate excursion program (click the link
or scan the gr code below to access the map): https://s.geo.admin.ch/92ad84c943




General geologic-tectonic introduction

Tectonic overview: - Tectonic units
- Aar Massif formation mostly post-dates Helvetic nappe emplacement
- Kinematic link to Subalpine Molasse, Jura mountains
- Top basement -> orogen-scale marker
- Axial plunge of eastern Aar Massif
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Fig. I-1: (a) Simplified tectonic map of the Aar Massif (modified after Schmid et al. 2004). Traces of cross sec-
tions A-A" (Susten pass), cross sections B—B" (Reusstal), cross section C-C' (Tédi) and the study area (red
polygon) are highlighted. Inset modified after Schmid et al. (2004). (b) Stereographic projection shows poles
to bedding (black dots, 227 measurements) and axes to early folds (black crosses, 8 measurements) from the
sedimentary cover of the eastern Aar Massif (Schmidt, lower hemisphere). (c) Cross section B—-B" (in part after
Briickner and Zbinden 1987; Pfiffner et al. 2011). See Nibourel et al., 2021 for details.



Alpine Metamorphic pattern: - Sub-greenschist to greenschist facies
- Reflects dome shape of the massif
- Timing deformation and peak metamorphism
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Fig. I-2: Simplified structural map (modified from Schmid et al. 2004) including new and published peak tem-
perature estimates based on RSCM (Beyssac et al. 2002; Erne 2014; Girault et al. 2020; Hafner 2016; Lahfid
et al. 2010; Mair et al. 2018; Negro et al. 2013; Nibourel et al. 2018; Wiederkehr et al. 2008) and calcite-dolo-
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mite thermometry data (Herwegh and Pfiffner 2005). See Nibourel et al. (2021) for details.



Geologic overview: - Mapped fault zones

- Polycyclic metamorphic basement and late-Variscan intrusives
- Mesozoic-Cenozoic cover sediments

- Local occurrences of Permo-Carboniferous sediments
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Day 1, Overview

Topics: - Early and late thrusts at the northen Aar Massif
- Alpine D1 to D4 structures, pre-Alpine structures?
- Deformation in basement and cover units at T < 300 °C
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Fig. 1-1: Map overview of the most important stops in the Engelberg region.
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Fig. 1-2: Three stacked cross sections A-A", B-B" and C-C' through the eastern Aar Massif. Section traces are
shown on Fig. I-1. ELHTS — Early Lower Helvetic thrust sheets. Legend and abbreviations as in Fig. I-1. The
approximate positions of Excursion days 1, 2 and 3 are highlighted as red rectangle (Fig. I-1).



Day 1, Stop 1

Topics: - "Early" thrusts and relationship to inherited normal faults
- Passive northward tilting?
- Orientation top basement during D27
- Timing peak metamorphism and deformation?
- No major detachment between basement and cover
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Fig. 1-3: (a) Early N-dipping NNW-vergent thrust (S2, coordinates: 46.7833°N/8.4474°E). (b) Steep SE-dipping
spaced crenulation cleavage S3 in the Middle Jurassic limestones, overprinting a pronounced S0—S2 compos-
ite foliation (coordinates: 46.6523°N/8.1714°E). (c) Steep main foliation (S3) in both Triassic marly beds (left)
and their crystalline substratum (right). The sub-vertical orientation of the stratigraphic contact indicates signifi-
cant SSE-block up movements along S3 (coordinates: 46.7587°N/8.4027°E).(d) Sketch of an array of post-S3
NNW-vergent thrusts (S4) at the basement-cover interface near Erstfeld (coordinates: 46.8409°N/8.6264°E).
(e) (left) Structural measurements related to NNW-vergent shearing during D2—-D4. Poles to fault planes (cir-
cles) and associated stretching lineations (crosses) are highlighted. (right) Schematic sketch illustrating the
geometric relationship between S2 and S4 at the basement-cover contact during progressive deformation and
block rotation associated with S3 at the northern massif front. See Nibourel et al. (2021) for details.
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Fig. 1-4: (A) Evolution of metamorphic peak temperature (Tp) along the Susten Pass transect X'-X" in the east-
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Day 1, Stop 2

Topics: - "Early" thrusts, direct observation in basement and dolomitic to marly cover units
- Discrete brittle-ductile faults in basement
- Discussion D1-D5 structures

.

Fig. 1-5: Strongly deformed marl and dolomite near the synclinal area to an "early" D2 thrust/fold (coordinates:
46.78087°N, 8.44582°E).
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Day 1, Stop 3

Topics: - Polycyclic metamorphic basement
- Alpine and pre-Alpine deformation?
- Discrete brittle-ductile faults in basement (Alpine?)
- No pervasive steep S3 as observed south of the Windgallen-Farnigen zone

Fig. 1-6: Contact between a basic enclave and the Innertkirchen Migmatite is offset by a brittle fault of unknown
age (coordinates: 46.77891°N, 8.44521°E).

Day 1, Stop 4

Topics: - Late-Alpine brittle fault
- Tight anticline in the calcite-dominated Schilt-Fm/Quinten-Fm

Y A v 3 “‘\:‘:&\‘ 3 - ;.
Fig. 1-7: Tight fold in the Jurassic strata of the Titlis east face (coordinates: 46.77804°N, 8.44576°E).

A
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Day 2, Overview

Topics: - Kinematic link to Subalpine Molasse and Helvetic nappes
- Metamorphic overprint and exhumation dynamics
- N-S transect, increasing metamorphic grade and structural appearence
- Windgallen fault-and-fold structure
- Overview Farnigen Zone

oo

Fig. 2-1: Tectonic overview of the Reuss Valley area (Tectonic map of Switzerland, swisstopo).
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Fig. 2-3: Changes in thicknesses of Mesozoic sediments in a reconstructed N-S section. Lower two insets
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Fig. 2-4: Palinspastic reconstruction of the former locations of the External Crystalline Massifs as well as the

Helvetic nappes (Pfiffner et al. 2011).
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Fig. 2-6: Tectonic map of the Northalpine Foreland basin as well as age constraints of thrusting along the Subal-
pine Molasse (top) as well as estimated shortenings in the Subalpine Molasse and the Jura mountains (for details

see Mock et al. 2020).
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Fig. 2-7: Timetable and spatial progression of Northalpine front as well as northern border of the Molasse basin

(for details see Mock et al. 2020).
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Day 2, Stop 2

Topics: - Basement-cover contact
- Pre-Alpine foliation
- "Late" D4 thrusts

1) sandstone, slate A) arkose

2) sandstone/dolomite G) Erstfeld gneis
3) slate with sandy layers

4) layerd dolomite (65cm)

5) dolomite/slate

6) dolomite with wavy layers (90cm)

7) sand-clay interaclations with dolomite layers (1.5m)

8) dolomite (14-15m)

Fig. 2-8: Stratigraphic columns at Scheidnéssli (Heim 1917, Coordinates: 46.83415°N, 8.64913°E).
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Fig. 2-10: Low temperature (< 300°C) deformation structures in the basement at the thin section scale. See
Berger et al. (2017) for details.
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Fig. 2-11: Schematic sketch of low temperature (< 300°C)
deformation mechanisms in the basement. See Berger et al.
(2017) for details.
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Day 2, Stop 3 Obergurtnellen

Topics: - Steep pervasive foliation (S3) south of Windgallen-Farnigen zone
- Pre-D3 Windgallen fold-and-fault structure

Elevation (km)

Fig. 2-12: Overprinting relationships in the Windgéllen area (see Nibourel et al., 2021 for details).



poles to foliation S3 (n=46)
tretching lineation L3 (n=12)
axes to minor D3 folds (n=21)
N

foliation S2 (n=54)
axes of minor D2 folds (n=2)
stretching lineation L2 (n=17)
N

Fig. 2-13: S2 and S3 and associated stretching lineations in the Windgéllen region (see Nibourel et al., 2021

for details).

Fig. 2-14: 3D Block Diagramm of the Central to Eastern Aar Massif (by Ferdinando Musso Piantelli)
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Day 2, Stop 4 Schollenenschlucht-Andermatt

Topics: - Alpine structures in the southernmost Aar Massif
- Contact to Mesozoic sediments of the Urseren-Garvera Zone
(cover Gotthard)
- Alpine greenschist metamorphism
- Where do the Helvetic Nappes root?
- Exhumation dynamics along the Reusstal transect
- Orogen-parallel migration of peak exhumation rates

Massif
morphic basement)

Fig. 2-15: Southernmost Aar Massif and contact to the Gotthard Nappe sediments of the Urseren-Garvera
zone (see Nibourel et al., 2021 for details).
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|V poles to foliation S3 (n=54)
stretching lineation L3 (n=19)
N

back thrusts S4 (n=13)
top-to-NW shear zones S4 (n=5) stretching lineations L4 (n=11)
stretching lineations L4 (n=3) axis to minor folds F4 (n=7)

N N N

Fig. 2-16: Structural data from the central and southern Aar Massif (see Nibourel et al., 2021 for details).

S-up to dextral shear zones S4 (n=17)
stretching lineation L4 (n=8)

Situation im spéaten Eozén (ca. 40 Ma)

Axen-Decke Drusberg-Decke

|—_:] Paldogen
- Kreide
|:| Trias—Jura
Karbon-Perm
i

Kristallines Grundgebirge

Abscherhorizonte der

helvetischen Decken ]_ negative J
Schwereanomalie

Fig. 2-17: Tectonic evolution and provenance of the allochtonous Helvetic Nappes along the Reuss Valley
transect. From Labhard and Renner (2012), after Wyss (1986) and Spillmann et al. (2011). The approximate
position of excursion stop 4 is indicated.
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Fig. 2-19: (a-e) Suggested kinematic scenario for the Reuss Valley transect and (f) estimated particle trajecto-
ries (see Nibourel et al., 2021 for details).
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Fig. 2-20: Thermochronology-derived modeled space-time evolution of exhumation rates in the Aar Massif
over the past 16 Ma (see Nibourel et al., accepted, for details).
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Day 2, Stop 5

Topics: - Isoclinal folds in the Mesozoic strata of the Windgallen-Farnigen zone
- Top basement geometry

Stucklistock

Griesenhodrnli
2853 m

Griesenfirn

<1‘A. I ‘ﬂ]l;\l\? : @';py/f%/%h N
M e s I
ST ~ ot
RN = = e
WRWAN, seavey T e ged

D ey
S N
ST

iy

G Kristalline —_—

9
Schiefer (Sericit- T
gneiss, Gneiss) / Ratidolomit

4 5 )
oA P /1/ 6—9
Mergelschiefer 7 Eisenoolith WA Malm-Kalke

(Parkinsonischichten) c——1  (Callovien)

Echinodermen-
kalk (Bajocien)

Profilansicht der Kalkmulde von Fernigen (Uri).

Fig. 2-22: Windgéllen-Farnigen zone seen from Féarnigen, Meiental (Heim and Heim,1916, coordinates:
46.73672°N, 8.51987°E).
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Day 2, Stop 6

Topics: - Weakly reactivated inherited normal faults in the Farnigen area
- Northern sediment wedge with sub-vertical foliation
- Southern sediment wedge with isoclinal folds, overturned stratigraphy
and adjacent basement shear zone
- Open questions: southern sediment wedge bound by second normal fault?
- Stratigraphic age of sandstone boudins?
- Presence of Cretaceous and Permo-Carboniferous strata?

northern sediment wedge: southern sediment wedge: basement: basement:
main foliation S1-S3 (filled circles, n=14),  main foliation S1-S3 (filled circles, n=34), main foliation S1-S3 (circles, n=55), foliation S4 (circles, n=16),
stretching lineations (crosses, n=2), stretching lineations (crosses, n=32), stretching lineations L1-L3 (crosses, n=27) stretching lineations L4 (crosses, n=6)
bedding SO (empty circles, n=11) bedding SO (empty circles, n=19)
N N N

Paleogene (e) Chli Griessenhorn (2852 m) S

A

~

Middle Jurassic (j,)
Triassic (f)

? Permo-Carboniferous (expected) (p-c)
Polycyclic metamorphic basement (b)
Weakly deformed
Moderately deformed

Strongly deformed

Se)
N

Upper Jurassic / Cretaceous (j,-¢) ‘

V7

b \ f-arnigen normal fault

\| /(weakly reactivated)
’ \
/ 100 m —— Shear zone / main foliation

—— Inherited normal fault

Fig. 2-23: Profile-like view of the Windgéllen-Farnigen zone near Susten Pass (see Nibourel et al., 2021 for
details, coordinates: 46.72661°N, 8.45418°E).
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Day 3, Windgallen-Farnigen zone, Chli Griessenhorn

Topics: - Inherited normal faults, associated half-grabens and Alpine inversion
- Overprinting relationships
- Different deformation behaviour of different lithostratigraphic units
- Late-Alpine brittle strike-slip and normal faults in limestone (D5)

Natural example

Thermo-mechanical

Basement [ Pre-rift and Syn-rift [0 Post-rift [l Overlying nappe
77, Basement shearing Z~ Reverse fault  ~=_ Normal fault

Fig. 3-1: Style of inversion in inherited half-grabens depending on the temperature conditions at deformation.
(a-c) Natural examples from the Western external Alps and (d-f) numerical models. See Lafosse et al. (2016).

(Next Page) Fig. 3-2: Geological Map of the Farnigen zone between Férnigen and Susten Pass (L. Nibourel,
unpublished). Excursion stops are highlighted.
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Fig. 3-3: View of the Férnigen zone west of Férnigen, seen from the NE. Excursion stops are highlighted.

Legend as on Fig. 3.2

34



Day 3, Stop 1

Topics: - Weakly reactivated inherited Farnigen normal fault
- Timing of normal faulting
- Stratigraphic age of thin sandstone band

EI BT 5 preserved ]! .
A " /bedding [

gl

polymetarﬁbrphjc
basement | )

weakly deformed
Paleogene sandstone

Fig. 3-4: Farnigen normal fault (coordinates: 46.73033°N, 8.47396°E). Thin section image shows the thin sand-
stone band at the tectonic contact to the basement. The presence of large Foraminifera (Nummulites?) indi-
cates a Paleogene age of the sandstone.
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Day 3, Stop 2

Topics: - Weakly deformed northern sediment wedge
- subvertical main foliation, pressure solution

Chli Griessenhorn

w7

northern sediment

Fig. 3-5: Chli Griessenhorn from the NE. Note the subvertical foliation in the less deformed
wedge (the red arrow highights the outcrop, coordinates: 46.73050°N, 8.48388°E).

Day 3, Stop 3

Topics: - Strongly deformed southern sediment wedge

- gradual transition to SSE-dipping main foliation

- boudinage of sandstone layers, brecciated siliceous limestone
- indications of another normal fault?

- Stratigraphy?

A i / 5

veral meters large sandstone boudins in strongly foliated limestone (coordinates:

Fig. 3-6: Array of up to se
46.72905°N, 8.48010°E).
36
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Day 3, Stop 4

Topics: - Folding and shearing

Fig. 3-7: Strongly sheared and folded mylonitic limestone. Sandy beds highlight multi-stage folding. Hinges to
early folds are locally preserved (Coordinates: 46.72908°N, 8.48082°E).

Fig. 3-8: Preserved metre-scale fold hinge of siliceous limestone is internally weakly deformed. Surrounding
limestone is strongly foliated (Coordinates: 46.72822°N, 8.48107°E).




Day 3, Stop 5

Topics: - Composite S0-S2 overprinted by steeper S3
- NNW-plunging stretching lineation

= |

Fig. 3-9: (C) S3 overprinting an intense SO-S2 composite foliation (coordinates: 46.7281°N/8.4814°E ). (D)
Well-developed stretching lineation in fine-grained limestone and pressure shadow around a pyrite concre-
tion in the main foliation surface (S0—S3 composite). Coordinates: 46.7291°N/8.4850°E ). See Nibourel et al.
(2021) for details.
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Day 3, Stop 6

Topics: - Overturned stratigraphic contact between basal Mesozoic strata
and polycyclic metamorphic basement / Permo-Carboniferous rocks
- Absence of triassic strata, dolomitic clasts in basal conglomerate

Carboniferous

Py

dolomitic clast*

Fig. 3-10: (E) Overturned stratigraphic contacts between Carboniferous, Mesozoic sediments and the base-
ment. The presence of dolomite clasts indicates a (Middle?) Jurassic or younger age for the basal conglomer-
ate (Coordinates: 46.7269°N/8.4830°E ). (F) Centimetre-sized shear band type fragmented quartz porphyro-

clast indicating top-to-the NNW shearing during D2 (coordinates: 46.7269°N/8.4830°E). See Nibourel et al.
(2021) for details.
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Anhang A1

Attempt to correlate deformation phases with previous work:

Domain References Deformation phases
Eastern Aar Massif This study D1 D2 D3 D4 D5
Funk et al. (1983), Griessstock and Windgdllen phase Schwarzstockli phase - -
Schenker (1980), Kammlistock nappe
Bruckner and Zbin- emplacement,
den (1987) Helvetic Nappe

emplacement,
Hochfulen phase

Milnes and Pfiffner Cavestrau phase? Calanda phase?  Calanda phase? Ruchi - -
(1977) phase
Central Aar Massif Wehrens et al. (2017), - - Handegg phase Oberaar phase, Gadmen faults
Herwegh et al. Pfaffenchopf
(2020) phase
Rolland et al. (2009) - - Stage 1 stage 2,stage 3?  Stage 3?
Burkhard (1988), Kiental phase? Kiental phase Grindelwad phase Grindelwad phase -
Pfiffner (2015)
Urseren-Garvera zone Wyss (1986) D1 D2 D3 Post-D3 -

Fig. A-1: Attempt to correlate deformation phases from this study with previous work. See Nibourel et al. (2021)
for details.
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Anhang A2-1, Structural data (Nibourel et al., 2021)

(puabs| 935) sa160j0Y1I| J0j papOd aie suondsfoid ay) ‘arendoidde a1syn SIUSWRINSESW JO JaquInuU
‘U uolbaigns 2. Joj USAID ale Saxe p|oj pue suoieaul| ‘suoieljo) 01 sajod jo suondafoid dlydeiboaials ‘zg pue | 01 palejal e1ep [einidnis § *big

(puaba) 995s) sa1bojoyl| 10§ papOd aie suondafoid ayi ‘S1eudoidde sisyp) “SJUSWSINSESW JO

‘ Jaguinu :u “uanIb ale saxe pjoj pue suoneaul| ‘sauejd 01 sajod Jo suondafoid d1ydeiboalals uolbaIgns yoes 104 *gd O pale|al elep [einidnis 9 *bid
N N

N N
(z=U) Sp|o 7@ Joulw 0} saxe (€=U) Sp|oj 7@ JouIW 0} sXEe (61=4) suoneauy Buoiens
(£1=u) suoneau| buiysans (g1=u) suoneaus| buiysans (z=u) suoneaul| buiysans (¢1=u) suoneaul| Buiyxans (pS=u) uonelo} Al
(¥S=u) uoneijoy (Lz=u) uoneijoy (£=u) sauoz Jeays dn-N Jouiw (§1=u) sauoz teays \\N-01-doy

Vi S|

sainjoniis 2a

+ +  uoneaul Bulyoens
° . 5 0z=u
% SIXe p|o} ow
z
jusweseq J1an0d
N
(p=u) spjo} £Q Joulw 0} saxe (#=u) spjo} £ Jot
(g=u) suoneeuy| buiyojens (65=u) suoneaul Buiyolens (62=u) suoneau| Buyoyans
(=U) SUIOA [BUOISUBIXS | BpOW (ger=u) uonenoy Y111 atll
&
%
z
] N
3.06 17 uoneaul| Buiyolalis pue | S uonel|o
I g
(k2=u) SpIO} £Q oUW O} SOXE (8=u) spjo} £q Joujw o} sexe
(24=u) suoneau Buyorexs (g=u) suoneauy Buiyoiens (0g=u) suoeauy| Buiyojens
VII|  (ez=u) suien jeuoisueixa | apow (1zt=u) uoneno; Al

|02-2id pa1liayul 01 paiejal elep [eIN1dNIS § *Big

SIUSWIRINSEAU JO JAQUINU U *(2424dSIUBY J2MO| IPILIYDS) SSINIDNIAIS [PUOI

- - A A UI9A [eUOISUBIX® | 9pOW
gL=u 8h=u . +  uonesu Buyolens
. o uoneloj o} ojod

M « sixepoy

juswaeseq J8an00 \V PPYL 614
- ov i3

v Bld—

(6=U) suleA [euoisusixe | spowl

3.06

N N
=U ‘s95S010) suoneaul| Buiyolans
5 ) suopeauy| Buiofoxy SO)Ip uedsLeA-s)e| 0} sajod suolyel|o} 1ap|o 10 uedsUep o} sajod

sainjoniis £a

(g=u) syney rewiou pejayul o} sejod

sainjonils auldjy-aid pajuayu|

42



Anhang A2-2, Structural data (Nibourel et al., 2021)

D4 structures
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Fig. 7 Structural data related to D4. For each subregion stereographic projections of poles to planes, lineations and fold axes are given. n: number
of measurements. Where appropriate, the projections are coded for lithologies (see legend)
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Fig. 8 Stereographic projection of late brittle faults and post-foliation late mode 1 extensional calcite veins (cover units only). n: number of

measurements
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Fig. 2-6: Litho-tectonic map of the Molasse basin (for details see Mock et al. 2020).
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Fig. 2-14: (a) Crustal-scale cross-section through the central Alps (Aar Massiv), (b) vp seismic tomography and
(c) teleseismic tomography (see Herwegh et al. 2017 for details).
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Fig. 2-15: Kinematic models suggested in the past for the exhumation of the Aar Massiv (see Herwegh et al.
2020 for details).
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Decoupling

Slab roll-back

Fig. 2-29: Potential mechanisms to explain lateral changes in the exhumation dynamics.
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