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Supplementary material for “Large vertical displacements of a crystalline massif recorded by

Raman thermometry”

Section DR1: RSCM method
Section DR2: RSCM data, sample information, and assumptions
Table DR2: RSCM data, sample descriptions and locations
Age of metamorphism recorded by RSCM
Geothermal gradient at peak temperature conditions
Section DR3: Field data and projection
Figure DR3

Section DR4: Tectonometamorphic position of the Urseren-Garvera zone

Section DR1: RSCM method

Raman Spectroscopy of Carbonaceous Material (RSCM) analysis was performed in situ
on polished, uncovered thin sections at The Raman Laboratory of the Institute of Geological
Sciences, University of Bern. A confocal notch filter-based Jobin-Yvon LabRAM HR800
spectrometer was used for spectrum acquisition. It is equipped with an Olympus BX41 100x
confocal microscope, a Peltier-cooled CCD detector (Andor Technology) and an air-cooled Nd-
YAG laser (Compass 315 M, coherent, 20 mW) having a beam spot of approximately 1 um
diameter and a wavelength of 532.12 nm. The software LabSpec 4.14 of HORIBA Jobin-Yvon

was used to execute the measurements. At the beginning of each measurement series, a silicon
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standard was used to check the calibration and signal intensity. Acquisition time varied between
20 and 120 seconds, depending on the signal to noise ratio and was divided into two to four
accumulation cycles, in order to avoid artefacts. Raman spectra were acquired in the range of
500 to 2200 cm™' so that both, base line and all necessary first order Raman bands of
carbonaceous material (CM) can be recognized. 10 to 63 individual spots of CM per sample were
analyzed, depending on (1) the number of suitable particles and (2) on the diversity of spectra
observed during the first 10 measurements. Because it is located only a few decameters away
from sample M73, only 3 measurements were performed on sample M67.

Thin sections were prepared and analyzed following the procedure described in Liinsdorf et al.
(2014). The Raman spectrum of CM can vary as a function of the crystallographic orientation of
the measured particle. To reduce this effect, thin sections were analyzed in the plane
perpendicular to the main foliation and parallel to the stretching lineation whenever possible.
We used an automated, iterative and randomized approach for curve-fitting and temperature
estimation, based on the Python script “Ifors” (Liinsdorf et al., 2014; Liinsdorf and Liinsdorf,
2016; Liinsdorf et al., 2017). This software has the following advantages: (1) it reduces the
operator bias, induced by non-standardized and manual base line subtraction, (2) it is more
precise and less time consuming than manual curve-fitting, especially for complex low
temperature spectra with broad defect peaks. Furthermore, disturbing peaks of other mineral
phases (i.e. carbonates or oxides) can be automatically subtracted so they do not affect the
temperature estimation. Finally, each automatically generated curve-fit was quality-checked and
low-quality fits were discarded for the final temperature estimation (summarized in Table DR2,

see below).
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Section DR2: RSCM data, sample information, and assumptions

RSCM results, associated errors, other key parameters and additional sample information are
presented in Table DR2, together with existing RSCM data from literature used in this study.
Samples were collected in a way so they are spatially distributed in horizontal and vertical
direction along section trace X’X’’. Sample elevation ranges from 935 m to 3070 m. Sample
location data are shown in Table DR2. Samples M9, M22, M23, M24, M67 and M73 were
collected and described by Menkveld (1995), samples 001, 002, 003 and 005 were taken from
the sample collection situated at the Institute of Geological Sciences, University of Bern.
Samples comprise both, carbonate-dominated shelf deposits and silicate dominated clastic
sediments of Carboniferous to Cenozoic age (see Table DR2 for the stratigraphic units). The
attribution of a stratigraphic unit given in Table DR2 is based on visual observations on outcrop,
hand specimen and thin section scale. This was sometimes difficult, especially for strongly
deformed and often completely recrystallized samples from the Windgéllen-Férnigen and
Urseren-Garvera zones.

In order to reduce potential biases arising from the presence of different types of CM in different
stratigraphic units, we tried to sample the black shales (Mols-Member) situated at the base of the
Middle Jurassic (Dollfuss, 1965) whenever possible. The effect of strain (Barzoi, 2015) or shear
heating on the structural organization of CM has not been assessed in this study, but could
potentially be a significant source of bias.

The temperature distribution of each sample was assessed in the form of a histogram (with a bin
width of 10°C). Temperatures (RSCM-T) plotted in Table DR2 are mean values, where a near

normal temperature distribution was observed. For samples with a bimodal or more complex
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temperature distribution, we plotted the local maximum with the least temperature (i.e. samples

FA-16-02, 003).

Table DR2: RSCM data, sample informations and locations

Sample Location Tmax SD Error N  Curve-fitting Stratigraphic Tectonic D1 D2 Reference
number Lat Long Elevation (°C) (°C) (°C) method unit unit  (km) (km)
(°N) (°E) (m)

SU-16-03 46.8348 8.5306 2310 224 17 40 15 Lu Cenozoic LH 44.6 1.79 This study
SU-16-04 46.8188 8.5132 1750 269 5 40 19 Lu Cenozoic LH 45.0 0.45 This study
EN-16-01 46.7926 8.4587 1250 265 12 40 18 Lu Middle Jurassic LH 46.7 0.05 This study
ER-15-16 46.8106 8.5523 1900 270 9 40 22 Lu Middle Jurassic LH 48.3 0.05 This study
WE-16-03 46.7604 8.4042 1970 283 10 40 22 Lu Middle Jurassic LH 49.4 0.05 This study
001 46.7703 8.4466 2640 295 4 40 4 Lu Permo-Carboniferous  LH 49.8 -0.10 This study
002 46.7703 8.4466 2640 288 18 40 36 Lu Permo-Carboniferous  LH 49.8 -0.10 This study
WE-16-02-2 46.7699 8.4442 2609 267 183 40 20 Lu Triassic LH 49.8 0.05 This study
KG-16-01 46.7825 8.5679 3070 274 5 40 16 Lu Upper Jurassic LH 51.5 0.08 This study
SE-15-05 46.7723 8.5380 2920 305 13 40 9 Lu Middle Jurassic LH 52.1 0.01 This study
FA-15-05 46.7303 8.4741 2540 345 24 40 24 Lu Cenozoic LH 55.0 0.15 This study
IN-15-06 46.7561 8.5906 2220 333 13 40 10 Lu Permo-Carboniferous LH 55.4 -0.30 This study
RB-15-02 46.7477 8.5511 2400 354 5 40 5 Lu Middle Jurassic LH 55.4 0.02 This study
FER-4 46.7359 8.5204 1450 326 11 40 14 Lu Upper Jurassic LH 55.5 0.01 This study
FA-15-13 46.7132 8.4481 2750 377 9 40 5 Lu Permo-Carboniferous  LH 57.1 -0.30 This study
FA-16-02 46.7204 8.4626 2210 345 25 40 28 Lu Middle Jurassic LH 57.1 0.05 This study
FA-15-21 46.7268 8.4826 2580 346 24 40 22 Lu Middle Jurassic LH 57.7 0.01 This study
FA-15-22b  46.7268 8.4827 2550 388 14 40 9 Lu Permo-Carboniferous LH 57.7 -0.01 This study
005 46.6759 8.3698 2300 439 32 40 56 Lu Permo-Carboniferous LH 64.2 -5.77 This study
003 46.6792 8.3779 2600 430" 27 40 23 Lu Permo-Carboniferous LH 64.6 -5.77 This study
UG13_6 46.5919 8.4696 2100 489 na 50 27 Be Lower Jurassic UGZ 83.0 0.30 Erne (2014)
UG13_5 46.5720 8.4119 2425 511 na 50 28 Be Lower Jurassic UGZ 83.5 0.25 Erne (2014)
UG13_8 46.6028 8.5049 1670 515 na 50 26 Be Lower Jurassic UGZ 83.5 0.30 Erne (2014)
UG13_10 46.6341 8.5989 1450 497 na 50 26 Be Permo-Carboniferous UGZ 84.8 0.25 Erne (2014)
Andermatt  46.6403 8.5945 1440 500 na 50 10-15 Be Middle Jurassic UGZ 84.8 0.20 Beyssac et al. (2002)
UG13_9 46.6410 8.5947 1480 517 na 50 27 Be Upper Jurassic UGZ 84.8 0.30 Erne (2014)
SU-16-01 46.8369 8.5317 2420 256 24 40 16 Lu Lower Jurassic HN — —  This study
SU-16-02 46.8365 8.5322 2350 275 12 40 21 Lu Lower Jurassic HN — —  This study
M9 46.7935 8.3941 1770 272 5 40 9 Lu Lower Jurassic HN — — This study
M22 46.8315 8.3670 935 247 6 40 15 Lu Middle Jurassic HN — — This study
M23 46.8193 8.4477 2000 286 11 40 14 Lu Middle Jurassic HN - — This study
M24 46.8573 8.4500 2334 220 11 40 10 Lu Middle Jurassic HN - — This study
M73 46.7831 8.3968 2230 270 5 40 16 Lu Upper Jurassic HN — —  This study
M67 46.7788 8.3944 2220 270 3 40 2 Lu Cenozoic HN - —  This study

Samples from this study are stored in the collections of the University of Bern, Institute of

Geological Sciences, Switzerland. Tmax = RSCM peak temperature (Alpine), SD = standard

deviation, Error = temperature calibration based error, N = number of considered spectra, D1 =

present day true distance along top basement (=base Mesozoic), D2 = present day minimum

distance to top basement (=base Mesozoic), Lu = Liinsdorf et al. (2017), Be = Beyssac et al.
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(2002), LH = Lower Helvetic units, UGZ = Urseren-Garvera zone, HN = Upper Helvetic nappes,
published temperature data from the UGZ are from Beyssac et al. (2002) and Erne (2014),

* Based on a local maximum (bimodal or more complex temperature distribution).

Age of metamorphism recorded by RSCM

RSCM records peak metamorphic temperature regardless of the time when it was reached. In
order to constrain the absolute age of peak metamorphism, independent constraints, for example
from geochronology data, are needed. In this section, we discuss the age of obtained maximum
temperatures, shown in Table DR2, and outline associated assumptions. The age of peak
temperature quantified by RSCM is in most cases younger than the depositional age of the
analyzed sediment. Exceptions are expected in clastic sediment associated with a high detrital
input of CM of higher metamorphic grade. In the Central Alps, Mesozoic and younger samples
have experienced Alpine metamorphism only, and are therefore likely to yield Alpine
metamorphic peak temperatures. On the other hand, Permo-Carboniferous or older sediments
could potentially be affected by contact metamorphism related to post-Variscan magmatic
intrusions (e.g. Central Aar Granite, Franks, 1968a, 1968b; Labhart, 1977; Oberhinsli et al.,
1988; Schaltegger and Corfu, 1995; Schenker, 1987; Schenker and Abrecht, 1987). We consider
all RSCM peak temperatures shown in Table DR2 to represent Alpine peak metamorphic
conditions. This assumption is supported by the fact that (1) adjacent samples of Carboniferous
and Mesozoic age at two independent localities (Wendenjoch, Windgilllen-Férnigen zone) yield
almost equivalent temperatures and (2) that all temperature estimates follow the same overall
temperature trend, without major outliers, as seen on Fig. 2A. Temperatures of 500°C and higher

were locally observed in single particles of CM, especially in pre-Mesozoic clastic sediments



102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

(i.e. samples 003 and 005), but also in Mesozoic samples (FA-16-02). These might represent
detrital input of higher grade metamorphic CM of pre-Alpine age.

Inferring that Alpine peak metamorphism was spatially isochronous along a cross-sectional
distance of more than 40 km is a significant assumption (Wiederkehr et al., 2011). The age of
peak Alpine metamorphism along the studied section is not completely resolved, especially in
the external Aar Massif. This is mainly due to the low grade of metamorphism (greenschist to
sub-greenschist facies) and due to the absence of suitable lithologies, minerals and grain sizes for
present day dating methods. Furthermore, obtained isotopic ages on greenschist facies micas are
often ambiguous and it remains controversial if such ages represent formation, cooling or mixed
ages (e.g. Rolland et al., 2009).

Along cross-section X’ X’ (Fig. 2C), most ages are reported from the Urseren-Garvera zone, a
narrow zone containing the sedimentary cover of the Gotthard nappe (e.g. Bonanomi et al., 1992;
Wyss, 1986, see also Section DR4). There, the metamorphic peak is dated at 17 - 21 Ma based
on U-Th-Pb ages on allanite. The dated peak metamorphic allanite minerals overgrow the
preexisting main Alpine foliation, indicating that in this zone, the thermal peak occurred
relatively late with respect to deformation (Janots and Rubatto, 2014).

In the central southern Aar Massif the age of peak metamorphism is estimated at 17 - 22 Ma by
Ar-Ar and K-Ar ages on micas (Berger et al., 2017; Challandes et al., 2008; Rolland et al., 2009).
In the external Aar Massif, the age of peak metamorphism is poorly constrained. Exposed poly-
cyclic metamorphic basement units do not yield reliable Alpine ages (Berger et al., 2017). Alpine
peak temperatures were not sufficiently high to reset thermochronometers such as the zircon
fission track (ZFT) system. The lower age boundary is constrained by the northernmost and

possibly Alpine reset ZFT cooling ages which cluster between 17 and 27 Ma (Michalski and
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Soom, 1990; Wangenheim, 2016). Furthermore, retrograde hydrothermal monazites from an
Alpine cleft were dated at 13 - 17 Ma (Janots et al., 2012). The upper age boundary is
constrained by the Rupelian (28-34 Ma) age of flysch deposits (Matt Formation, e.g. Menkveld-
Gfeller et al., 2016), which represent the youngest sediment to be deposited onto the Aar massif
basement prior to its burial below the Helvetic and more internal Nappes.

Thermal calculations by Challandes et al. (2008) suggest that at least 10 Ma are required to heat
the Aar massif basement and its cover to its maximum temperature of 450°C, when
instantaneous burial and conductive thermal equilibration are assumed.

Although the age record is not very conclusive, we do not see clear indications of diachrony in
the published age data, as would be expected from an in sequence development. Rather, the data
are in favor of one spatially near-isochronous metamorphic peak at 17 to 22 Ma along the section
of consideration, between the Urseren-Garvera zone (parautochthonous Gotthard cover) in the
south and the external Lower Helvetic domain in the north.

The suggested age is in accordance with other stratigraphic and structural observations
(Burkhard, 1988), indicating that most of the crustal-thickening in the Aar Massif postdates the

emplacement of the Helvetic Nappes and higher tectonic units (Schmid et al., 1996).

Geothermal gradient at peak temperature conditions

For the tectonic reconstruction shown in Fig. 2C we assume a constant geothermal gradient of
25°C/km in the studied section at the time of peak metamorphism (17 - 22 Ma). Treating
isotherms as horizontal at a given time in a dynamic system such as the external central Alps is a

significant assumption, which will be discussed and justified in this section.
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In a setting associated with rapid tectonic movements, heat advection towards or away from the
surface can produce oblique or locally even inverted thermal gradients (e.g. England and Molnar,
1993). Our top basement reference horizon is situated in the footwall of the basal Helvetic thrust,
where tectonic movements have taken place prior to and possibly also during the reference time
at 17-22 Ma (Schmid et al., 1996).

However, numeric models (Molnar and England, 1990; Shi and Wang, 1987) indicate that
thermal perturbations across an active thrust re-equilibrate relatively rapidly, especially for low-
angle thrusts with slip rates no higher than 5 mm/a, such as the basal Helvetic thrust,
representing the main active tectonic boundary at that time (Burkhard, 1988; Handy et al., 2010;
Schmid et al., 1996). Furthermore, the reference time chosen predates most of the Aar Massif
deformation and uplift. Apart from relatively slow tectonic burial in the footwall to the basal
Helvetic thrust, we do not expect significant vertical displacements along our reference horizon
at 17-22 Ma.

Therefore, although minor perturbations cannot be excluded or might even be expected, we
assume here an overall steady state geothermal gradient of 25°/km depth around peak
metamorphic conditions. This value is in agreement with independent pressure and temperature
estimates obtained on peak metamorphic mineral assemblages from the central southern Aar
Massif (Challandes et al., 2008; Goncalves et al., 2012) as well as with almost constant

metamorphic gradients along all major Helvetic thrusts (Ebert et al., 2008).

Section DR3: Field data and projection
This section contains supplementary information about the techniques and data that were used to

construct cross-section XX’ (Fig. 1A), with special emphasis on the geometry of the top
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basement marker horizon. The tectono-metamorphic position of the Urseren-Garvera zone,
situated in the very south of the studied cross-section will be discussed below (Section DR4).
Permo-Carboniferous sediments occur only locally and are often restricted to graben-like
structures. In this study, the term «top basement» strictly speaking refers to the base of the
spatially inclusive Mesozoic sediments.

The Helvetic nappes are redrawn from an existing cross-section based on decades of field work
and on reflection seismic data summarized in Pfiffner et al. (2011) and Pfiffner (2017). Below
the Helvetic nappes, the geometry of top basement, including the Alpine sole thrust, is relatively
well-constrained by strong reflectors in the autochthonous and par-autochthonous sediment cover
(Pfiftner et al., 1997). For the Aar Massif domain of the studied section, we integrated existing
geological surface data (Berger et al., 2016), unpublished subsurface data (hydropower galleries
KW Wassen and Goschenen) and new field data from shear zone mapping along the transect.
From a structural point of view, the position of the cross-section is ideal: top basement is
exposed over a large distance as well as high relief and the easterly axial plunge of the Aar
Massif (Hitz and Pfiffner, 1994) allows us to project higher tectonic levels into the profile, which
significantly enlarges its vertical extent. Where eroded, the top basement geometry was projected
into the profile from the East parallel to the average axial plunge of 070/10 (dipazimuth/dip).
This value represents a cylindrical best fit, which is based on 227 field measurements of bedding
as well as axes of early folds, measured in the par-autochthonous sediment cover of the eastern
Aar Massif (Figure DR3). The same projection direction was used to project peak temperature
data into section (Fig. 2B). Owing to structural complexity (i.e. non-cylindricity), a few (>10%)

sample positions had to be adjusted by maximum a few hundred meters. Adjustments were made
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only where necessary and with care so they do not significantly influence the resulting
temperature pattern and our interpretation.

The cross-section shown in Figs. 1A and 2B is line and area balanced. Constant line length was
assumed for the top basement horizon and constant area was assumed for the European crustal
basement. The present day area of the European crustal basement, especially its lower boundary
(Moho), is based on geophysical data (Wagner et al., 2012). The different degree of detail in
higher tectonic levels with respect to lower tectonic levels mostly reflects the different spatial
resolution of surface and geophysical data.

Mapped shear zones along the studied section are dominated by dip-slip kinematics. Shear zones
with oblique or strike-slip displacements have been reported, especially in the hinterland region,
but are considered to be of minor importance for the studied section in the eastern Aar Massif.
This is in contrast to the central and western Aar massif where a dense network of strike-slip
dominated shear zones is documented (Choukroune and Gapais, 1983; Rolland et al., 2009;
Steck, 1968; Wehrens et al., 2017). Although cross-section XX’ is oriented in the main
displacement direction, deformation was certainly not plane strain. Shear zones with oblique or

strike-slip and the corresponding displacements in or out of the section are not considered here.
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Figure DR3: Stereographic projection of poles to bedding and fold axes of early folds from the
parautochthonous sediment cover of the eastern Aar Massif (Schmidt, lower hemisphere). The
projection direction represents the pole to the great circle best fitting the poles of bedding
(cylindrical best fit) and closely matches fold axes of early folds directly measured in the field. N

= number of measurements.

Section DR4: Tectonometamorphic position of the Urseren-Garvera zone

On cross-section XX’ (Figs. 1A and 2B), the Urseren-Garvera zone is drawn as a tight upright
syncline with a weakly developed northern limb and a much thicker southern limb. In the north,
it is bound by an Alpine weakly reactivated Mesozoic south-vergent normal fault (Wyss, 1986).
Stratigraphic polarity, large thickness of Lower Jurassic sediments and the absence of Middle
Jurassic and younger sediments suggest that the Mesozoic and Permo-Carboniferous of the
Urseren-Garvera zone represent the cover of the Gotthard Nappe (Bonanomi et al., 1992; Wyss,

1986).
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In contrast, from a tectonic point of view, we assign the Urseren-Garvera zone to the footwall of
the basal Helvetic thrust. As nicely documented in Wyss (1986) and indicated on Figs. 1A, 2B
and 2C, the Urseren-Garvera zone represents the portion of the Gotthard nappe cover that has not
been sheared off with the Helvetic nappes, but stayed attached to its crystalline substratum. This
interpretation is consistent with almost equivalent metamorphic ages from the Urseren-Garvera
zone and from the southern Aar Massif (see Section DR2) and justifies a comparison of RSCM

peak temperatures obtained from the two different units in the form of isothermal contour lines

(Figs. 1B and 2B).
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