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Abstract

We report compositional, microstructural and seismic properties from 24 samples collected
from the Middle Allochthon (Seve Nappe) of the central Scandinavian Caledonides, and its
bounding shear zones. The samples stem both from field outcrops and the continental drilling
project COSC-1 and include quartzofeldspathic gneisses, hornblende gneisses, amphibolites,
marbles, calc-silicates, quartzites and mica schists, of medium to high-strain. Seismic
velocities and anisotropy of P (AVp) and S (AVs) waves of these samples were calculated
using microstructural and crystal preferred orientation data obtained from Electron
Backscatter Diffraction analysis (EBSD). Mica-schist exhibits v highest anisotropy (AVp ~
31 %; max AVs ~34 %), followed by hornblende-dominated ‘ock. (AVp ~5-13 %; max AVs
5-10 %) and quartzites (AVp ~6.5-10.5 %; max AVs ~7.5 12 1%5). Lowest anisotropy is found
in calc-silicate rocks (AVp ~4 %; max AVs 3-4 %), whe.= the symmetry of anisotropy is
more complex due to the contribution to anisotropy 1. "m .everal phases. Anisotropy is
attributed to: 1) modal mineral composition, in p2rticular mica and amphibole content, 2)
CPO intensity, 3) crystallization of anisotropic m.~zrals from fluids circulating in the shear
zone (calc-silicates and amphibolites), ard to a lesser extent 4) compositional banding of
minerals with contrasting elastic properties a.>d density. Our results link observed anisotropy
to the rock composition and strain in . vep esentative section across the Central Scandinavian
Caledonides and indicate that the <tii 2 Seve Nappe is seismically anisotropic. Strain has
partitioned on the nappe scale, ana 'ikely on the microstructural scale. High- strain shear
zones that develop at boundarie> of the allochthon and internally within the allochthon show
higher anisotropy than a mo. 2 moderately strained interior of the nappe. The Seve Nappe
may be considered as a .>mplate for deforming, ductile and flowing middle crust, which is in

line with general observations of seismic anisotropy in mid-crustal settings.



1. Introduction

The understanding of orogeny, or how mountains develop, requires distinguishing between
autochthonous and allochthonous tectonic units. For example, tectonic nappes are
distinguished in the field based on their distinct composition and the presence of high-strain
shear zones bounding them. As seismic data provide key geophysical constraint of the crustal
structure at depth, it is important to develop a catalogue of seismic signatures (Vp, Vs, Vp/Vs
and anisotropy of Vp and Vs; e.g., Brownlee et al., 2017; Jung, 2017). In particular, seismic
anisotropy is a sensitive indicator for flow and deformation in the Earth, which can be linked
to features such as rock fabric, structure (e.g., Okaya et al., 201 7* and shear zones (e.g., Jones
and Nur, 1982).

Shear zones with widths ranging from mm up to several 1€ s 9 100’s of kilometres
accommodate relative movement of comparatively rigic surruunding rocks (e.g. White et al.,
1980; Ramsay, 1980; Poirier, 1980; Hobbs et al. 198*: Jic ng & Williams, 1998; Frederiksen
& Braun, 2001; Gueydan et al., 2014; Fossen and Cc.valcante, 2017). In brittle shear zones, or
faults, deformation is highly localized in distircy 1ar.ow zones while ductile crustal shear
zones are wider, exhibiting a fabric gradicnt ron. host rock to high-strain zone that is, in
places, accompanied by strongly developea ~lanar foliation, clear mm to dm scale
compositional banding and easy to re~ngy.ize object lineations (Piazolo & Passchier, 2002),
syntectonic metamorphic reactions dcv~lopment of shape and crystallographic preferred
orientations and most common’y v:ner grain size relative to adjacent rocks (e.g. Ramsay
1980; Celma 1982, Brodie anu Ruiter, 1987; Law et al. 1990; Piazolo & Passchier, 2002;
Svahnberg & Piazolo, 204C) wuctile shear zones develop in a wide range of crustal
conditions ranging fioi.. 305-750 °C and 0.3-1.2 GPa (e.g., Tullis et al., 1982; Stipp et al.
2002; Passchier & Trouwv, 2005) and may form single to anastomosing, that is,
interconnected, sets of high strain zones (e.g. Arbaret et al., 2000; Carreras et al., 2010;
Svahnberg and Piazolo, 2010). Compositionally, shear zones may be rich in micas such as
mica-schists commonly seen in retrograde shear zone within high grade terrains (e.g. Platt &
Behrmann, 1986; Selverstone et al. 1991; Raimondo et al. 2011) and biotite rich shear zones
developed in response to syntectonic melt-rock interaction (e.g., Piazolo et al. 2020). At
higher grade and in mafic rocks, such zones may be amphibole-rich (e.g., Kruse and Stinitz,
1999).



Given their importance in governing crustal deformation, shear zones have been and remain a
key target for geophysical imaging, using for example reflection seismology or seismic
anisotropy (Jones and Nur, 1984; Burlini et al., 2005; Cholach et al., 2005; Lloyd and
Kendall, 2005; Vauchez et al., 2012; Schulte-Pelkum and Mahan, 2014; Almqvist and
Mainprice, 2017; Adam et al., 2020; Wrona et al., 2020). Shear zones have been shown to
yield seismic signatures or reflections to crustal depths of 30 km, as demonstrated for
example by Smithson et al. (1979), Jones and Nur (1984), and more recently by Schulte-
Pelkum and Mahan (2014), for the Wind River thrust fault in Wyoming. Rey et al. (1994)
have investigated, in some detail, the parameters that give rise to a physical expression of
shear zones using reflection seismology. They conclude that the adient in mylonitization
(from protolith to mylonite) and the degree of crystallographi. pre ferred orientation of the
main mineral phases is important for the strength and char xcter of the seismic signal. In
addition, the common change in composition in terms ~f 1 >ck forming minerals gives rise to
seismic property changes distinct to shear zones. For €. 2:nple, amphibole-rich shear zones
within high grade, mica poor host rocks will have 7. distinct signal with high seismic
anisotropy, which is accentuated by a strona ¢ vstailographic preferred orientation of
amphibole (e.g., Ji et al., 19934, b; Tathe.m e. al. 2008).

Seismic anisotropy is prevale.* in the ductile deforming middle and lower crust,
below the fracture dominated upper c.u... Deep crustal seismic anisotropy has been detected
with various methods, including reficction seismology (Hirn et al., 1987), receiver function
analysis (Schulte-Pelkum et ai., 2005; Audet, 2015; Thybo et al., 2019), surface wave
diffraction tomography (Shayiry et al., 2004), and shear wave splitting (e.g., Bokelmann et
al., 2013; Sharma et .' , 2017/; Hu et al., 2020). A growing number of studies have therefore
been designed to measurs and calculate seismic velocities and anisotropy in different crustal
settings, including collisional orogens (e.g., Burlini and Fountain, 1993; Barruol and Kern,
1996; Zappone et al., 2000; Barberini et al., 2007; Lloyd et al., 2011; Almqvist et al., 2013;
Erdman et al., 2013; Hacker et al., 2014; Ji et al., 2013; 2015; Cyprych et al., 2017; Kim and
Jung, 2020). Based on those studies the presence of foliated, mica-rich rocks is considered
among the major sources to middle to lower crustal anisotropy (Brocher and Christensen,
1990; Barruol and Mainprice, 1993b; Shapiro et al., 2004; Lloyd et al., 2009; Dempsey et al.,
2011; Erdman et al., 2013; Brownlee et al., 2017; Han and Jung, 2021). Amphibole-bearing
middle and lower crustal rocks must also be considered as a major source for seismic

anisotropy (Tatham et al., 2008; Ko and Jung, 2015). Monomineralic rocks that tend to



develop strong CPO’s in comparison to polymineralic rocks may also act as a source for high
anisotropy (Almgvist et al., 2013). However, such rocks are rare, and the addition of a very
small modal percent of second phases may decrease anisotropy dramatically, depending on
whether the different minerals interfere destructively (e.g., Ward et al., 2012). Another
potential source of anisotropy is the compositional banding of layers of minerals with
contrasting densities and elastic properties, for example as shown in calculations by Cyprych
etal. (2017).

A link between the microstructure of sheared rocks and their seismic properties is inevitable,
as minerals and their internal arrangement constitute rocks themselves. This relationship has
long been recognized, beginning with key contributions of Verr.i.. (1960), who measured
elastic wave speeds along different crystallographic axes in o.'vin :. Subsequently Hess
(1964) used these laboratory data in combination with Tur er’s (1942) study on olivine
fabrics, to explain observations of seismic anisotropy i~ ti.> Pacific Ocean and relate this
solid-state mantle flow. A landmark study on relating .~icsmic anisotropy to mineral
microstructure and texture was presented by Ma’ni rice and Nicolas (1989), who investigated
CPO’s developed by quartz, feldspar, pyroxei.* ana amphibole and their role in generating
seismic anisotropy by predicting anisotrcny “arough calculations based on mineral
constituents and their CPO’s. Importatly, this study inferred that prominent lower crustal
seismic reflectivity, often observed 7n .ontinental crust, could at least in part be generated by
strongly foliated rocks and conse juct seismic anisotropy.

One of the most direct ways o1 ~ddressing the source of anisotropy in middle and lower
continental crust is to mode' seis.nic properties based on exposed (outcrop) surface rocks, or
drill core and using the riinei al composition and texture as model input and analogue for
rocks that are currently si uated at depth (e.g., Wang et al., 2005; Sun et al., 2012). In the
present study, aside from the surface samples, we used drill core material collected from the
Collisional Orogeny in the Scandinavian Caledonides (COSC) project, which is a scientific
deep drilling project during which ~2.4 km of continuous core was extracted from the Middle
Allochthon of the central Scandinavian Caledonides. Research in this project aims to better
understand the tectonic history of the Caledonian orogen and help provide insights into other
continental collision orogens, such as the Himalaya-Tibet orogen (e.g. Gee et al., 2010;
Labrousse et al., 2010; Streule et al., 2010). The drill core recovered from this international
drilling project also serves as an excellent opportunity to evaluate the potential sources of
seismic anisotropy for a crustal section that represents middle and lower crust that underwent

crustal flow and ductile deformation during orogeny.
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We present the results of microstructure and texture derived seismic properties of
rocks of the Middle Allochthon (Seve Nappe) from the COSC-1 drill core and field samples
from selected field sites within the central Scandinavian Caledonides. The aim of this study is
to provide texture and microstructure constrained seismic properties, with an emphasis on
seismic anisotropy, of a major nappe that hosts and is bound by well-developed shear zones.
Seismic velocities and anisotropies are calculated using the ESP Toolbox which takes the
spatial distribution and crystallographic orientation of contributing minerals into account (Vel
et al., 2016). The mineral orientation and microstructural data were obtained from large area
quantitative orientation maps acquired through Electron Backscatter Diffraction (EBSD)
analysis. The dataset provides a catalogue of seismic properties « aid the interpretation of
geophysical data from heterogeneous deformed mid-crustal rc <ks .n a collisional orogenic
setting.

2. Geological setting, sampling strategy and field c:isn ic investigations

2.1 Geological setting

The study area is located in the central part o Scandinavian Caledonides in central Jamtland,
Sweden (Figure 1). The site has been re~eynised as an area of thrusting, with large lateral
eastwards displacement of nappes (Ge> 1975; Gee, 1978). The Caledonian front in Jamtland
is marked by a sole thrust that dip = "-..” westward beneath the orogeny (Gee et al., 2010).
Three major allochthonous comlexcs have been recognised in the area: Upper Allochthon,
comprising the Koli Nappe; M.dle Allochthon, with Seve, Sarv and Offerdal Nappes; and
the Lower Allochthon (Fiy. 1) These complexes are made up of rocks derived from the
Baltoscandian platform mar jin, the outer continental shelf and continent-ocean transition
zone, and lapetus oceanic domains (Gee et al., 2010).

The Seve Nappe is divided into three parts, Upper, Middle and Lower, which have each
experienced different condition in terms of temperature, pressure and deformation. The
Upper Seve Nappe is absent in present study locality, and is therefore not discussed further
here. The Middle Seve Nappe, at our study locality, experienced peak pressures exceeding
2.6 GPa and ~700-720 °C, based on phase equilibrium modelling (Klonowska et al., 2014).
After peak pressure conditions, the Middle Seve Nappe experienced decompression melting,
at temperatures of ~800-820 °C (Klonowska et al., 2014), and granulite facies metamorphic
conditions during subsequent nappe emplacement (Arnbom et al., 1980).

Geothermobarometry studies of Holmberg (2017), indicate that the Lower Seve Nappe



underwent two metamorphic and deformation events (M1-D1 and M2-D2), where the former
event peaked at 0.8-1.3 GPa, 525-695 °C (upper amphibolite facies/lower eclogite
conditions), and the subsequent event peaked at 0.7-1 GPa, 450- 550 °C
(amphibolite/greenschist grade conditions).

The COSC-1 drilling campaign targeted the lowermost part of Seve Nappe complex and the
tectonic contact between the Middle and Lower Allochthon. The Lower Seve Nappe in the
area comprises interlayered amphibolites, metasedimentary (quartzofeldspathic) gneisses,
calc-silicates, meta-psammites and mica-schist, with minor ultramafics (Figs. 1, 2). The Seve
Nappe is underlain by thin slices of the Sarv and Offerdal Nappes thrusted over intensely
foliated Ordovician and Silurian metasedimentary rocks that betu. a to the Lower Allochthon
(Stromberg et al., 1984; Fig. 1). Figure 1b shows a schemc'ic ‘ectonostratigraphic column
with focus on the Middle Allochthon, which can be i ‘ided into sub-units of the upper,
middle and lower Seve nappe complex and the low.:must Sarv and Offerdal (not shown)
nappes (Gee et al., 2020). The Middle Allochthon ha. - two major contacts with the Upper
and Lower Allochthon, which occur in genera' a- high-strain zones where deformation has
localized during nappe emplacement (Beran.mn and Sjostrom, 1997; Bender et al., 2018;
2019). At the study locality in central Jai. tl-.nd, the upper Seve nappe complex is not present,
and the uppermost sub-unit is conside, ~d to belong to the Middle Seve nappe. Several smaller
shear zones (m-scale) occur within th: "“iddle Allochthon, and at least one large shear zone
(~50 m thick) distinguishes the hourdary between the Middle and Lower Seve nappe (Majka
etal., 2012).

A schematic lithosu ~tioraphic column and seismic profile (Fig. 2) show two main
structural domains inter.vete § from the drill core and borehole logging. The upper ~1700 m
of the borehole is domina ed by interlayered gneisses, amphibolites and calc-silicates. Similar
lithologies were observed in the nearby outcrops and a nearby quarry (Rasjo quarry; Fig. 3a-
c). The rocks are moderately deformed and crop out as intermittent amphibolite and
quartzofeldspathic layers ranging with thickness from < 1 cm to greater than 10 m (Fig. 3a-c).
This domain is characterized by strong reflectivity, although reflectors are generally laterally
discontinuous (Fig. 2). At greater depths, multiple high-strain mylonitic zones, accompanied
by mica schist appear (Fig. 2). Towards the bottom of the borehole the volume of the mica-
schist increases. High-strained mica-rich units are interbedded with quartzites that are
believed to belong to the uppermost Lower Allochthon (Hedin et al., 2014). This domain
shows strong and continuous reflectors (Fig. 2).



Nine samples were collected from the COSC-1 drill core at the German Geological
Survey (Bundesanstalt fir Geowissenschaften und Rohstoffe; BGR) core depository in
Berlin, Spandau. Samples were selected to ensure that the main lithologies and their
variability in both composition and strain is represented. Fifteen additional samples were
collected from the outcrops of the Middle and Lower Seve Nappe, and the contact between
Upper and Middle Allochthon (contact between Koli and Seve nappe). These samples were
collected from the area surrounding the COSC-1 drill site to provide a more regional
representation of samples from the Seve Nappe, including a shear zone at the top contact at
the allochthon and a shear zone that separates the Middle from the Lower parts of the Seve
Nappe (Fig. 1b). Figures 4-6 present more details on the rela.\ve position of the samples
within the Seve Nappe, including microstructural appearanc>. N>te that not all samples are
shown in Figures 4-6, but rather those that could be plc~ed with some certainty along the
tectonostratigraphic profile (Fig. 1b); all samples of th= s:'dy do however originate from the
Seve Nappe and the lowermost part of the Middle ~''cchthon. During the drilling, a large
team of geoscientists described the core in genfa:, on site (cf. lithological column, Fig. 2b).
Distinctions were made with regard to gene.~l composition (e.g., quartzofeldspathic versus
mafic), and structure (granofels, gneiss, sct.ist). Mylonites were defined by very fine grain

size and banded appearance.

2.2 Seismic investigations at the tudc’ area

A considerable amount of gecnhysical data has been collected in the scope of the COSC
project, with a focus on actve scismic experiments (Hedin et al. 2012; 2014; 2016; Juhlin et
al., 1016; Simon et al., .'017 2019; Elger et al., 2021). Hedin et al. (2012; 2014) conducted
reflection seismic survey. and interpretation of reflections in the Middle Allochthon, which
served to help determining the drilling location of the COSC-1 borehole. Hedin et al. (2016)
subsequently carried out a detailed reflection seismic survey across the borehole, which led to
a detailed view of reflectivity in the upper crust, and an interpretation of structure (Fig. 2a).
Elger et al. (2021) related the seismic reflection pattern to compositional layering, although
the potential influence of seismic anisotropy was not addressed in their study. An interesting
observation that was made from the seismic reflection studies of Hedin et al. (2016) is that
the reflectivity pattern changes with depth, within the drilled depth of COSC-1. Towards the
lower portion of the borehole (>1700 m) the seismic reflectivity becomes more continuous,

likely representing the transition to a thick (>800 m), but anastomosing, shear zone.



Simon et al. (2017; 2019) have investigated the seismic anisotropy in the COSC-1
area, by comparing tomographic imaging with vertical seismic profiling (VSP) carried out in
the borehole (Fig. 2b). The conversion to P wave speeds for the two surveys yielded different
results, which can only be explained by anisotropic wave speeds, where sub-horizontal P
waves obtained by tomographic imaging are up to 10 % faster than vertically propagating
waves (VSP; Fig. 2b). Simon et al. (2019) found that in order to interpret seismic reflections
and their conversion to depth, it was necessary to consider an anisotropic background
medium in the data processing, rather than using an isotropic background medium. Notably
the upper crustal portion, which the COSC-1 borehole penetrated, is nearly free of fractures
(Tsang et al., 2016) and the observed anisotropy by Simon et .' (2017; 2019) must hence
originate from the inherent structure of the rock.

2.3 Laboratory elastic wave speed measurements on CNSC-1 samples

In addition to the geophysical Several studies have “cen carried out with the purpose to
characterize the seismic properties of COSZ-. rocks using laboratory measurements
(Wenning et al., 2016; Késtner et al., 2020). T e swdies of Wenning et al. (2016) and Kastner
et al. (2020) provide laboratory measure.er. data of 16 samples of representative rocks from
the borehole. Wenning et al. (201C) measured both P- and S-wave speeds of samples,
whereas Késtner et al. (2020) focu e ~nlely on P-wave speeds. Their measurements were
made using cylindrical samples cu* along three axes, representing structural orientations
where measurements were mac.~ paiallel to lineation in the foliation plane (X), perpendicular
to the lineation but withir. the foliation plane (), and normal to the foliation plane (Z).
Measurements were mad'e u} to ~260 MPa, at room temperature conditions. Bazargan et al.
(in revision) extended t ese conditions, measuring P- and S-wave speeds on samples of
quartzofeldspathic gneiss, biotite gneiss and amphibolite, to 600 MPa and 600 °C, to
investigate seismic properties near in-situ conditions in the middle-lower continental crust.
Bazargan et al. (in revision) found that seismic anisotropy increased at peak conditions of 600
MPa and 600 °C, compared to solely considering confining pressures up to 600 MPa. For
comparison of results collected in this study and laboratory measurements, we provide this in
the supplementary material (Fig. S2). Recently, Kastner et al. (2021) investigated seismic
anisotropy across the microstructural scale to the borehole scale, using the COSC-1 samples.
Their study compared laboratory measurements and textural measurements with anisotropy

inferred at borehole scale.



3. Analytical and seismic property calculation methods

3.1. Petrology, mineral chemistry and orientation data

We used polished thin sections cut perpendicular to the foliation (XY) and parallel to the
lineation (X). Polarized light-microscopy was used to describe microstructure (grain size,
grain shape, and phase distribution) and general deformation structures.

Full crystallographic orientation data were obtained using automatically indexed
EBSD patterns acquired with a HKL NordleysNano high <:nsitivity EBSD detector and
indexed using the Aztec analysis software (Oxford instrume~...} rhe analysed area of each
thin section was larger than 1 cm? The step size was betwsc 13 and 30 um. Noise reduction
of the raw data was performed following the procedr.re Cited by Prior et al. (2002) and
Bestmann and Prior (2003). The detailed description >f u>ta processing follows the procedure
described in Appendix A of Cyprych et al. (2017). Tae y-ain orientation and crystallographic
preferred orientation (CPO) data is represented ‘r, erual area, lower hemisphere pole figures,
with half-width of 15 ° and cluster size ¢« .1 . The strength of the CPO of each mineral is
estimated by comparing the J-index (Buny>. 1982) of the orientation distribution functions
(ODFs) derived from all data points using mTEX (http://mtex-toolbox.github.io/; Hielscher
and Schaeben, 2008). The J-index raigfs from unity (corresponding to a completely random
fabric) to infinity (a single crysta! fabric). In other words, the larger the J-index, the stronger
the CPO. Although there is o istinct definition for a strong CPO using the J-index, we
consider J > 3 as stronp !-u,2ex for naturally deformed rock. Note that the CPO intensity
parameters, such as o J-.nuex, reported in this contribution is based on the area covered by
phases throughout an ar-.yzed EBSD section, and not according to counting of one point per
grain (ppg). This was done in order to provide a direct comparison between the CPO and
calculated seismic properties, since the latter considers the area of the phase, rather than the
ppg statistic. However, we do note the calculated number of grains for each section, which

generally is well above 100 grains for every analyzed major phase in an EBSD section.

3.2. Calculation of seismic properties

To obtain the bulk homogenised stiffness matrix of polycrystalline rocks an averaging
scheme is needed that relates the average elastic strain to average elastic stress of the rock. In

case of an aggregate with a CPO, the anisotropy of the elastic properties of each mineral must
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be considered, and for each crystallographic orientation the single-crystal properties are
rotated (Mainprice, 1990; 2007). Bulk elastic stiffnesses are calculated using ESP Toolbox
that applies the asymptotic expansion homogenisation (AEH) method combined with finite
element (FE) modelling (Naus-Thijssen et al., 2011b; Vel et al., 2016) together with the
classic Voigt-Reuss-Hill homogenisation (Voigt, 1928; Reuss, 1929; Hill, 1952; Mainprice,
1990). The general scheme going from EBSD measurements to calculated seismic properties
is shown in Figure 7. The AEH-FE method allows to incorparate the mineral phase
boundaries into the calculation, in addition to the classical procedure to calculate seismic
anisotropy using only the CPO (Crosson and Lin, 1971; Mainprice, 1990); thus, it allows
computation of the effects of phase distribution (e.g., the effect u. shape preferred orientation;
SPO) and elastic contrast between phases on seismic velocities (e. 3., Cyprych et al. 2017).

We calculate seismic properties from EBSD dati considering minerals with
abundances higher than 1 area %. We used single cn s stiffnesses from several different
studies, where references and respective minerals are ~ummarized in Table 1. Alpha quartz
(Lakshtanov et al., 2007) was used in calcula’.io s where quartz was present in the rock.
Although the temperatures expected during :etamorphism are likely close to those of the
alpha-beta quartz transition at room pre_~ur: conditions (573 °C), the transition temperature
would be much higher in-situ conside, *ng the higher confining pressure in the middle crust.

Seismic anisotropy is defin:d <~ AVp,s = 200[(VP,Smax-VP,Smin)/ (VP,SmaxtVP,Smin)],
where Vp,Smax and Vp,Smin are the: moxamum and minimum values of either the P- or S-wave.
Note that for shear wave aniscropy this corresponds to the maximum AVs. The density of
the rock is calculated by av2raging single crystal densities according to the modal percent of
the phases. For the nlctinp purpose we used the MATLAB Seismic Anisotropy Toolkit
(MSAT; Walker and Woc key, 2012).

4. Results

Results are presented in terms of mineral composition (Table 2), texture strength (CPO and J-
index; Figs. 8-11, Table 3) and the seismic properties and anisotropy (Figs. 12-16, Table 4).
The sample results summarized in Tables 2-4 are grouped according to their composition, the
area percentage made up by the different minerals in the EBSD section that was investigated
for each sample. The total area investigated for each sample generally comprises a minimum
of 1cm? and includes several hundred grains. Supplementary material, section S3 provides the
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EBSD maps that were collected in this study, as well as examples (S3.1) of EBSD maps with
respect to their location in thin sections. Results for samples are presented according to 1)
their position within the tectonostratigraphic unit (Figs. 1b, 2 and 3), 2) their modal mineral
composition and 3) their degree of deformation i.e., medium- and high-strain. The distinction
between high- and medium-strain samples is based on the tightness and planarity of foliation
where high-strain samples are characterized by highly planar, continuous and tight foliations
typical for high strain zones (e.g. Passchier & Trouw, 2005). The category of medium-strain
encompasses samples with distinct, continuous foliation which are wavy at the mm to cm
scale and those that exhibit discontinuous foliations. In general, medium-strain samples are
internal to the nappes and high-strain samples originate dominaii.' from shear zones that
bound the Seve Nappe although some are internal to the napp » itst If, originating from a
nappe internal shear zone. Description of the results theref are ¢ ddresses both the comparison
of samples of similar composition (rock type) but differer: CPO intensities, and similar CPO

intensity but different composition.

4.1. Rock composition and microstructures

Sample lithology have been defined based o~ their mineral composition and microstructure,
where the groups consist of marble (dani.nated by calcite), calc-silicates (quartz, plagioclase,
K-feldspar and calcite), amphibolite (=7 % amphibole), hornblende-gneiss (dominated by
mix of plagioclase and amphibrle; . quartzofeldspathic gneiss (Qfs; quartz, plagioclase and K-
feldspar), biotite-gneiss (quar.. magioclase, K-feldspar and substantial amount of biotite),
quartzite (dominated by r;u.tz, sometimes mylonitic) and mica-schist (dominated by
muscovite). Sample co. *nuaition is summarized in Table 2 and representative microstructures

are presented in Figs. 4-3.

4.1.1 Medium-strain samples

Samples that are noted as medium-strain originate from locations outside the high-strain shear
zones (Fig. 4) that bound the Middle Allochthons, as well as separate the middle and lower
parts of the Middle Allochthon (Fig. 1b). Marble (COSC13_007) from the upper part of the
Middle Allochthon consists of nearly pure calcite, with a lesser amount of quartz. There is a
bimodal grain-size distribution of COSC13_007, where calcite crystals are up to a few mm,

whereas the smaller grains of calcite and accessory phases are less than100 pum. Calc-
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silicates, exemplified by sample COSC13_006, show a much more diverse composition, with
nearly equal portions of quartz, plagioclase, K-feldspar and calcite (Table 2). Accessory
phases of COSC13_006 consist of diopside, biotite and epidote. Middle Seve Nappe gneisses
(SW14_02) are typically quartz dominated, with lesser amounts of feldspar and minor garnet
(almandine and pyrope). Quartz ranges in grain-size, from <<1 mm up to 1 mm. Euhedral
garnet occurs as grains of ~0.1 mm up to 1 mm.

In the COSC-1 drill core, representing the Lower Seve Nappe, five samples were collected
from the top 1700 m of the core (Fig. 5) and include an amphibolite with partially preserved
magmatic fabric (COSC_149), amphibolite (COSC_193), two calc-silicates (COSC_243 and
487, respectively), and a quartzofeldspathic gneiss (COSC_405,. The amphibolitized gabbro
(COSC_149) is composed of hornblende and plagioclase, v ith minor diopside and biotite.
Only weak foliation and lineation are observed (Fig. 5a). .\nd 11e rock microstructure is close
to granoblastic. Hornblende is coarse-grained (from ™5 "1p to 4 mm), while plagioclase is
finer-grained (<1 mm). Amphibolite COSC 193 (Fiy Db) is composed of hornblende and
plagioclase with minor quartz. A strong fo'ia.on can be seen, which is defined by
interlayered hornblende and plagioclase. Hor.>hlenuae grains are generally smaller than 2 mm.
Plagioclase is finer grained with grain si.= sraaller than 0.5 mm. Hornblende exhibits a strong
shape preferred orientation (SPO).

The two analysed calc-silica’es :~om the COSC-1 drill core differ in composition. The
calc-silicate COSC_243 (Fig. 5cj 1. composed of calcite, quartz and plagioclase. Calcite is
coarser grained than quartz ai. plagioclase and has a grain size of 1 to 2 mm, while grain
size of plagioclase and quc+tz 15> < 1 mm. Subgrains and undulose extinction are present in
plagioclase and quartz. n ccntrast, calc-silicate COSC_487 (Fig. 5e) comprises plagioclase,
K-feldspar, calcite, diops.1e, and minor quartz and biotite. A foliation defined with elongated
calcite crystals and biotite flakes can be seen (Fig. 5e). Feldspars have grain size of 0.2 to 0.7
mm, calcite of 1 to 3 mm, diopside of 1- to 2 mm and biotite of ~1 mm. Calcite shows
deformation-induced twins and undulose extinction.

The quartzofeldspathic gneiss COSC_403 (Fig. 5d) is composed of quartz, plagioclase
and K-feldspar with minor diopside, biotite and accessory magnetite. A thin layer of coarse-
grained (1 to 3 mm) gypsum oriented parallel to foliation has also been observed. However,
this gypsum layer was not including in calculations of seismic anisotropy, because it was not
deemed representative of the overall composition and microstructure of this sample. The
foliation is well defined with biotite flakes. All the minerals are relatively fine-grained (< 1
mm).
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4.1.2 High-strain (shear zone) samples

Mineral composition and microstructures were studied in samples from three zones along the
Seve Nappe, which can be considered high-strain zones: 1) the boundary between the Upper
and Middle Allochthons, 2) an internal shear zone in the Seve Nappe, and 3) the relatively
thick (>700 m) basal, bounding shear zone of the Lower Seve Nappe (Fig. 1). One high-strain
marble, SC 13_06, was sampled from the top-most shear zone of the Middle Allochthon, and
consists essentially of 100 % calcite. It shows a fairly homogenous grain-size (>1 mm), with
heavily twinned crystals (Fig. 4¢).SC13_08A represent a higl -strain calc-silicate rock from
the same boundary zone, and is dominated by quartz and .aw te, with minor amounts of
calcite, dolomite, hornblende and mica (Fig. 4a). One sa’up!2, MH_09, was taken from the
internal Seven Nappe shear zone, separating the Mixdle irom Lower Seve Nappe. This
sample consists dominantly of quartz, with lesser “mo.'nts of feldspar, biotite and garnet
(almandine and pyrope; Fig. 4e), reflecting the comyositiun of Middle Seve Nappe granulites
(e.g., SW14_02; Fig. 4d).

The lower section of the COSC-1 drill co'e, 11 t1a Lower Seve Nappe, comprises interlayered
hornblende-rich gneisses, mica-schists an.' meters-thick insets of quartzite. Amphibolite
sample COSC_556 (Fig. 6a) is compnse. nredominantly of very fine-grained hornblende and
plagioclase (< 0.5 and < 0.2 mm, respectively). This sample is strongly foliated, with
foliation defined by SPO of hcrriclende, and stretched plagioclase and opaques. Plagioclase
contains multiple inclusions ~f zoisite. Hornblende gneiss, COSC 631, exhibits an S-C
fabric. The foliation is ucfined by elongate hornblende grains that surround plagioclase
porphyroclasts with r1s:>-hine shape (Fig. 6b). Plagioclase porphyroclasts can reach up to 0.6
cm (Fig. 6b) and are partly altered to zoisite. Coarse-grained quartz and calcite occur in
porphyroclast strain-shadows.

Mica-schist (COSC_691 in Fig. 6d) is composed of muscovite, quartz, and minor
plagioclase, chlorite, opaques and few garnet porphyroclasts. An S-C fabric is present in this
sample, and foliation is defined by aligned mica grains. Mica is medium to fine grained (< 1
mm). Garnet porphyroclasts are euhedral to sub-euhedral, and ~ 0.3 cm large. Quartz is
locally very fine-grained (<100 pum). The quartzite COSC_664 comprises predominantly
quartz, with subordinary plagioclase and chlorite (Fig. 6¢). Quartz is fine grained (0.1-1 mm)
and shows subgrains and undulose extinction. Plagioclase exhibits deformation twins. Two

types of opaque minerals have been observed: stretched aggregates oriented parallel to
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foliation and small (0.5 to 1 mm) euhedral to sub-euhedral porphyroclasts (Fig. 6c¢). Foliation

is very well defined with quartz SPO and aligned chlorite grains (Fig. 6c¢).

4.2 Crystallographic preferred orientation

Results are presented in Figures 8-11 for most representative samples, whereas the texture

strength J-index is summarized in Table 3 for minerals of all samples.

4.2.1 Medium-strain samples

One sample of marble, COSC13 007, is investigated th.* originates from a low to
medium-strain domain (Fig. 8a). It shows a weak but fairlv v.2ll-defined CPO, with poles to
(0001) clustered normal to the foliation plane. Poles to tho m'rror prisms (10-10) and a-axes
(11-20) are weakly distributed in girdles sub-parallel . ti.2 foliation. Quartz show a distinct
clustering of (0001) in the foliation plane, but perpenai.ilar to the lineation, whereas (10-10)
and (11-20) do not show a clear preferred orient itior.

In examined calc-silicates, calcite 2nu nlagioclase show similar CPOs (Fig. 9). The
poles to (0001) of calcite cluster norma: 2r subnormal to the foliation plane, while poles to
(10-10) cluster in the foliation plane (v 1., COSC_243; Fig. 9a). Poles to (001) of plagioclase
show clustering normal to foliation vur.c.eas poles to (010) cluster normal to lineation (Fig.
9a). For COSC13_006, the pole= to (J001) of quartz show a distint clustering in the centre of
the pole figure (Fig. 9b). Othc~ pole figures, for plagioclase, calcite and K-feldspar have
much less distinct CPO’s. A hirt of preferred calcite c-axes can be discerned for this sample
(Fig. 9b).

Hornblende in am phibolite COSC_193 shows clustering of poles to (100) normal to
foliation and poles to (010) cluster in the direction normal to lineation, in the foliation plane
(Fig. 10b). Poles to (001) of hornblende are oriented parallel to lineation (Fig. 10b). Poles to
(001) of plagioclase coincide with those of (100) of hornblende, and poles to (100) of
plagioclase cluster in the direction of lineation (Fig. 10b). Poles to (010) of plagioclase do not
show a clear CPO (Fig. 10b). The plagioclase CPO in the amphibolite COSC_149 is scattered
and considerably weaker in comparison to the hornblende CPO (Fig. 10a). The poles to (100)
and (001) of hornblende show minor asymmetry (offset) with respect to the lineation (X) and
pole to foliation (Z). The J-index values of hornblende and plagioclase are lower for
COSC_149 compared to in the amphibolite COSC_193 (J = 2.3 and 1.8, respectively).
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For quartzofeldspathic gneiss, plagioclase CPO has a somewhat different pattern to
that of plagioclase in amphibolites (e.g., COSC_403; Fig. 11a). Poles to (001) of plagioclase
cluster normal to foliation, while those of (100) and (010) do not show a clear CPO, although
a weak girdle distribution can be discerned. A CPO is absent for K-feldspar (Fig. 11a). The
poles of (0001) of quartz cluster in the foliation plane, normal to lineation, whereas poles to
(10-10) show clustering subparallel to lineation (e.g., COSC_403; Fig. 11). Biotite in biotite
gneisses (e.g., BQ7.2; Fig. 11b) shows a strong clustering of poles to (001) normal to the
foliation, while poles to (100) of biotite cluster parallel to the lineation. Sample SW14 01
shows a very weakly developed CPO for both quartz and plagioclase, although biotite and
muscovite have strong CPO with similar patterns as biotite gneis.

The majority of constitutive minerals of marble, emptibolites, quartzofeldspathic
gneiss and calc-silicates from medium-strain zone show \eak to moderate CPOs (J-index <

3), with exception of biotite and hornblende (J-index > 4; Table 3).

4.2.2 High-strain (shear zone) samples

In the high-strain samples, the str.ng h o. the CPO increases for most of the minerals
(Table 3; Figs. 8-11). Single-phase marble (SC13_06C) show a very strong CPO with c-axes
oriented normal to foliation and (10-10) ~nd (11-20) in a girdle parallel to the foliation (Fig.
8c). One high-strain calc-silicate hex also been investigated, SC13_08A, which contains
many phases with varying CPC s.engths (Fig. 9¢). Hornblende shows the strongest CPO for
this sample, with a clear maxi.uin of (100) as pole to the foliation plane. Poles to (010) and
(001) also show distinct #ii.onwations, where the latter plots parallel to the lineation. The CPOs
of hornblende and p.>aivclase in amphibolites show similar patterns as in low-strain
amphibolites, although, a weak asymmetry of the CPO is observed in amphibolite
COSC 556, i.e., the poles to (100) and (001) are offset with respect to the lineation and pole
to foliation (001) (Fig. 10c). The CPO of hornblende in hornblende gneiss COSC_631, is
broadly similar to that of hornblende in the COSC_556, and also shows a similar asymmetric
pattern (Fig. 10e). However, COSC_631 shows a girdle distribution of (100) subnormal to the
lineation (Fig. 10e=, whereas for COSC_556 there is a strong maximum of hornblende (100)
subnormal to the foliation (Fig. 10c). Plagioclase CPO in COSC_631 shows multiple single
maxima that can be attributed to individual plagioclase porphyroclasts (even though the grain
count ~500; Fig. 10e). In quartzite sample COSC_664, poles to (0001) of quartz cluster in the
centre of the pole figure, whereas poles to (10-10) are oriented subparallel to lineation (Fig.
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11d). The poles to (10-10) of quartz also shows the asymmetry previously observed in
hornblende and plagioclase from this domain. The CPO of plagioclase does not show a clear
pattern for COSC_664 (Fig. 11d). The CPO of muscovite in mica-schist COSC_691 is
characterized by (001) oriented parallel to foliation and poles to (100) clustering in the
foliation plane (Fig. 11e). Quartz in this sample shows a weak clustering of (0001) in the

centre of the pole figure, and poles to (10-10) do not show a clear pattern (Fig. 11e).

4.3. Calculated seismic properties and anisotropy

Calculated seismic properties from large area EBSD maps are r2sented in equal area nets for
selected samples representative for the different lithologizs n Figures 12 and 13. An
overview of the results for all samples are compiled in Figu2 14, showing the range of Vp
and Vs, as well as the AVp (%) and max AVs (%). P vave velocities are generally high in
rocks with high density (i.e., hornblende-rich rocks) <nd 1 wer in rocks with low density (i.e.,
quartz- and muscovite-rich rocks; Fig. 14). A wice range in anisotropy is observed, with
anisotropy generally being higher in samples .'-at show high strain (i.e., originating from
shear zones; Fig. 14).

The direction dependent P-, S; anu S; velocities, and shear wave anisotropy (AVs),
and Vs; polarization planes, show rdificrent patterns for various rock types (Figs. 12-13).
Hornblende-rich rocks (COSC_193, 355, 631) show an orthorhombic symmetry of P-wave
velocities, with a girdle of fast v\ in the foliation plane, and slow Vp propagating normal to
foliation (Fig. 12f, g, i). These ~mphibolites all have AVp >10 %, and AVs ranges from about
8 to 10 %. The distribiacn ur Vs in those rocks is similar to that of Vp. Although not
visualized in Figure .? 'vgs; is slowest in the foliation plane in hornblende-rich rocks.
Consequently, strong s.ear wave splitting is observed in the foliation plane, with Vs;
polarization planes oriented parallel to the girdle of high AVs (Fig. 12f, g, 1). Sample
COSC 149, with the most evident preservation of a primary magmatic fabric, shows a
contrasting seismic wave speed pattern compared with other hornblende-rich rocks (Fig.
12e). Notably, it shows a maximum Vp in the foliation plane, but perpendicular to the
lineation (both COSC_193 and 556, in Fig. 12f, g, shows maximum Vp parallel to lineation).
Also, for Vsl, there is a contrast, as COSC_ 149 (Fig. 12e) show maximum shear wave
splitting along the axis of lineation, whereas COSC_193 and 556 (Fig. 12f, g) show high
shear wave splitting along the entire foliation plane. In addition, COSC_149 has much lower
AVp (=7 %) and max AVs (~5 %). Sample HL13_103 (amphibole gneiss) shows similar
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microstructure as COSC_149 and has relatively weak seismic anisotropy (Fig. 12h) but has a
considerably lower content of hornblende compared to the other amphibolite samples (Fig.
12f-h).

The two calc-silicates show different distribution of seismic velocities. Calc-silicate
COSC_487, composed of plagioclase, K-feldspar, calcite, diopside and minor quartz and
biotite, shows similar Vp, Vsl, Vs2 and AVs distribution to the previously described
amphibolite COSC_193 (Fig. 12f), but lower overall anisotropy (Table 4). Vp in the calc-
silicate COSC_243, composed of calcite, quartz and plagioclase, shows an irregular girdle of
fast velocities in the foliation plane, and slow velocities normal to foliation plane (Fig. 12c).
Vs1, Vs2 and AVs show complex patterns with multiple max:ma and minima at various
angles to foliation and lineation.

Quartzofeldspathic gneiss and quartzite both show a Vv p distribution characterized by
fast velocities in the sample Y-direction, and slow vel~~.~s normal to the foliation plane and
parallel to lineation (Fig. 13a, b, d). Vs; also shows o *horhombic distribution, with velocity
minima that are not related to sample foliation or iineation. AVs is smallest in the centre of
the pole figure (Fig. 13d).

Mica-schist displays dominantly ‘rar.sverse isotropic (or radial) symmetry of Vp and
Vs1, with slightly orthorhombic distrihution of Vs, and AVs (Fig. 13d). Vp and Vsl exhibits
a girdle of fast velocities in the foliat’.~ plane, while Vs, is slow in the foliation plane. The
shear wave splitting is largest in .ne *onation plane, with Vs; polarization oriented parallel to
foliation (Fig. 13e). AVp ana max AVs are extreme and exceed 30 %. Figure 16 shows a
box-and-whisker diagram that cumpares AVp and max AVs for samples have been divided
according to high and n ediu n-strain. The mica-schist sample COSC_691 clearly stands out
in this diagram, with it extreme anisotropy. However, for other samples show a fairly
consistent range of AVp and max AVs depending on strain, where the difference of median

AVDp is ~4 % from high to medium-strain samples, and ~6 % for max AVs.

5. Discussion

We initially discuss deformation conditions in terms of temperature and strain. This is
followed by the interpretation of the factors controlling seismic anisotropy in the examined
samples. Subsequently, we discuss the implications for seismic imaging of anisotropic middle

and lower crust and shear zones in particular.
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5.1 Deformation condition

In the Lower Seve Nappe all samples show macroscopic medium- to high-strain features such
as clear foliation and lineation development, as well as significant CPOs of the main phases
(Figs. 8-11) and grain size reduction (Figs. 4-6) associated with dislocation creep regime. As
such, deformation occurred at moderate stresses and deformation temperatures are restricted
to >300 °C as dislocation climb must have been possible, considering quartz and calcite . No
clear signatures of melt presence are observed, further constraining conditions below the
solidus of the rock types studied. Consequently, deformation t. mperatures in the Lower Seve
Nappe must have been between 300 and 750 °C.

Furthermore, deformation temperature can be estimated busc? un the quartz CPO pattern, as
different CPO patterns have been shown to reflect the - omiiance of specific slip systems at
specific temperatures (Law et al., 1990; Law, 2014). Quatz , especially in quartzofeldspathic
gneiss and quartzite, shows clustering of the polec to (J001) planes in the foliation plane
(Figs. 8-10), indicating the activity of prism <a- sl.p, which is expected for temperatures >
500 °C (Mainprice et al., 1986; Stipp et 2.., . 00,; Passchier and Trouw, 2005). Temperatures
indicating amphibolite to greenschist facie. conditions is further supported by the observed
CPO of hornblende, which is comman *a amphibolites in orogenic regions (e.g., Ji et al.,
2013). The observed hornblende TPCs (Fig. 10) can be explained by [001] slip on (100) or
(001) typical for lower to mid eémyhibolite faces conditions at mid crustal levels (e.g., Barruol
and Mainprice, 1993a; Ji el a., 1993a). Another potential mechanism for the CPO
development of hornbler.uc 1s through cataclastic flow (e.g., Ko and Jung, 2015; Kim and
Jung, 2019), which cou'q uperate in combination with dislocation climb or act independently
at temperatures ~500 °C (Nyman and Law, 1922). The microstructure and texture observed in
sample SW14_02 (Fig. 4d) were likely produced during late-stage emplacement of the Seve
Nappe. Notably, sample MH_09 originates from a nappe internal shear zone separating

Middle from Lower Seve.

5.2 Factors controlling seismic properties and anisotropy in the middle and lower crust

Several factors influence seismic properties and anisotropy in crustal rocks. In
previous studies, highest anisotropies of P and S-wave were observed in rocks containing
large modal percent of elastically anisotropic phases (e.g., Barruol and Mainprice, 1993b;
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Lloyd et al., 2009; Dempsey et al., 2011; Lloyd et al., 2011; Naus-Thijssen et al., 2011,
Erdman et al., 2013; Ji et al., 2015; Han and Jung, 2021). Especially mica and amphibole can
significantly contribute to the overall anisotropy of the rock (Aleksandrov and Ryzhova,
1961; Ryzhova et al., 1966; Vaughan and Guggenheim, 1986). However, if these anisotropic
minerals are oriented randomly in the sample volume, single crystal elastic anisotropy will
not yield an overall anisotropy of the polymineralic aggregate. Thus, the presence of CPO is
crucial for the seismic properties of natural rocks, in the absence of a preferred orientation of
microcracks (Mainprice and Nicolas, 1989).

Notably, the seismic properties of nearly pure marbles reflect the CPO of calcite.
Sample SC13_06C (Fig. 12b) shows AVp ~16 %, and max AV, -11 %, which are very high;
calcite is considerably anisotropic (Chen et al., 2001). Howe er, narble CPO’s can decrease
significantly in the presence of second phase minerals, i.'clucing quartz (see discussions of
Khazanehdari et al., 1998 and Almqvist et al., 2013) Mu!ti-mineral samples are likely to be
much weakly anisotropic, which is reflected in genera, ", calc-silicates of this study.

We can observe these relationships by exa nining the predicted seismic anisotropy of
three hornblende-rich rocks for the COSC-1 onre, 1.e. COSC_149, 193 and 556 (Fig. 12e-g).
Their seismic properties, in particular .nisutropy, are primarily controlled by the CPO of
hornblende and secondarily by a.*ferences in mineral composition (i.e., amount of
amphibole; Fig. 16). With the :x.ortion of sample COSC_149, Vp is lowest sub-
parallel to the poles to (100) of horn.~lende and fastest sub-parallel to the poles to (001) (Fig.
10a-c, 12f-h). Note that the mcximum Vp in hornblende is parallel to [001], which is offset
with respect to the pole to (001) because of its monoclinic crystal symmetry. In hornblende S
(angle between crystal ¢ - and c-axes) shows a range of variation from 12-34° (Deer et al.,
2013) and based on the E 3SD solution fit for data in our study 4= 105.2°. Hence the Vp fast
and slow axes are only sub-parallel to the poles of (100) and (001). In addition, the minimum
AV corresponds to (100), while the largest AVs is observed in a girdle containing (010) and
(001) orientations (Fig. 10, 12c), characteristic for amphiboles (Barruol and Mainprice,
1993b; Ji et al., 1993a, b). The COSC_149, 193 and 556 amphibolites have comparable
mineral compositions and densities (Table 2), but evidently different predicted seismic
anisotropy (Fig. 12e-g). We attribute these differences in anisotropy to different strength of
the CPO of hornblende as quantified by the J-index and apparent in the pole figures. The
difference in CPO in this case is attributed to different amount of strain accommodated by

each sample, as inferred from the grain size reduction and fabric development (Fig. 6). Thus,
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increasing anisotropy can carry possible information about the degree to which the rock has
been strained.

Plagioclase in hornblende-rich rocks will also affect the overall seismic properties.
Plagioclase is considered elastically anisotropic (Aleksandrov and Ryzhova, 1962; Ji and
Mainprice, 1988; Brown et al., 2006), however, it has a contrasting seismic signature to
hornblende. Plagioclase is characterized by slow P-wave velocities parallel to poles to (100)
and (001), and fast velocities in the direction of pole to (010) (Aleksandrov and Ryzhova,
1962; Brown et al., 2006). Thus, Vp in the (001) will negatively correlate with Vp of
hornblende. A very weak CPO of plagioclase limits its possibility of decreasing the overall
seismic anisotropy within the amphibolites. Nevertheless, as sr.w vn by the amphibole gneiss
COSC_631, a strong CPO of plagioclase porphyroclasts can .2su). in a noticeable decrease in
the overall anisotropy (Figs. 10e, 12i). Plagioclase CP ) patterns vary among the
amphibolites and the sample set in general. Most comma.'v, the poles to (001) plot normal to
foliation (e.g., COSC 243, SC13 08A, COSC 193, ~OSC 403; Figs. 9c, 10b, 11a). The
(100) and (010) are generally weak, but in a fe'v r ases, there are maxima of (010) normal to
foliation (e.g., COSC_556, HL13_103; Fig. 1''c, a) and (001) poles within the foliation plane
(e.g., COSC_631). We do not addrc~s e formation processes, in terms of plastic
deformation mechanisms, because o. the large number of slip-systems for plagioclase and
possibilities for superposed/inter.cr..,© magmatic and metamorphic textures during
deformation (Satsukawa et al., 2C 1o,

Additionally, it is in.ortant to consider the composition of plagioclase when
considering its impact on te se.smic properties, including anisotropy. In our study we used
the elastic stiffness tersor of albite (Brown et al., 2016) for all samples, which was
constrained by best fit .2 the EBSD data. However, by increasing Ca-composition it is
apparent that bulk Vp tend to increase, because of higher elastic stiffness in Ca-rich
plagioclase (Brown et al., 2016). An example of the effect of plagioclase composition is
provided in the online supplementary material (S4.1), where the seismic properties are
compared for a number of plagioclase-rich samples. Notably, the largest differences are
observed in the most plagioclase rich sample (HL13 103 in Table 4), corresponding to a
decrease in AVp of ~1.5 % and increase in bulk Vp of ~200 m/s (from albite to labradorite
composition; online supplementary material, S4.1). The differences in shear wave speed (Vs
and Vs,) and anisotropy are essentially negligible.

The quartzite samples, containing more than 70 % quartz (SW14_11, SW14 02,
MH_09, COSC_664; Fig. 4d, e, Fig. 6c), show considerable anisotropy ranging from AVp
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6.5 to 10.7 % (Table 4). The high anisotropy is largely due to the strong CPO of quartz. In
case of quartzite (e.g., COSC_664; Figs. 6¢, 11d, 13d) and Qfs gneiss (e.g., COSC_403; Figs.
5d, 11a, 13a), the seismic anisotropy is caused by both CPO strength and composition. The
orthorhombic Vp pattern observed in these samples (Fig. 13a, d) results from the c-axis
clustering of quartz. As quartz exhibits a strong CPO, the resultant seismic signal has the
same pattern. In quartzofeldspathic gneiss, the orthorhombic signature of Vp originating from
quartz is slightly modified by the presence of feldspars (Fig. 11a, 13a). However, due to the
difference in CPO strength of quartz in both samples (Fig. 11a, d), quartz-feldspar gneiss
(COSC_403) shows higher anisotropy than quartzite (COSC_664). In addition, the anisotropy
of the former might be slightly increased by the presence of fevww modal percent of the highly
elastically anisotropic biotite (Table 2), as the fast Vp directinn i'1 biotite lies in the foliation
plane.

The highest anisotropy observed in this study v+as >alculated for mica schist
(COSC_691), which originates from the large modal vorzent of muscovite and its strong CPO
(Fig. 13e, 14, 15, 16). Muscovite is one of the mus- anisotropic minerals that commonly
occur within the crust and it is characterized L' fast P-wave propagation parallel to a- and b-
axis of the crystal, and slow P-wave pro;.2ge.ion parallel to c-axis (pole to (001); Vaughan
and Guggenheim, 1986). The S-C fak.ic observed in COSC_691 (Fig. 6), similar to
crenulation cleavage, can in theory cer, ~2se the CPO and anisotropy of mica schist (Naus-
Thijssen et al., 2011a). However, de.nite the presence of S-C fabric in this sample, the
predicted anisotropy is very high (>30 % AVp and max AVSs; Fig. 13e). Similar anisotropies
in mica rich rocks have bee. refurted in previous studies (e.g., Lloyd et al., 2009; Erdman et
al., 2013; Ji et al., 2015; Han and Jung, 2021).

The individual rox »s of amphibole and mica (considering the total amount of biotite
plus muscovite) can be evaluated by considering AVp and AVs as a function of modal
composition. This relationship is shown in Figure 15; AVp and AVs correlate positively with
the amount of amphibole and mica. In particular the amount of mica is clearly positively
correlated, although it is considerably influenced by one data point that represent the mica-
schist sample (COSC_691). It is interesting to note that slope of linear fits to the data of
amphibole and mica differs, which is a consequence of the strength of CPO, but also of the
inherent elastic anisotropy of each mineral. Micas are considerably more anisotropic than
amphibole (Aleksandrov and Ryzhova, 1961; Vaughan and Guggenheim, 1986). The linear
fit to AVp and AVs as a function amphibole content is less evident, although it is clear that a
higher amount of amphibole will generally yield a higher degree of AVp and max AVs.
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However, even when amounts of mica and amphibole are low, the rocks can be considered
anisotropic. Other minerals, such as calcite, quartz and plagioclase do contribute to the
overall anisotropy, although to lesser extent than amphibole and micas.

The low anisotropy in calc-silicates is more challenging to interpret because these
rocks are composed of many minerals of contrasting elastic properties (Table 2, Fig. 12c, d).
The calc-silicate COSC_487 (Fig. 5e) shows strong signature of plagioclase (001), (010), and
diopside (100) (Collins and Brown, 1998). In contrast, the velocity patterns in calc-silicate
COSC_243 (see section S4 in supplementary material) are controlled by the elastic properties
of calcite (0001; e.g., Chen et al., 2001). Their low Vp and Vs anisotropies originate from
weak CPOs (Fig. 9) that might originate from low strain as well ..~ interference in the
directional seismic properties of constitutive minerals. The tw2 m:«rble samples analyzed in
this study (COSC13_007 and SC13_06C) show markedlv 1iffe rent seismic signature (Fig.
12a, b), even though they are both dominated by calcit~ Scmple SC13_06C contains 100 %
calcite and has a fairly strong J-index (J = 5.0), which :~2Js to a substantial seismic
anisotropy (Fig. 8b, Table 3, 4). However, COS15 007 has a much weaker calcite J-index
(J =2.1), and presence up to 10 % quartz and :inor plagioclase, which may act to inhibit the

development of a strong CPO in this san.nle (Fig. 8a, Table 3, 4).

5.3 Seismic signature of allochthonou = 1.nits and high-strain shear zones

5.3.1 Anisotropy due to crystah.zation of anisotropic phases (calc-silicates and amphibolites)
Crystallization of minerz (s 1. a shear zone in the presence of crustal fluids is another potential
mechanism by which it 1. possible to generate anisotropic rocks (Berger and Stiinitz, 1996;
Kruse and Stunitz, 1999; Mahan, 2006). Calc-silicate rocks form through metasomatic
reactions in the presence of Ca-rich fluids that may originate from limestone or marble, and
their end products typically include diopside and wollastonite (Bucher and Grapes, 2011).
There is relatively little wollastonite present in the calc-silicates of this study, although
significant amounts of diopside can be present as well as abundant calcite (Table 2). Calc-
silicates are fairly common throughout the Seve Nappe, although they have been seldomly
studied for their seismic properties.

Most calc-silicate samples that are presented in this study show fairly weakly developed
anisotropy, and it is clear that this group of rocks contribute the least to anisotropy through

the entire allochthonous unit. The most anisotropic calc-silicate sample (SC13_08A; Fig.
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12d), display a distinct symmetry of anisotropy, with high wave speeds parallel to the
foliation plane (with AVp ~7% and max AVs ~9 %). This sample displays an extremely
strong amphibole CPO, making up just less than 10 % of the modal mineral composition
(Table 2), which is main source for anisotropy in this sample. In addition, there are less
strong CPO’s of calcite, plagioclase and dolomite that contributes in part to the seismic

anisotropy in this sample (Fig. 9c).

5.3.2. Enhanced anisotropy due to compositional banding?
Compositional banding will play a role for seismic anisotropy under certain conditions
(Cyprych et al. 2017). Notably, there needs to be a considerable v ntrast in elastic constants
and density between minerals that make up the compositionai han Is. Moreover, the thickness
of a sequence of banding should be considerable, includin: may seismic wavelengths.
Effects of compositional layering with contrasting elastic croperties depend largely on the
layer thickness with respect the wave length (and freaw~"cy), and ultimately on the scale that
is considered (e.g., Marion et al., 1994; Liu and ¢ imitt, 2006). On a microstructural scale,
compositional banding is observed for a few ¢ © the samples investigated in this study.
Notably, sample BQ7.2 (biotite gneiss) <. owv 5 a regular banding of feldspar and biotite. The
CPO of biotite in BQ7.2 is strong (Fiy 11b) and with a modal composition just below 20 %
(Table 2), it is likely that these two fac.cs largely explain the source of anisotropy for this
sample. Nevertheless, if there is ¢ signiticant elastic and density contrast between the micro-
scale mineral bands, it can affe.t bowh the symmetry and strength of anisotropy (e.g., Cyprych
etal., 2017).
Figure 17 illustrates the liffe ence in predicted AVp and MaxAVs, by comparing
calculations using solely \e Voigt-Reuss-Hill (VRH) average and the combined VRH-AEH
average. The comparison shows that generally, independent of lithology, there is an increase
in anisotropy using the combined VRH-AEH calculation, although often this increase is <1 %
AVp or MaxAVs. In some case there is a smaller, negative, difference between the two
calculations, although <1 %. It is interesting to note that the quartz-feldspar dominated
gneisses show the most consistent AVp and MaxAVs, with an increase of ~0.5-1 % when
comparing the VRH and the combined VRH-AEH. The largest absolute difference is
observed for MaxAVs of mica-schist COSC_691, which is ~2.25 % (Fig. 17).

Compositional banding is also evident on a larger scale in the Seve Nappe.
Alternating layers of quartzofeldspathic gneiss and amphibolite occur on cm up to tens of
meters in the upper 1700 m of the COSC-1 borehole. Given a large enough contrast in terms
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of density and elastic properties, such layering may itself be source of seismic anisotropy
(Backus, 1962) and strong seismic reflections. It is possible to perceive in this case that if
these layers are inherently anisotropic, seismic anisotropy could be amplified if layer
anisotropy and inherent anisotropy interfere constructively. Alternatively, anisotropy could

be diminished, if the layer and inherent anisotropies destructively interfere.

5.3.3. Strain distribution in shear zones and seismic anisotropy

Strain partitioning may play a role in the development of the basal shear zone of the Middle
Allochthon as textural contrasts between quartzite COSC-1_664 and mica-schist COSC-

1 691 are apparent (Fig. 6¢, d). COSC_664 is located in the dor..in of the shear zone and
composed dominantly of quartz, a quartzite (metamorphosed ~anostone). A moderately strong
c-axis maximum has developed in this sample, but the ove -all 1>PO and microstructural
appearance of this sample indicates that it has experier~eu *elatively low strain in comparison
to other samples from the shear zone. In comparison, C*5C_691 shows a very weak CPO of
quartz, but very strong CPO of muscovite (whic'r 1, absent in COSC_664). The grain count
for the quartz is large enough (>3000) for CCI'C_oo4 and COSC_691, indicating that the
CPO and J-index is statistically reliable {=ip 11d, e). Strain is often localized in mica-schist,
due the highly non-linear rheology of mica (Kronenberg et al., 1990; Montési, 2013). The
CPO pattern of mica (Fig. 11e) sugces.. the [100](001) glide to be dominant mode of
deformation (Ji et al., 2015).

Quartz in quartzite (SW14 11, SW14 02, MH_09, COSC_664) shows relatively weak CPO
when compared to other qucortz- ,earing rocks from high-strain units. As quartz grain-size is
too coarse (0.1-1 mm) ir. CO.5C_664 to suspect grain boundary sliding (e.g., Fliervoet et al.,
1997), we speculate that \1e relatively weak CPO in quartz may be due to the fact that
quartzite accommodated less strain than mica-rich rocks (COSC_691). Thus, although strain
increases towards the bottom of the drill hole, strain within the high-strain zone appears to be
heterogeneously distributed. However, the microstructures observed for COSC_664 (Fig. 6e)
are similar to regime 3 of Hirth and Tullis (1992), indicating that dynamic recrystallization
occurs by grain boundary migration and subgrain rotation. Deformation conditions that lead
to these microstructures suggest low strain-rate, and/or higher temperature during
recrystallization. Importantly, in regime 3 quartz reach a steady-state recrystallization at
relatively low strain. A counter argument therefore to strain partitioning is the relatively low
strains needed to achieve steady-state dynamic recrystallization of the quartz microstructure
(regime 3, Hirth and Tullis, 1992). If quartzites in the basal shear zone (COSC_664) achieved
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a steady-state microstructure at relatively low strain it is challenging to invoke its role in
strain partitioning as it may not be possible to indicate to what degree the quartzites have
been strained.

Quartz CPO patterns are similar for samples throughout the high-strain zone,
suggesting that temperatures were relatively uniform throughout the whole Lower Seve
Nappe section. Strain increases with depth, and it is distributed, and does not localize in a
narrow horizon. This is supported by the mineral assemblages, which do not change
significantly within the drill core for rock of similar bulk composition, observed at various
depths (e.g., amphibolites and quartzofeldspathic gneisses; Figs. 10 and 11). Much of the
bottom-most few hundred meters of the drill core consists of ana.*omosing bands with
contrasting quartz (quartzite) and mica dominated layers (Fig. 6), sarying in thicknesses from
mm to >1 m. The effective seismic properties of the shear zone would thus, in part at least, be
controlled by the averaged properties of mica- and quartz-:ich layers. Importantly, the
directional dependence of Vp does not destructively i.:~rere (see discussion of Ward et al.,
2012), as the highest wave speeds are observed ‘.1 +.1e foliation plane and slow velocities
normal to foliation. The averaged Vsl polariz:tion 1s, however, more complex (Fig. 13d, e)
and show different polarization patterns.

For amphibolites, the increa.’ng strength of the CPO of hornblende (Fig. 10a-c),
accompanied by the grain size redu-.ti.> 1rom samples COSC_149, through 193, to 556, i.e.
towards the bottom of the borehole ‘1g. 5, 6), may suggest deformation in the dislocation
creep regime, with strain gralualiy increasing towards the high-strain zone. These three
samples have a similar con.nosi ,on, with hornblende modal content varying from 58 to 72 %
(Table 2), thus the diffe enct in CPO strength is rather attributed to deformation conditions,
i.e., strain compared to ¢ Ympositional variations (e.g., Kim and Jung, 2019). Other than the
influence of strain, factors such as differential stress and temperature could influence CPO
development in amphibolites (e.g., Ko and Jung, 2015).

Sample SW14 02 (from the Middle Seve Nappe; Fig. 1; supplementary S.5) shows
contrasting seismic properties compared to COSC_664 (Fig. 13d), in that it shows
considerable seismic anisotropy (AVp = 10.7 %; max AVs = 12.3 %), even though these two
samples have very similar modal mineral composition. SW14 02 has developed strong
quartz, plagioclase and K-feldspar CPO’s (Table 3), which is the source for the high AVp and
AVs, hence illustrating that rocks with low mica and amphibole contents can still be the
source of significant seismic anisotropy. In this case, the conditions of deformation allowed
for development of strong CPO in a sample that did not contain mica or amphibole.
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5.3.4. What seismic signature can we expect in shear zones and the allochthonous unit?

The strength of anisotropy of the ductile flowing crust is a consequence of 1) the degree of
strain that the rocks have experienced and resulting microstructure (i.e. CPO, SPO/mineral
banding) (Fig. 16) and 2) the modal composition of mainly mica and to a lesser extent
amphibole and other elastically anisotropic minerals (Fig. 15). Although this is not a new
finding, we have here been able to study the relationship between both degree of strain and
the effect of mineral composition across a crustal-scale structure. Clearly, a shear zone where
the mica modal composition is high is a likely candidate both for generating seismic
anisotropy, as well as seismic reflections considering active sc."mic reflection survey. The
COSC-1 reflection seismic survey presented by Hedin et al (°01¢) shows distinct continuous
reflections at ca 2.1 to 2.2 km depth (Fig. 2a). Drill core 1 >trie /ed from these depths show an
increasing amount of mica-schist, which is the like"s s~urce lithology for generating the
seismic reflectivity. AVp and AVs exceed 20 % in *his case, considering both laboratory
measurements (e.g., Wenning et al., 2016; Késtrer et al., 2020) and predicted velocities based
on microstructural and textural constraints (e.g . Figs. 13e and Fig. 16).

Schulte-Pelkum and Mahan (2014) have ~dc.essed the limit of detection of crustal scale shear
zones, and note that for detection usi.: receiver function analysis only a few percent seismic
anisotropy is needed in contrast with *h2 surrounding host rock. However, a significantly
thick section is required (~2 km in v e study of Schulte-Pelkum and Mahan, 2014) in order to
resolve the shear zone. The erre section of the Seve Nappe (Middle Allochthon) represents
an anisotropic unit, whose :hick:ess varies somewhat depending on locality, but will amount
to at least 4 km at study loca ity (considering the nearly vertical 2.5 km borehole depth and a
>1 km height difference »f the nearby mount Areskutan). Strain has partitioned within the
Seve nappe itself, by dividing a ductile flowing middle to lower crust, with intermittent shear
zones separated by less strained regions (although still showing evidence of considerable
deformation). When the entire crustal segment is considered it is possible to discern
considerable anisotropy. Such may be the case in many middle and lower crustal sections
where deformation has taken place or is currently taking place (e.g., Shapiro et al., 2004;
Schulte-Pelkum et al., 2005).

In the present study, all seismic projections presented have similar symmetry, i.e., fast
axis in the foliation plane and generally parallel to the mineral stretching lineation and a slow
axis normal to the foliation plane (Figs. 12 and 13). This configuration of seismic anisotropy,
although varying somewhat in magnitude in regards to absolute wave speeds and anisotropy,
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preserves the same symmetry of anisotropy throughout the whole Middle Allochthon. Figure
18 provides a schematic cross-section of the seismic properties (AVp, AVs and range in Vp)
across the Middle Allochthon. There is a general coincidence between high-strain zones high
seismic anisotropy, occurring at the upper and lower bounding contacts of the allochthon, as
well as internal to the Middle Allochthon, separating middle and lower parts of the Seve
Nappe. Note that the transition from middle to upper part of the Seve Nappe is missing in our
study area and this is indicated by an area labelled “section break” in Figure 18. The fast axis
of Vp coincides generally with the transport direction of the nappe on both a local scale (e.g.,
shear zones) and at a tectonostratigraphic scale. The slow axis of Vp is generally oriented
normal to the allochthon bounding contacts. The Middle .\llochthon of the Central
Scandinavian Caledonides could hence be considered as a “amy late for deforming, ductile
and flowing middle crust, which appears to be in line w th ¢2neral observations of seismic

anisotropy in current-day mid-crustal settings.

6. Conclusions

We modelled seismic properties of A suit o representative samples from the COSC-1 drill
core and outcrop localities in the rer:on «-ound the borehole. Sampling covered much of the
Middle Allochthon and its bour.ling shear zones to the Upper and Lower Allochthons.
Samples were divided into sticstural domains of: (1) medium-strain, composed of
interlayered amphibolite ano quartz-feldspar-rich lithologies, and (2) high-strain that
comprises amphibolites an.' gneisses (sometimes mylonitic), and interbedded high-strain
mica-schist and meaiun. to-high strain quartzite. Marble and calc-silicate were also part of
the sample set, and displayed both high- and medium-strain. High-strain samples originate
from shear zones, whereas medium-strain samples represent rocks that deformed in a mid-
crustal setting, but internal to the nappe (and not from a shear zone).

A large range in anisotropy was identified, which could be attributed to the presence of
highly anisotropic minerals, i.e., hornblende and mica that exhibit strong CPO, as well as the
degree to which the rock has been strained. The largest anisotropy is found in single-phase
dominated lithologies that are rich in mica and amphibole. These results agree with
previously published seismic properties of similar rocks from other collisional orogens.
Quartzites also show significant seismic anisotropy (AVp from 6.5 to 10.5 %; max AVs from

7.5 10 12 %). To a lesser extent, compositional banding can affect seismic anisotropy, which
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has been less commonly discussed as a source for seismic anisotropy in the lower and middle
crust.

Importantly, the entire Seve Nappe (Middle Allochthon) is anisotropic, independent of source
rock/mineral composition and degree of strain, even though there is a lower range of
anisotropy (~5-10 %) in medium-strain regions. The Middle Allochthon of the Scandinavian
Caledonides can hence be used as a sort of template for ductile deformed mid- and lower
crust. Although it is not exactly transferable to other crustal sections, it is generally
transferable and indicates that much of the (flowing) mid and lower crust is inherently

anisotropic.
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Table 1. Summary of elastic stiffness tensors used and their source references

Elastic stiffness property files

Mineral Reference
Qtz | B-quartz Lakshtanov et al. 2007
Pl | Albite Brown et al. 2016
Kfs | Orthoclase Waeselmann et al. 2016
Cal | Calcite Chen et al. 2001
Dol | Dolomite Humbert and Plique 1972
Hbl | #4 Hornblende - Tschermakite Brown and Abramson 2016
Pyrope Chai et al. 1997
Grt* | Almandine Jiang et al. 2004
Andradite v
Di | Diopside (Di72He9Jd3Cr3Ts12) Collins and Brown 1°3C
Bt | Biotite Alexandrov and Ryzi.~va 1961
Ms | Muscovite Vaughan & Gugg enhe’m 1986
Sil | Sillimanite Vaughan and \" 'eiarner 1978
Crd | Cordierite Toohill et al. 1279
Ep | Epidote Rhyzova et . 1466
Ap | Apatite Shaet~! 1994
lIm | IImenite Weidr,~> ard Ito 1985

Table 2. Modal abundance of minerals estimaw. t based on EBSD analysis (area %) and calculated

densities of analysed rock samples. Mine. 2| abbreviations after Whitney and Evans (2010).

Rock type sampleno.  St-sin aigrsr:%/ Qz Pl Kfs Cal Dol Hbl Grt* Di Bt Ms Sil Cro
Marble COSC13 007 M 2.70 12 1 87

Marble SC13_06C A 2.71 100

Calc-silicate COSC_243 M 2.67 28 26 46

Calc-silicate COSC_47 M 2.74 6 38 20 20 13
Calc-silicate COSC1. 906 M 2.67 35 19 22 15 4
Calc-silicate SC13_0°", H 2.73 50 24 6 7 8 4
Amphibolite COSC13 001.2 M 3.10 5 25 70

Amphibolite COSC_149 M 3.04 38 58 3 2
Amphibolite COSC_193 M 3.11 3 25 72

Amphibolite COSC_556 H 3.13 4 20 75

Hbl-gneiss HL13 103 M 2.89 6 55 34 1
Hbl-gneiss COSC _631 H 3.07 3 11 84

Qfs-gneiss BQ2B M 2.67 37 33 13 10 3 3
Qfs-gneiss BA13 V02 M 2.70 56 36 3
Qfs-gneiss COSC13_005A M 2.64 40 33 24 2 1
Qfs-gneiss COSC_403 M 2.66 58 27 10 1 3
Qfs-gneiss SW14 01 H 2.79 44 24 5 16 6
Bt-gneiss BQ3 M 2.74 2 45 31 6 15
Bt-gneiss BQ7.2 M 2.70 37 46 18
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Quartzite SWi4 11 H? 2.67 71 20 2 3 4
Quartzite SW14 02 H 2.68 83 4 9 4
Quartzite MH_09 H 2.74 84 2 7 6 1
Quartzite COSC_664 H 2.55 77 23
Mica-schist COSC_691 H 2.80 17 5 77
* Pyrope (SW14_02), Almandine (MH_09), Andradite (SW14 01)
Table 3. J-indices estimated for ODFs of major rock forming minerals (> 5 % area). All orientation
data points are included. Mineral abbreviations after Whitney and Evans (2010)
Rock type Sample no. Strain J-index -
Qtz Pl Kfs Cal Dol Hbl Grt* Di
Marble COSC13 007 M 1.5 16.8 2.1
Marble SC13 06C H 5.u
Calc-silicate COSC_243 M 1.9 2.4 1.9
Calc-silicate COSC_487 M 1.3 1.6 ST 1.5 3.7
Calc-silicate COSC13 006 M 4.6 3.0 4.5 2.0
Calc-silicate SC13 _08A H 1.3 1.6 1.8 2.2 32.2
Amphibolite COSC13_001.2 M 1.6 1.8 4.5
Amphibolite COSC_149 M L 2.3 3.3
Amphibolite COSC_193 M 1.6 "9 4.8
Amphibolite COSC_556 H 17 1.7 6.7
Hbl-gneiss HL13 103 M ) 2.8 55
Hbl-gneiss COSC_631 H 2.1 15.5 5.0
Calc-silicate BQ2B M 22 2.7 2.9
Qfs-Gneiss BA13_V02 M 0.2 1.6 43.4
Qfs-Gneiss COSC13_005A M 2.6 3.9 8.5 5.3
Qfs-Gneiss COSC_403 N 4.4 2.9 2.0 5.3
Qfs-Gneiss SW14 01 o 1.4 1.2 5.8 11.4
Bt-gneiss BQ3 M 14 2.0 2.9 35 6.1
Bt-gneiss BQ7.2 M 2.1 2.9
Quartzite SWi14 .° H? 7.6 10.7 13.3
Quartzite SW14 0? H 7.1 9.6 15.1 7.7
Quartzite MH_09 H 9.7 8.2 3.4 34
Quartzite COSC 664 H 3.3 1.9
Mica-schist COSC 691 H 15 3.8

* Pyrope (SW14_02), Almandine (MH_09), Andradite (SW14_01)

Table 4. Densities, and P- and S-wave velocities and anisotropies calculated from the EBSD data and
elastic constants using VRH average with AEH correction (AEH) and simple VRH average (VRH).
Anisotropy is calculated using the formula A = 200(Vmax-Vmin)/(Vmax-Vmin). Mean VP = (VPmax
+ VPmin)/2, Mean VS = (VS1max + VS2min)/2.

Lithology

Sample

Strain

VSl

Min
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Max Mean A

Mean

MaxA

Min Max A



(km/s) (%) (kmis) % (kmis) (%)

S COSC13.007 M 6.28 676 652 7.34 357 7.2 350 370 542
S sc1306c H 598 7.06 6.52 1652 351 1128 336 373 10.55
@ COSC_243 M 6.17 644 631 426 368  3.05 367 375 235
é:% COSC_487 M 6.38 6.62 650 3.73 368  4.22 365 377 321
2 COSC13_006 M 6.13 646 629 528 377 385 374 386 3.3
° SC13_08A H 6.05 6.47 626  6.68 392 882 3.80 4.09 740
g COSC13_001.2 M 638 7.11 674 10.83 401 880 385 419 831
8 COSC_149 M 651 699 675 7.11 391 5.0 387 402 385
é COSC_193 M 644 715 680 L1 /6 400 825 384 416 792
< COSC_556 H 637 7.30 684 5. 404 1033 385 425 994
L8  HL13_103 M 639 6.68 653 «.ld 382 444 380 391 291
T5  cosc_est H 6.44 7.33 639  "3.00 3.76 827 364 392 733
BQ2B M 6.10 637 u”4 430 376 4.02 376 384 192

. BA13_V02 M 6.12 644 .-/8 516 396 455 394 407 322
z;; COSC13_005A M 596 6/3 619 7.60 378  5.68 375 391 405
g COSC_403 M 59. 636 613 727 387 9.7 385 405 522
SW14 01 H 575 648 611 11.86 375 1590 358 408 13.09

.8 BQ3 M 590 638 614 795 349 879 345 368 637
®5 BQ7(2) M 375 629 602 896 338 1254 324 360 10.73
. SW14_11 o 574 633 603 978 391 1277 387 417 17.32
E SW14_02 5 586 652 619 10.69 407 1232 398 432 807
ng MH_09 A 587 650 6.18 10.24 407 1219 397 432 851
COSC_664 H 590 630 6.10 649 399 7.2 396 413 413

S'\C"r:f; COSC_uy H 512 7.02 607 3137 370 3427 319 434 3067
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Highlights

* Seismic properties inferred for the Middle Allochthon rocks, Scandinavian Caledonides
* Mineral modal composition and degree of strain control seismic anisotropy

* The entire allochthonous nappe unit is predicted to be seismically anisotropic

* AVp ranges from 7-31 % and max AVs from 7-34 % in high-strain samples

* AVp ranges from 4-11 % and max AVs from 3-13 % in medium-strain samples
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