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The 2.5 km deep scientific COSC-1 borehole (ICDP 5054-1-A) was successfully drilled with nearly complete core
recovery during spring and summer of 2014. Downhole and on-core measurements through the targeted Lower
Seve Nappe provide a comprehensive data set. An observed gradual increase in strain below 1700 m, with mica
schists and intermittent mylonites increasing in frequency and thickness, is here interpreted as the basal thrust
zone of the Lower SeveNappe. This high strain zonewas not fully penetrated at the total drilled depth and is thus
greater than 800 m in thickness.
To allow extrapolation of the results from downhole logging, core analysis and other experiments into the
surrounding rock and to link these with the regional tectonic setting and evolution, three post-drilling high-
resolution seismic experiments were conducted in and around the borehole. One of these, the first 3D seismic
reflection land survey to target the nappe structures of the Scandinavian Caledonides, is presented here. It
provides new information on the 3D geometry of structures both within the drilled Lower Seve Nappe and
underlying rocks down to at least 9 km.
The observed reflectivity correlates well with results from the core analysis and downhole logging, despite
challenges in processing. Reflections from the uppermost part of the Lower Seve Nappe have limited lateral
extent and varying dips, possibly related to mafic lenses or boudins of variable character within felsic rock.
Reflections occurringwithin the high strain zone, however, are laterally continuous over distances of a kilometer
or more and dip 10–15° towards the southeast. Reflections from structures beneath the high strain unit and the
COSC-1 borehole can be followed through most of the seismic volume down to at least 9 km and have dips of
varying degree, mainly in the east–west thrust direction of the orogen.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
The Scandinavian Caledonides represent one of the best preserved
inactive orogens in the world in which to study thrust tectonics
(Asklund, 1960; Gee, 1978; Hossack and Cooper, 1986; Törnebohm,
ic profile (Hedin et al., 2012);
Orogeny in the Scandinavian
rilling Program; KF, Kallsjön-
C, Seve Nappe Complex; SSDP,
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. This is an open access article under
1888) and extensional tectonics (Andersen, 1998; Fossen, 2000). The
orogen initiated in the late Ordovician by closure of the Iapetus Ocean
and subsequent continental collision between Laurentia and Baltica in
Silurian times (Gee et al., 2008). By the end of its formation, in early to
middle Devonian (Gee et al., 2008; Rey et al., 1997), the mountain
range was comparable in several aspects to the present day
Himalayan-Alpine orogen (e.g. Andersen, 1998; Gee et al., 2010;
Labrousse et al., 2010). Today's surface corresponds tomid crustal levels
of the paleo-orogen, exposed through erosion, uplift and extension.
Thus, we can study well preserved remnants of key orogenic features
and their associated processes from the core of the mountain belt at
the surface or just below it.

Remnants of the Caledonides in the present Scandinavian mountain
belt, the Scandes, have been the subject of intense geological and geo-
physical investigations over the past 40 years (e.g. Corfu et al., 2014;
Gee and Sturt, 1985; Gee, 1975; Gee et al., 2008; Roberts, 2003;
Stephens and Gee, 1989). Much focus has been along a profile through
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the central Scandes, crossing themountain belt from east of the Caledo-
nian thrust front in the province of Jämtland, Sweden, to the coast of the
Norwegian province of Tröndelag (Fig. 1, Dyrelius et al., 1980). A major
Fig. 1.A)Tectonostratigraphicmapof the Scandinavian Caledonides (modified fromGee et al., 1
along the black line in (A), showing the configuration of thrust emplaced nappes.
reflection seismic survey along the so called Central Caledonian Tran-
sect (CCT) revealed a very reflective upper crust (Hurich, 1996; Hurich
et al., 1989; Juhojuntti et al., 2001; Palm et al., 1991). Additional seismic
985). The black rectangle shows the location of themap in Fig. 2. B) Schematic cross section
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(e.g. England and Ebbing, 2012; Hedin et al., 2012; Palm, 1984; Schmidt,
2000), potential field (Dyrelius, 1986; Dyrelius, 1980; Ebbing et al.,
2012; Elming, 1988; Hedin et al., 2014; Pascal et al., 2007) and
magnetotelluric (Korja et al., 2008) investigations in the same area
have helped to improve the large scale interpretation of the crust be-
neath the Caledonides of central Scandinavia.

In recent years, more focus has been placed on key questions
concerning the conditions and processes during the active formation
of the mountain belt, such as the emplacement of hot allochthons
(Grimmer et al., 2015; Ladenberger et al., 2014) and generation and ex-
humation of ultra high pressure (UHP) rocks (Majka et al., 2014). Due to
the inaccessibility of exposed outcrop, these questions are suitably an-
swered through drilling and direct sampling of the subsurface. The Col-
lisional Orogeny in the Scandinavian Caledonides (COSC) project (Gee
et al., 2010; Lorenz et al., 2011) is led by the Swedish Scientific Drilling
Program (SSDP) with support from the International Continental Scien-
tific Drilling Program (ICDP). The project aims to improve our under-
standing of orogenic processes and investigate the current state of the
Scandinavian Caledonides through scientific deep drilling. The lower
units of the high-grade metamorphic Seve Nappe Complex (SNC),
with evidence of deep subduction and ductile deformation and trans-
portation (Klonowska et al., 2014; Ladenberger et al., 2014), was select-
ed as the first target (COSC-1; Gee et al., 2010).

The COSC-1 borehole was drilled on the eastern flank of the
Åreskutan synform close to the town of Åre in western Jämtland
(ICDP drill site 5054–1-A, Figs. 1A and 2) between May and August
2014. Except for the uppermost 103 m, where conductor casing was
installed prior to drilling, the hole was fully cored with N99% core re-
covery down to a final driller's depth of 2496 m (Lorenz et al., 2015b).
A continuous geological section through the Lower Seve Nappe and
into underlying mylonites was thus obtained, complemented by a
Fig. 2. Regional bedrock geological map along the Swedish part of the Central Caledonian
Sweden [I2014/00601] and Strömberg et al., 1984) showing the tectonostratigraphic rela
area. The black rectangle shows the location of the map in Fig. 5A.
comprehensive suite of geophysical and geochemical data from logging
of the core and borehole (Lorenz et al., 2015b).

Imaging the structures away from the borehole in high resolution is
of great importance to allow extrapolation of downhole logging results,
core analysis and other geological and geophysical experiments into the
formation surrounding the borehole. High resolution 2D seismic reflec-
tion profiles, acquired in 2010, were used to locate the most suitable
place for drilling (Hedin et al., 2012). These profiles provided detailed
images of the subsurface and, together with the previously acquired
CCT profile and potential field data, allowed for a first 3D interpretation
of the major tectonic units in the area (Hedin et al., 2012, 2014). The
structures within the lower SNC were, however, not clearly imaged in
the 2D sections. One likely possibility for this is the complex 3D geom-
etry of the structures within this unit, which is not handled properly
in 2D processing and also causes significant scattering of seismic energy.
This is supported by crossdip analysis and swath 3D processing by
Hedin (2015). Furthermore, the COSC-1 drill site was located near the
very edge of available seismic data, far from the 2D binning geometry,
introducing further uncertainties for interpretation of the complex ge-
ometry of structures (Hedin, 2015).

Following the completed drilling, a major seismic survey with mul-
tiple experiments was carried out in the COSC-1 borehole and sur-
rounding area (Lorenz et al., 2015b). One component of the survey
was the first ever, albeit limited, 3D reflection seismic acquisition on
land in Scandinavia to target the Caledonian Nappe structures. Limited,
in this case, refers to an incomplete coverage of source locations (which
followed available roads in the area) and the resulting imperfect distri-
bution of common midpoints (CMP). In this paper we present results
from the high resolution seismic imaging of the SNC and deeper struc-
tures in the vicinity of the COSC-1 borehole. Delineation ofmajor reflec-
tivity and a first correlation with preliminary data from downhole
Transect (based on the bedrock geological map of Sweden, © Geological Survey of
tionship between the thrust nappes and the NS trending folds that characterize the



43P. Hedin et al. / Tectonophysics 689 (2016) 40–55
logging and core analysis provide new insight on the history and nature
of the Seve Nappe Complex.

2. Geological setting

2.1. Geology of the Seve Nappe Complex (SNC)

TheMiddle Allochthon of the Scandinavian Caledonides, comprising
units originating from the outer margin of the Baltica plate (Fig. 1; Gee,
2015), hosts the SeveNappeComplex,which consists in general of gran-
ulite and amphibolite facies metamorphosed rocks derived from the
continent-ocean transition zone (Gee et al., 2013). The SNC has been
further divided into upper, middle and lower subunits (Fig. 2). The
Upper Seve Nappe (not present in the study area) consists of amphibo-
lite grade metasediments, and is tectonostratigraphically bounded by
the overlying Köli Nappe Complex, which is part of the Upper
Allochthon with rocks derived from the former Iapetus Ocean (Fig. 2).
Representative lithologies of the Upper Seve Nappe are amphibolites
andmica-schists, occurring as imbricate slices emplaced at amphibolite
grade conditions (Bergman and Sjöström, 1997). The transition from
Upper toMiddle Seve ismarkedmainly by the increasing grade ofmeta-
morphism shown by the latter subunit.

Themiddle subunit is considered to have reached highest metamor-
phic grade during the subduction phase of the Scandian orogeny, and
consists mainly of granulite and eclogite facies metasediments and a
lesser proportion of meta-igneous rocks, such as amphibolites and
metagabbro (Fig. 2). During exhumation of this subunit it underwent
extensive decompressional melting, which is evident from the near
ubiquitous migmatization in the Middle Seve Nappe (Arnbom, 1980;
Klonowska et al., 2014). Recent discoveries of micro-diamond in-
clusions in garnets in the Middle Seve Nappe, combined with geo-
thermobarometry and thermodynamic equilibrium assemblage
modeling, indicate that this subunit underwent ultrahigh pressure
metamorphism (Majka et al., 2014; Klonowska et al., 2015). Several ab-
solute ages have been reported from the Åreskutan mountain (located
nearly 6 km to the west of the COSC-1 drill site) on migmatite and
Fig. 3. A)Amphibolite boudins (dark) surrounded by felsic gneisses (light) in a quarry located ab
typical transition from gneiss to amphibolite in the upper part of the borehole (ICDP sections 5
10273/ICDP5054ESWT001)) and a section of mylonite near the base of the borehole (ICDP sec
associated rocks, ranging from 423 ± 13 Ma to 455 ± 11 Ma (Gromet
et al., 1996; Klonowska et al., 2014; Ladenberger et al., 2014; Majka
et al., 2012;Williams and Claesson, 1987). The large spread in ages indi-
cates that minerals developed at different stages in the history of the
Seve Nappe Complex with the older ages being related to monazite
growth during the subduction of the SNC, prior to exhumation, and
the younger ages being related to monazite growth at the base of the
Middle Seve Nappe during the final stages of emplacement at mid-
crustal levels within the orogen.

The transition from the Middle to the Lower Seve Nappe is marked
by a basal ductile shear zone. On Åreskutan mountain the thickness of
the transitional shear zone has been mapped to be about 50 m
(Arnbom, 1980;Majka et al., 2012). Here, the Lower SeveNappe is com-
posed of upper greenschist facies and amphibolite grade meta-
sediments and meta-igneous rocks. The major lithologies consist of
felsic gneisses and calc-silicates, amphibolites, and mica-schists (some-
times garnet-bearing), as well as occasional meta-gabbro and marble.
All lithologies encountered in the Lower Seve Nappe are clearly de-
formed and subhorizontally layeredwith local tight folding. The layered
and stretched gneisses and boudinaged amphibolites can be observed in
outcrop localities in close vicinity to the COSC-1 borehole (Fig. 3A).
There is clear evidence for melt-migration having occurred in the
Lower Seve, as evidenced by felsic leucosome cross-cutting both the lay-
ered gneisses and amphibolites. Few absolute ages have been reported
from the Lower Seve Nappe, but Gromet et al. (1996) used the U-Pb
method to date titanite in calc-silicate and amphibolite, yielding ages
that range from 437 to 427 Ma. The base of the Lower Seve Nappe is
marked by a transition to the Särv and Offerdal Nappes, which comprise
the lower units of theMiddle Allochthon (Figs. 1 and 2). The Särv Nappe
consists mainly of greenschist facies metasandstone that is cross-cut by
600 Ma rift-related dolerite dikes. The bottom of Särv is marked by a
basal thrust zone with rotation and straining of the dolerite dykes in
concordance with the foliation (Gilotti and Kumpulainen, 1986). The
Offerdal nappe consists of highly deformed, finely banded and some-
times isoclinally folded sandstones and conglomerates, which are in-
ferred to be of Neoproterozoic age (Gee et al., 2014).
out 4 km SE of the COSC-1 drill site. B) Two unrolled core-scans (360° imaging) showing a
054–1-A-228Z-1WR (IGSN: 10273/ICDP5054ESVT001) and 5054–1-A-228Z-2WR (IGSN:
tion 5054–1-A-671Z-4WR (IGSN: 10273/ICDP5054ESSL201)).
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2.2. The COSC-1 core and borehole

Based on the lithological description, the drill core can be divided
into two parts (Fig. 4A; Lorenz et al., 2015b). The uppermost part,
from 102.4 m to 1710 m depth, consists of alternating layers of felsic
calc-silicates/gneisses and amphibolites. Fig. 3B shows, on the left, an
unrolled core-scan of a core section from a depth of around 745 m
with a sharp transition between typical gneiss and amphibolite. Occa-
sional layers of metagabbro (10 to 30 m thick) occur between c. 500
to 1000 m.

In the lowermost part, at depths greater than 1710m, the lithologies
become increasingly mylonite-dominated. This indicates strong defor-
mation, although the localization of strain seems to be broadly distribut-
ed because the thickness of the zone is at least 800 m. However, the
intermittent occurrence of the mylonites surrounding zones of less de-
formed rock (mainly gneisses and amphibolites) suggest that they
may have developed as anastomosing shear zones (e.g., Arbaret et al.,
2000), or deformation lenses. In this case the deformation has been lo-
calized into narrow bands, rather than having developed as a single
thick shear zone. Typical mylonite from a depth of about 2340 m is
shown in Fig. 3B (right). The deepest mafic rock is encountered at
2314 m depth and metasandstones are present below depths of c.
2350 (Lorenz et al., 2015b). Although the affinity of the latter is yet
to be determined, they suggest a transition from the Lower Seve
Nappe into lithologies of the underlying units (though still strongly
mylonitized) occurs at this depth.

Felsic veins (pegmatite), composed mainly of quartz and feldspar,
occur throughout the drill core and are generally on the order of a few
cm to 10s of cm thick, rarely exceeding one meter thickness. The bed-
rock is generally intact, and few open (water-bearing) fractures are
encountered in the borehole. Healed fractures do, however, occur fre-
quently although their thicknesses are usually less than a cm.

In parallel with the drilling operations, the drill-core was logged
on-site using a multi-sensor core-logger. This provided reliable
Fig. 4. A) On the left is a simplified lithological section based on initial on-site mapping of the
based on their dominant component as 1) felsic rocks (gneisses, calc-silicates, migmatites, ma
a large amount of mica schists and mylonite bands, and 4) mylonites. The depths of the tw
borehole logging between 105 and 1605 m depth while rock density from the core is available
lenses encountered in the core. The geophysical logs are shown after application of a 5 m runn
vp of 2800 kg/m3 and 5700 m/s, respectively, attributed to felsic rocks. A second distribution is
mafic rocks. Plotted in gray are the isolines of impedance showing that the impedance contras
measurements of density and magnetic susceptibility. However,
on-core measurements of P-wave velocity (vp) yielded inaccurate
results and are therefore not considered for this study. Several bore-
hole logging runswere conducted in the COSC-1 borehole during and
after drilling operations, and included a range of different sondes
(Lorenz et al., 2015b). Of particular interest to the current study are
themeasurements made with the sidewall density and compensated
sonic sondes. Due to instrument limitations and logistics, these den-
sity and velocity data from downhole measurements are limited to
depths ranging from about 105 m to 1605 m.

The downhole logswere depthmatched using as a continuous refer-
ence the total natural gamma log (Lorenz et al., 2015a). Depthmatching
of the on-core with the downhole logs was done using the continuous
measurements of magnetic susceptibility. The on-core and in-situ den-
sity logs show a very good correlation (Fig. 4A). A shift towards lower
densities is observed in the on-core log as compared to the in-situ mea-
surements (Fig. 4A) which is likely caused by three factors: 1) different
instrumentation are used which gives a constant shift; 2) the on-core
measurements are affected by edge effects that give a frequent occur-
rence of erroneously low density measurements which in turn affect
the applied running average filter; and 3) removal of confining pressure
after retrieval of core should give a shift towards lower densities that in-
creases linearly with depth. The latter, if present, is too small to be ob-
served in the data.

A large number of peaks are observed in the logs of density and vp
that can be correlatedwith thick units (severalmeters to tens ofmeters)
with mafic lithologies surrounded by felsic rock. Two zones, between
175 to 180 m and 1200 to 1313 m, show secondary porosity and
micro-carst development that correlate with negative spikes in the vp
log (Fig. 4A). The latter can also be linked to observed hydraulically con-
ductive zones (Tsang et al., 2015).

Fig. 4B shows the P-wave velocity as a function of density, i.e.
independent of depth and using unfiltered data from the downhole
logging of the upper 1605 m. Two clear distributions in the data are
retrieved core. For the purpose of visualization, lithologies have been roughly partitioned
rble and metasandstone), 2) mafic rocks (amphibolite and metagabbro), 3) gneisses with
o core sections in Fig. 3B are also marked. vp and sidewall density are available from
for the entire core (below 103 m). Peaks in density and vp correlate well with the mafic
ing average. B) Crossplot of density vs. vp shows a broad distribution around density and
observed around density and vp of 3000 kg/m3 and 6000 m/s, respectively, attributed to
t between these two major lithological groups is about 2 × 106 kg/m2s.
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distinguished, a broad distribution around density and vp of 2800 kg/m3

and 5700 m/s, respectively, and a more concentrated distribution
around density and velocity of 3000 kg/m3 and 6000 m/s. This agrees
well with a partitioning between felsic gneisses and calc-silicates, and
the mafic rocks, primarily amphibolite and metagabbro.

3. The COSC-1 limited 3D seismic experiment

3.1. Acquisition

The seismic survey that was conducted in and around the COSC-1
borehole consisted of three separate experiments linked through record-
ing the same source points. Thefirst two components of this surveywere
a high resolution zero-offset Vertical Seismic Profile (VSP) (Krauß et al.,
2015) and multi-azimuthal walkaway VSP with long offset surface re-
cordings (Simon et al., 2015a). These used a combination of a receiver
chain containing 15 three component 15 Hz geophones at 10 m
separation and 180 three component 4.5 Hz geophones placed on the
surface along three 2D profiles centered on the COSC-1 drill site. For
the zero-offset VSP, the chain was moved at 2 m intervals, resulting in
1236 levels being recorded from 10 m to 2480 m (Krauß et al., 2015)
and for the multi-azimuthal walkaway VSP it was moved between
seven different levels in the borehole (Simon et al., 2015a). The third
component of the survey was the limited 3D seismic dataset presented
here. A stationary spread of 429 receivers (20 m separation along
seven lines spaced 200 m apart), covering a surface area of about
1.5 km2 around the COSC-1 drill site (Fig. 5A). This spread of receivers
was kept active throughout the simultaneously running VSP
experiments.

Rough terrain and infrastructure constrained the location of source
points to roads in the area. Source points were therefore activated in
a star pattern radiating outwards from the drill site to a maximum
Fig. 5. A) Bedrock geology of the survey area (based on the bedrock geological map of Sweden,
3D acquisition geometry. The black rectangle shows the lateral extent of the processing geom
B) Processing geometry showing the extent of the seismic data volume and the fold distributio
Thehighest fold is in the central and eastern part of the volume andan acquisition footprint is ob
of the 3D data showing that far offsets are limited primarily to the north–south direction.
horizontal distance of about 5.2 km. A combination of a mechanical
source (a rock breaking hydraulic hammer (VIBSIST, Cosma and
Enescu, 2001), near offsets) and explosive charges (0.5 kg fired at 3.5–
5 m depth, far offsets) were used. The nominal source point spacing
was 20 m (VIBSIST) or 80 m (explosives) and the maximum horizontal
source-receiver offset of the 3D experiment was about 5.75 km. An
overview of the acquisition parameters is presented in Table 1. Note
that about 57% of the explosive source shotholes were reused.

As the receiver chain of the multi-azimuthal walkaway VSP survey
was moved between different levels, the VIBSIST source points were
also activated up to five times with each repetition normally generating
three sweeps. The shot holes for the explosive source points were filled
withwater for thefirst activation tominimize damage to the hole and to
allow them to be reused. 73 out of 128 shot holes were reused for the
second activation in which the holes were filled with gravel to increase
the downgoing seismic energy.

Because each source point was repeatedly activated on different oc-
casions, the total vertical stacking of the data is very high. Therefore, a
harsh editing (N50%) of lower quality data (e.g. due to unfavorable
weather conditions, environmental noise and breaks in the recording
line, etc.) did not result in any significant loss of trace coverage in the
final dataset. Seismic energy is strongly scattered within the targeted
SNC and the signal strength decays rapidly with offset and penetrated
depth. The S/N ratio of data generated with explosives is superior to
VIBSIST generated data (even near offset), especially for imaging deeper
structures (Fig. 6).

The rectangular binning geometry used for processing (Fig. 5B)
covers an area of nearly 17 km2 and encompasses all midpoints, but
also contains large unsampled regions with about 57% of the CMP bins
being empty. Fig. 5B shows the linear features of alternating high and
low fold aligned with the receiver lines. As seen in the azimuth-offset
distribution (Fig. 5C), the data also suffer from an irregular distribution
©Geological Survey of Sweden [I2014/00601] and Strömberg et al., 1984) with the limited
etry further described in (B). The location of the quarry shown in Fig. 3A is also included.
n after rectangular binning of the midpoints into bins of 20m (inline) by 60 m (crossline).
servedwith east–west directed linear features. C) Receiver-source offset-azimuth coverage



Table 1
Acquisition parameters for the COSC-1 limited 3D survey.

Receiver spread type Stationary spread
Number of channels 429
Receiver type 10 Hz, 1 Component
Receiver spacing 20 m
Receiver-line spacing 200 m
Source spread type Star pattern
Source type VIBSIST & Explosives
Source points 634
VIBSIST
Source points 508
Excitations per source point 4–5
Sweeps per excitation 3
Hit interval for hammer 100–200 ms
Source spacing 20 m
Dynamite
Source points 128
Excitations per source point 1–2
Explosive charge 0.5 kg
Source spacing 80 m

Near offset 0 m
Maximum offset 5748 m
Recording instrument SERCEL 428 XL
Sample rate 1 ms
Record length 25 s
Field low cut -
Field high cut -
Data acquired 16/9–8/10, 2014
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of azimuth and far offset. Far offset data are limited to narrow bands in
mainly the N-S directions. Thus, the limited source point coverage in the
acquisition geometry may cause a significant acquisition footprint
which affects both lateral resolution and the capability to resolve dip-
ping reflections (Cheraghi et al., 2012).

3.2. Processing

The data recorded using the VIBSIST source were decoded following
the Swept Impact Seismic Technique (SIST) described by Park (1996)
and Cosma and Enescu (2001). In some areas, the generation of strong
surface waves in combination with rapid saturation of the source
sweep to a constant hit frequency resulted in significant coherent
noise in the data. Binning the hits according to hit interval during the
decoding process slightly decreases this effect and the lower stacking
power does not seem to decrease the signal strength in the decoded
data. Data from source locations where more than one excitation was
possible under favorable noise conditions were stacked to increase the
signal to noise ratio.

Choice of Common Midpoint (CMP) binning geometry is important
to limit the acquisition footprint from the non-standard 3D acquisition.
After testing a few different binning strategies, the inline direction was
chosen to be parallel with the receiver lines and a bin size of 20 by 60m
was used, with the longer side in the crossline direction. This resulted in
smooth coverage and a high fold (Fig. 5B). A smaller bin size results in a
lower and more variable fold with a lower S/N ratio and a stronger ac-
quisition footprint. A larger bin size decreases the lateral resolution
and limits the ability to correctly image dipping reflectors.

The processing of the data followed a standard processing sequence
(as seen in Table 2) using a commercial seismic processing software
package. Deconvolution, spectral equalization, spherical divergence
compensation, automatic gain control (AGC) and different filters were
applied to reveal reflections initially obscured by noise and unwanted
signal, and enhance the signal from reflected arrivals before stacking.
First arrivals produced considerable coherent noise at far offsets and
were removed using a front mute. A typical common source gather
from an explosive shot (source-receiver offsets ranging from 1.2 to
2.7 km) is shown in Fig 6 with refraction statics and trace balancing
(Fig. 6A) compared to the full pre-stack processing except for the front
mute (Fig. 6B). Fig. 6C and D show the same for one of the highest
quality common source gathers for a VIBSIST excitation (source-receiv-
er offsets ranging from 0.5 to 1.8 km). The superior S/N ratio of the ex-
plosive shots is apparent by comparing the two (Fig. 6). Stacking of
data from only VIBSIST source points shows that they give little contri-
bution to the image below about 5 km. Only the very strongest reflec-
tors below 5 km are seen in the high fold areas and thus, the major
contribution to the image below this depth comes from the explosive
source points.

The biggest challenge during the processing stage was calculating
accurate static corrections and several possibly contributing factors to
this have been identified. These factors are: significant elevation differ-
ences for both receivers (b100 m) and source points (b250 m) due to
the rugged topography, varying surface conditions and complex near
surface structures, and limited acquisition over the structurally and lith-
ologically complex unit. These elevation differences required shifting
thedata to afloatingdatumduringprocessing, before using thefinal ref-
erence datum of 750 m above sea level.

Anisotropy has also been observed both in lab measurements
(Wenning et al., 2015) and in the VSP experiments (Simon et al.,
2015b). Residual static corrections had little effect on reflection coheren-
cy when applied to the entire dataset. Major improvement was, howev-
er, achieved through separating the data into ten subsets, based on
source type and source-receiver azimuth, before calculating and apply-
ing the residual static corrections (Fig. 7). This was followed by amanual
shift of the respective subsets (b10 ms) to match the major reflections,
using the subsetwith explosive shots at shortest offset as a reference, be-
fore merging the subsets back into one dataset. However, the character
of reflections at the edges of the subsets, especially where abrupt chang-
es in fold are present due to the limited acquisition, differs slightly and is
seen as vertical bands of reduced lateral continuity (Fig. 7). In the sepa-
rate subsets, some of these bands are more pronounced after residual
statics as themerging is not perfect, as seen in Fig. 7B. Thus, the process-
ing is not surface consistent and uncertainties in depth have been intro-
duced through the residual static calculations and subsequent manual
shifts of separate data subsets.

Velocity analysis was done in several iterations to find the optimal
root mean square (RMS) velocities for stacking. The initial focus was
on the deeper continuous reflections so that accurate residual statics
corrections could be calculated. Subsequent iterations focused on the
SNC and underlying allochthons in the upper 1 s. 2D Coherency filtering
(FX-Deconvolution) was applied after stacking, first in the inline direc-
tion and then in the crossline direction, to remove noise and artifacts in-
troduced during the pre-stack filtering and stacking processes. This 2.5D
filtering could potentially introduce artifacts, especially surrounding ini-
tially empty regions. To limit this, CMP bins that were initially empty
were muted after each pass of the filtering.

Despite the problems with the static corrections, clear continuous
lateral reflections are present in the stacked data (Fig. 8). These are par-
ticularly clear at depths coinciding with the high strain zone encoun-
tered in the COSC-1 borehole and below it. Fig. 8 also shows two time
slices; one through a reflective region within the Lower Seve Nappe
(Fig. 8C) and one through the deeper high strain zone (Fig. 8D). The ac-
quisition footprint appears to be minimal in the time slices (Fig. 8C and
D) as no linear features are present that are aligned with the east–west
lines in the fold distribution (Fig. 5B). The higher fold in the central and
eastern parts of the seismic volume allows slightly better imaging in
these regions compared to the western part.

Migration is required since numerous dipping reflections are present
within the SNC. Although pre-stack migration may have given a better
result (assuming an accurate velocity model may be obtained), we
settled for post-stack timemigration using a finite difference algorithm
because of its considerably lower computational requirements. Further-
more, only pseudo 3Dmigrationwas performed, essentially performing
a 2D migration first in the inline direction and then in the crossline di-
rection. This may also introduce artifacts from seismic energy migrated
into initially empty regions. The stacked volume was padded with



Fig. 6. A and B show an example of a common source gather (channels 50–250) from an explosive shot with 3 s of data. In A) refraction static corrections and trace balancing have been
applied and B) shows the result after additional pre-stack processing steps except for frontmute. Reflections are clearly visible throughout the entire gather. C and D show an example of a
common source gather (channels 50–200)with the 3 s of decoded data fromone of the highest quality VIBSIST excitations in terms of S/N ratio. C) has refraction statics and trace balancing
applied, while D) has additional pre-stack processing steps with the exception of front mute. The VIBSIST data in C and D clearly have much weaker reflections than the explosive shot
(A and B), and very little reflected energy below 1.5 s.
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empty traces on all sides before migration to avoid wrap-around arti-
facts and initially empty traces were once more muted after migration.
3D Dip Moveout corrections (DMO) slightly improved the image in
some areas, by correcting for conflicting dips and improving the conti-
nuity of some reflections. Other areas were degraded after DMO, possi-
bly related to the vertical bands of reduced lateral continuity and
imperfect merging of subsections after the initial residual static correc-
tions. Migrating the stacked section without DMO corrections appears
to give an overall clearer image with more coherent reflections both in
the vertical and horizontal planes and this migrated volume has formed
the basis for interpretation.
Finally, depth conversion was done on the seismic 3D volume to
simplify the interpretation process and correlationwith other geological
and geophysical data. A velocity profile for depth conversion was based
on averaging of interval velocities calculated directly from the zero-
offset VSP data, assuming a vertical borehole and wave travel path
(Krauß et al., 2015). Below2.5 kmdepth this function is linearly increas-
ing to 6100m/s at 9 kmdepth. Inline 1045 is oncemore shown aftermi-
gration and depth conversion in Fig. 9A. The 1D velocity function used
for depth conversion is shown in Fig. 9B together with the simplified
geological section and geophysical logs from the coring and logging of
COSC-1.



Table 2
Processing steps and parameters.

Stacking of explosive data
Decoding and stacking of VIBSIST data
Manual trace editing

Refraction static corrections
Front mute
Airwave suppression filter
Spherical divergence compensation
Wiener deconvolution
filter length: 150 ms; gap length: 10–12 ms

Spectral equalization
15–30-120-180 Hz

Median velocity filter
1900, 2700, 3300 m/s

Band pass filter
0–700 ms 25–50-140-210 Hz
1000–1400 ms 20–40-120-180 Hz
1600–3000 ms 20–40-100-150 Hz

Trace balancing
AGC
Time window 200 ms

NMO correction
Residual static corrections
CMP stacking
Seismic reference datum: 750 m.a.s.l.

Coherency filtering (FX-Deconvolution)
Trace balancing
2.5D Finite difference time migration
θmax: 53°

Time-to-depth conversion

Fig. 7. Inline 1046 is shown for comparison of residual static corrections performed on (A) the fu
receiver azimuthwith subsequent remerging. Pre- and post-stack processing is the same. The o
volume. Vertical bands of reduced reflection continuity, D1, D2 andD3, appear related to the lim
Some of these vertical bands become more prominent in B due to inconsistent corrections bet
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4. Discussion

4.1. Reflection seismic data in relation to drilling results

As seen in Fig. 9A, the Lower Seve Nappe, including the high strain
zone that was encountered in the COSC-1 borehole, as well as underly-
ing rocks, are highly reflective. However, because of the complex geolo-
gy of the SNC and the difficulty to properly correct for statics-related
issues and conflicting dips, the reflection continuity is low, especially
in the uppermost part. Theminimum required separation of two reflec-
tors to be distinguished is given by the vertical (parallel to normal inci-
dence) and lateral (perpendicular to normal incidence) seismic
resolution. These are normally defined by the one quarter of the domi-
nant wavelength criteria and the width of the first Fresnel zone, respec-
tively (Yilmaz, 2001). The Fresnel zone, which is related to the
wavefront incident on a reflector, is in an anisotropic medium distorted
into an elliptical shape that varies depending on the dip of the reflector
giving a differential lateral resolution (Okoye andUren, 1992). In reality,
resolution is further degraded by low S/N ratios and the acquisition
footprint as well as low reflection coefficients at the reflecting interface
(Milkereit and Eaton, 1998; Salisbury et al., 2000). Resolving fine struc-
ture in crystalline rocks is therefore difficult because velocities are
greater than 5000 m/s, reflection coefficients are generally low and tar-
gets often situated at significant depths (e.g. Adam et al., 2000). Taking
the strong reflectivity in the lower part of the COSC-1 borehole, at a two-
way-time of 0.8 s in Fig 9A, as an example and using an average vertical
velocity of 6000 m/s and a dominant frequency of 50 Hz, the minimum
vertical and lateral resolutions are 30m and 380m, respectively. Migra-
tion improves the lateral resolution, in t`heory to approximately the
dominant wavelength (Yilmaz, 2001).
ll data set and (B) after splitting the data into subsets according to source type and source-
verall improvement in reflection continuity seen in B is typical for the center of the seismic
ited acquisition and abrupt changes in fold and, in B, occur at the edges of the split subsets.
ween the subsets and imperfect merging in the overlapping regions.



Fig. 8. Inline 1045 (A) and crossline 1081 (B) from the stacked cube intersect close to the COSC-1 drill site. The vertical line shows the approximate trajectory of the COSC-1 borehole and
the two horizontal lines show the location of time-slices in (C) and (D). The two time-slices at 570ms (C) and 775ms (D) show a comparison of the limited lateral continuity of reflections
within the SNC (C) with the longer continuity of reflections in the underlying mylonitic shear zone (D).
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The on-core and in-situ logs were acquired with a 0.01 m sampling
rate, in marked contrast to the seismic data. Therefore, a 5 m running
average filter was applied to allow a more direct comparison with the
seismic data and visualization as presented in Figs. 4A and 9B. An acous-
tic impedance log through the Lower Seve Nappe, between about 105m
and 1605 m depth, was calculated using the downhole measurements
of density and vp (Fig. 9B). The high variability in the log, even after
filtering out the contribution from lithological variations less than
5 m thick, indicates numerous interfaces with significant impedance
contrasts. In agreement with Fig. 4B, two main groups are observed
that may be related to felsic (16 × 106 kg/m2s) and mafic
(18 × 106 kg/m2s) lithologies (Fig. 9B). This contrast in acoustic im-
pedance corresponds to a reflection coefficient of about 0.06. Under
favorable noise conditions and with sufficient lateral continuity of



Fig. 9. A) Inline 1045 is shown after migration and depth conversion with the COSC-1 borehole trajectory deviating maximum 100 m eastwards. A distinct difference is observed in the
reflectivity pattern above the shear zone (S.Z.), with limited lateral extent and conflicting dips, compared to within and below S.Z., with better defined geometry and lateral continuity.
B) On the left, the upper 2.5 km of the 1D average velocity function used for time-to-depth conversion (based on velocities from the zero offset VSP) is shown together with the
logged vp. Below 2.5 km this function is a linear interpolation reaching 6100 m/s at 9 km depth. The acoustic impedance log shown on the right was calculated from the downhole
logging of vp and density. The impedance log shows an abundance of significant contrasts in the uppermost 1605 m and the density log from on-core measurements suggest that
similar contrasts, but less frequent, occur in the deeper parts which agrees well with the observed reflectivity in (A). Depth is referenced to the surface elevation at COSC-1 (523 m
above sea level). The geophysical logs are shown after application of a 5m running average and are scaled vertically tomatch the true location along the borehole trajectory shown in (A).
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interfaces, this would generate observable reflectivity (Salisbury et al.,
2000). On the other hand the interfaces may be too frequent to be re-
solved in the reflection seismic data due to scattering and destructive
interference.

Although no velocity data are provided by logging campaigns below
1.6 km, the zero-offset VSP experiment indicates several changes of ve-
locity within the high strain zone, ranging from 6250 m/s to 5500 m/s.
The density log from on-core measurements shows a general decrease
in density below 1.7 km (Fig. 9B). Several sharp spikes related to
mafic lenses within themylonite dominated high strain zone, with den-
sity increases of up to 0.25 kg/m3, are observed between 1.7 and 2.3 km
depth. This suggests that equally strong but less frequent impedance
contrasts also occur at these depths down to about 2.3 km depth. Den-
sity contrasts are less pronounced below 2.3 km (Fig. 9B), which could
indicate that the interface between mylonite and meta-sandstone in
the lowermost part of the high strain zone don't generate strong
reflected energy, consistent with the weak reflectivity at corresponding
depths (Fig. 9A).

The 1D velocity function used for depth conversion (Fig. 9B) is based
on averaging the velocities from the zero-offset VSP experiment which
gives a smooth conversion. It is, however, only representative in the vi-
cinity of the COSC-1 borehole and involves some degree of uncertainty.
Nevertheless, the reflectivity seen in Fig. 9A appears to correlate well
with the geophysical logs and the geological section of Fig. 9B.
4.2. The COSC-1 limited 3D in relation to the 2D COSC seismic profile

Fig. 10 shows the intersection of inline 1052 with the 2D reflection
seismic section from 2010. Reflections within the SNC high strain zone
and in underlying rock match well even though the two data sets
were acquired and processed independently. In the 2D data, reflectors
below about 4.5 km beneath the SNC are not imaged due to lack of sig-
nal penetration, most probably due to scattering of seismic energy.
These basement reflections are imaged in the new seismic 3D volume
down to nearly 9 km, largely due to the contribution from the explosive
source points. The strongest sub-horizontal reflection at about 6 km
depth was, however, also clearly imaged in the shorter 2D profile of
2010 (KF in Hedin et al., 2012), and the reason why this reflection
does not appear in the main 2D profile is unclear. Crossdip analysis
and swath 3D processing of the 2D data gave only limited information
on the 3D geometry of structures due to the narrow offset-azimuth cov-
erage and low signal penetration through the SNC (Hedin, 2015). The
new 3D data thus provides previously unavailable 3D information on



Fig. 10. A comparison of inline 1045 from the new 3D with the 2D seismic section BL (Hedin et al., 2012) where they intersect around crossline 1093 (vertical dashed line), viewed from
SSW. Reflectionswithin the SNC, althoughweaker and less continuous in the 3D seismic volume, show good correlation across the two datasets and the 3D seismic data allow constraining
the geometry of reflectors in 3D. The goodmatch between the datasets is clearly seen on the larger scale through the reflections at depths between 2.5 and 4.5 kmdepth. At greater depths,
down to 9 km, reflections nearly indistinguishable in the 2D section can be traced laterally throughmost of the 3D seismic volume. Depth is referenced to the surface elevation at COSC-1
(523 m above sea level).
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the structures bothwithin the SNC aswell as on deeper reflectors down
to 9 km.

Reflections within the Lower Seve Nappe appear to be less continu-
ous in the new 3Ddata as compared to the 2D section (Fig. 10). The lim-
ited stationary receiver spread constrains near offset traces to the center
of the survey and also results in a lack of near surface information at
some distance from the borehole. In comparison, the 2D data have a
good distribution of near offsets along the acquisition line. Whereas
the irregular fold of the 3D has a maximum of 318, but rarely exceeds
200, the fold distribution of the 2D profile is smooth with a maximum
of 952 and rarely goes below 200, giving a much higher stacking
power.With a narrower offset-azimuth distribution andmore contribu-
tion from the vertical component, the 2D data may be less sensitive to
seismic anisotropy. However, the bin size perpendicular to the 2D pro-
file overwhich amplitudes are summed is 1 kmwhich assumes that lat-
eral variations in structure and rock physical properties are negligible
over this distance. This is obviously not true for the Lower Seve Nappe
and the lower reflection continuity in the 3D may be more representa-
tive of the true structure in the unit. A proper solution for calculating
and applying both residual statics and DMO corrections on the 3D
data set may improve the coherency of reflections within the Lower
Seve Nappe.

4.3. Interpretation

The combination of the 3D seismic data and the borehole geophysi-
cal logging allows for an interpretation of the structure of a lower sec-
tion of the Middle Allochthon in the Swedish Caledonides. Fig. 11
shows inline 1052 and crossline 1104 from the migrated and depth-
converted seismic volume with some of the major horizons delineated.
The seismic section has been divided into three parts and these are
discussed in detail below; 1) The Lower Seve Nappe above the high
strain zone (above S.Z. in Figs. 9A, 10 and 11), 2) the high strain zone,
interpreted as the basal thrust zone (S.Z.), and 3) deeper structures
(below U1).
4.3.1. The Lower Seve Nappe
The Lower Seve Nappe is highly reflective throughout but suffers

from low lateral continuity of reflections and unsampled regions
owing to the complex geology and limited acquisition. Some of the
stronger reflective zones may be due to mafic boudins (e.g. Fig. 3A)
that, depending on their geometrical shape, may not produce single
continuous reflections for the measured signal frequencies. The litho-
logical and geophysical variations observed on the core and in the bore-
hole can nevertheless be correlated with some of the more prominent
reflections by inspection of the entire 3D volume (Fig. 11). For the pur-
pose of visualization, however, the discussion of reflections within the
Lower Seve Nappe is referenced to inline 1045 in Fig. 9A.

The shallowest reflection, cutting the COSC-1 borehole sub-
horizontally around 200 m (S1 in Fig. 9A), can be correlated with a
sharp negative spike in both vp and density, followed by a strong in-
crease in vp. Just above 200 m depth there is a transition from weath-
ered calc-silicate gneiss, containing (possibly water-bearing) fractures
and micro-karst with associated high porosity, into more unaltered
gneiss with mylonitic bands and the occurrence of an about 4 m thick
unit of amphibolite and amphibole gneiss (Fig. 9B). A second, shallowly
SW dipping, reflective package (S2 in Fig. 9A) intersects the borehole at
around 300m depthwhere banded gneisses andmigmatites have been
mapped.



Fig. 11. Inline 1052 and crossline 1104 are shown in A) and again with interpreted horizons in B). The top of the shear zone (S.Z.) was picked along reflections intersecting the borehole at
about 1700m in accordancewith the present interpretation of the core although reflections within 200m directly above have similar apparent geometry. Whereas the reflections within
the interpreted basal shear zonedip towards the southeast, reflectionU1andU2only dip towards east andunderlying interfaces (U3 andbelow) are subhorizontal to slightlywest dipping.
Depth is referenced to the surface elevation at COSC-1 (523 m above sea level).
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Between reflections S3 and S5 is a complex pattern of strong reflec-
tions which are apparently dipping at about 10–15° towards the west
(Fig 9A). At corresponding depths in the core (Fig. 9B), high-density
mafic lenses occur intermittently within the felsic gneisses and calc-
silicates, increasing in both frequency and thickness down to reflection
S4 at a depth of about 750 m. Below this the mafic units become less
abundant down to about 1.2 km depth. Reflection S6 may be related
to the negative spike in vp at about 1.2 kmwhich is, oncemore, likely as-
sociated with micro-karst and possible fluid flow.

At about 1.45 km depth, where north-west dipping S7 is truncated
by a south-east dipping reflective package S8, the core reveals a compli-
cated succession of amphibolite, mylonite, gneiss, marble and mica-
schist (Fig. 9B). S8 appears to follow parallel to the interpreted basal
shear zone and merge with it at the southeastern edge of the cube
where they (as seen in the 2D data in Fig. 10) turn into a thinner north-
west dipping reflective package that reaches the surface in the vicinity
of the boundary between the Lower Seve Nappe and underlying units.

The contrast in deformation observed between the gneiss/calc-
silicate rocks to that of amphibolite likely represents a rheological differ-
ence in these two units. Ductile deformation characteristics are appar-
ent, in the form of strong crystallographic preferred orientation (CPO)
of quartz, feldspar and mica in the gneisses and hornblende in amphib-
olite (Czaplinska et al., 2015). However, the boudinage of amphibolite
indicates that this lithology is competent and strong in comparison to
the weaker more ductile gneiss/calc-silicate rocks. This may reflect the
deformation conditions during the late stages of the Lower Seve em-
placement as the complex gradually cooled. The generally strong CPO
of anisotropic crystals, such as hornblende andmica, indicates that seis-
micwave velocities should also be highly anisotropic.Modeling and lab-
oratory measurements of seismic properties indicate that P wave
velocity anisotropy ranges from ~5% in the felsic gneisses/calc-silicates
up to ~12% in the amphibolites (Czaplinska et al., 2015; Wenning
et al., 2015).

4.3.2. The SNC basal shear zone
The shear zone is interpreted to begin at 1710mdepth in the COSC-1

borehole where mylonite bands are observed in the core with
increasing frequency and thickness, implying increasing strain (S.Z. in
Figs. 9A, 10 and 11). In contrast to the reflectivity in the Lower Seve
Nappe, with frequent impedance contrasts and limited lateral extent,
reflections associated with the interpreted zone at the base of the SNC
are in general well defined and continuous over longer distances. The
zone appears to dip uniformly towards the southeast at about 12°. The
borehole did not penetrate the base of the zone and therefore its thick-
ness is unknown. Recrystallized metasandstones appear occasionally in
the lowermost 200 m in the borehole and may suggest a transition into
lithologies of underlying tectonic units. The c. 400m thick zoneofweak-
er reflectivity (from c. 2300m to 2700m in Fig. 9A), possibly linkedwith
a composition of mylonites, felsic rocks and metasandstones, suggests
that the shear zone extends another 200m below the COSC-1 borehole.
It is underlain by the strong reflective packageU1 found at 2.7 kmdepth
(Figs. 9A, 10 and 11) which dips mainly eastwards at about 11 degrees
(Fig. 11). This package is therefore interpreted to be related to underly-
ing tectonic units, implying that the shear zone has a thickness of c.
1 km.

Several differences between the basal shear zone and the overlying
Lower Seve Nappe are apparent, especially in terms of the physical
properties and chemical composition (Lorenz et al., 2015b). The large
thickness of the basal shear zone implies that its deformation is broadly
distributed. However, localization of strain and grain-size reduction in
highly strained zones, separated by lenses of less deformed rocks, indi-
cates that deformation is not uniformly distributed throughout this
more than 800 m thick shear zone. Note that outcrops of phyllonite
and meta-arkose have been identified west of the Åreskutan mountain
(e.g. Arnbom, 1980; Helfrich, 1967). In amodified sketch drawing based
on a cross-section of Helfrich (1967); Arnbom (1980) indicated that the
phyllonite –meta-arkose unit dips gently towards the east at the west-
ern edge of Åreskutan mountain, continuing underneath and leveling
off to become subhorizontal in the location that roughly corresponds
to the drill site of COSC-1. Qualitatively, the description of this
phyllonite –meta-arkose unit (Arnbom, 1980) fits well with the lithol-
ogies encountered in the lower 200 m of the COSC-1 drill core, where
both metasandstones and phyllosilicate-rich mylonites are encoun-
tered. The lithologies of this unit were tentatively assigned to the Särv
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Nappe by Arnbom (1980), or as a strongly sheared layer that represents
the boundary between the Lower Seve Nappe and the Särv Nappe.

4.3.3. Deeper structures
No information is available below the shear zone at the base of the

COSC-1 borehole that can provide constraints on the structures or lithol-
ogies present there and that cause the observed reflectivity. Reflections
are, however, strong and continuous, even in low fold areas, and ob-
served down to nearly 9 km. As seen in Fig. 11, the reflections below
the interpreted basal shear zone of the SNC dip mainly towards east or
west, whereas little or no dip component is observed in the north–
south direction.

Below the interpreted shear zone is another system of strong reflec-
tions bounded at the top by reflection U1 that has a dip more restricted
to the east–west direction (Figs. 10 and 11). Both U1 and the underlying
sub-parallel reflection U2 are terminated by synformal reflection U3
which is subhorizontal in the west and westwards dipping in the east.
Bounded by U1 and U3, a western lithological complex, containing
two main units separated by U2, appears to pinch out. U3 appears to
be the top of a several hundred meters thick reflective zone of nearly
uniform thickness, bounded at its base by the very prominent reflection
U4.

Beneath 3.5 km, nearly all reflections appear to be continuous (al-
though disturbed by imperfect merging of the data subsets) across the
cube, such as the strong reflections U7 and U8 located at around 3.8–
4.4 km depth. A complex system of cross-cutting reflections are ob-
served below about 6 km with an east–west dip component ranging
from about 18°E to 12°W (Fig. 10).

In the previous interpretation by Hedin et al. (2012), the zone of
weaker reflectivity directly above U1, at the base of the interpreted
basal shear zone, was attributed to tightly folded Ordovician turbidites
in the uppermost Lower Allochthon which are apparently seismically
transparent to the east of the SNC. The prominent reflections U1 to U4
were attributed to repetitions of Cambrian shales and Cambrian to
Neoproterozoic sedimentary successions derived from the Baltica plat-
form. Underlying structures related to reflections U5 to U7 were
interpreted as allochthonous basement-derived units of acid volcanic
rocks (Hedin et al., 2012), also included in the Lower Allochthon. This
interpretation was based on geological mapping in windows along the
Mullfjället and Olden-Oviksfjäll Antiforms to the west and east of the
Åre Synform, respectively, where this succession is observed (Fig. 2).
The prominent west-dipping reflection U8 was interpreted as the
main décollement with an associated layer of alum shales separating
the Caledonian allochthons from the Precambrian autochthonous base-
ment. Reflectivity in the basement could be related to either orogenic
deformation during the Caledonian or older Sweconorwegian orogenies
or to mafic dyke intrusions similar to those found to the east of the oro-
genic front (1.2 Ga, Söderlund et al., 2006) or in drill holes to the south
(1.0 Ga, Juhlin, 1990).

However, an alternative interpretation is possible. The Särv and
Offerdal Nappes are found on the surface along the western margin of
the SNC (Fig. 2; Arnbom, 1980), varying in thickness from hundreds of
meters to a few kilometers, and overlie the Ordovician turbidites. On
the eastern side of the SNC, only traces are found suggesting that they
are cut out underneath the SNC. They are thus candidates for the possi-
ble lithological units between U1 and U3 (Figs. 9A, 10 and 11). One pos-
sibility involves normal faulting along the narrow northwest dipping
contact between the SNC and Lower Allochthon in the eastern limb of
the Åre Synform, similar to what is observed on the western limbs of
the Skardöra and Mullfjället Antiforms further west (Gee, 1988). In
this case, the narrow northwest dipping contact may not be a continua-
tion of the thick southeast dipping shear zone, S.Z., encountered in the
COSC-1 borehole (as in Fig. 10), but rather truncate it and continue
with a northwestwards dip into the deeper reflections.

Furthermore, extensions of the COSC 2D reflection seismic profile
(Juhlin et al., 2015) and a magnetotelluric (MT) survey along the entire
COSC 2D profile (Yan et al., 2016) were recently acquired. The latter
show a very strong signature attributed to the highly conductive alum
shales that can be correlated with continuous subhorizontal reflections
at about 1 kmdepth throughout the entire 2D seismic profile to the east
of the SNC. The strong conductor in the MT data cannot be followed
below the SNC, but the associated reflections dip in underneath it and
enter the eastern edge of the 3D seismic cube around reflection U4
(Fig. 10). All along the orogenic front, and in basement windows, Cam-
brian alum shales are found to rest unconformably on top of the Pre-
cambrian basement and may have acted as a lubricant to help
facilitate the shallow angle thrusting along the basal detachment.

Anomalies in aeromagnetic data (acquired by the Geological Survey
of Sweden in 2011), can be interpreted along the seismic profile using
Peter's Half-Slope method (e.g. Reynolds, 2011). This constrains the
depth to an assumed highly magnetic Precambrian rock in the base-
ment to depths of around 1 to 1.3 km to the east of the SNC (Juhlin
et al., 2016), also approximately coincidingwith the extension of reflec-
tion U4. Thus, based on these additional geophysical constraints, reflec-
tion U4 in the seismic 3D volume is interpreted as themain detachment
inwhich case all underlying reflectivitywould be related to deformation
and/or structures in the basement. The geophysical data do not, howev-
er, rule out the presence of additional major detachments at deeper
levels, as in the interpretation of Hedin et al. (2012).

5. Conclusion

The new 3D data provide previously unavailable information on the
3D geometry of the structures bothwithin the SNC as well as on deeper
reflectors down to 9 km. The SNC is a geometrically and lithologically
complex unit with large variations in rock physical properties and sig-
nificant seismic anisotropy. Interfaces capable of producing reflections
occur with separation much less than the reflection seismic resolution
and with conflicting dips, which puts high demands on the processing.
Although it is possible to follow the general geometry of reflective pack-
ages through the seismically imaged 3D volume, it is presently difficult
to follow single reflections over more than a couple of hundred meters.
This could be due to either the complex geology or the processing. The
technique for calculating and applying both static and moveout correc-
tions is still not optimized and a proper solution may give a better
image, especially within the Lower Seve Nappe. Nevertheless, correla-
tion with a simplified geological section, sonic and density logs as well
as independently acquired and processed 2D reflection seismic data
show good agreement.

The abundance of interfaces with significant impedance contrasts
and conflicting dips in the uppermost parts of the Lower Seve Nappe
is in marked contrast to the more continuous and well defined reflec-
tions within the interpreted basal shear zone. This zone, found to be
more than 800 m thick in the COSC-1 core has a nearly uniform thick-
ness throughout the seismic volume and a c. 12° dip towards the south-
east. The COSC-1 borehole did not penetrate the base of the shear zone
and its true thickness is not known. Metasediments become more fre-
quent in the lowermost 200 m of the COSC-1 core and the seismic sec-
tion appears much less reflective at this depth. Underlying reflections,
at a depth of 2.7 km beneath the COSC-1 drill site, have a different char-
acter and could be related to an underlying allochthonous unit, giving
the shear zone a thickness of c. 1 km. Thebasal shear zone can be follow-
ed into the COSC 2D reflection seismic profile where it turns upwards
and projects towards the boundary between the SNC and Lower
Allochthon at the surface. Alternatively, the northwestwards dipping
contact between the SNC and Lower Allochthon found at the surface
may represent an extensional fault that truncates the southeast dipping
basal shear zone of the Lower Seve Nappe.

Presently, the interpretation of the lithologies and structures under-
neath the SNC and the bottom of the COSC-1 borehole is non-unique.
Possibly, the lowermost units of the Middle Allochthon, Särv and
Offerdal, underlie the SNC in the west and pinch out at 3 km depth
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between the interpreted SNC basal shear zone and units of the Lower
Allochthon. The latter is in turn separated from the Precambrian base-
ment by amain décollement and associated alum shales thatmay be at-
tributed to either the prominentwest dipping reflectionU8 at a depth of
about 4.3 km(followingHedin et al., 2012) or the strong and continuous
subhorizontal reflection U4 at a depth about 3.4 km (considering new
geophysical constraints).
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