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Abstract: Much of the Norwegian upper crust was shaped by Caledonian thrusting and post-orogenic exten-
sion. We investigate the electrical conductivity structure of the crust and associated thrusts and detachments
using magnetotellurics to obtain a better understanding Paleozoic tectonics. New magnetotelluric data were col-
lected overanareaofc.60 70 km that includes the Gudbrandsdalen Antiform and Atnsjg tectonic window in
central Norway.

The nal 3D electrical conductivity model reveals a highly resistive crustal block, extending E-W along the
Gudbrandsdalen Antiform and from the surface to several tens of kilometres depths, imaging the parautochth-
onous Precambrian basement. No major thrust or detachment has been mapped under the Atnsjg tectonic win-
dow, which is therefore considered to most likely represent autochthonous or parautochthonous Baltica
basement. Several conductors are imaged along the edge of the magnetotelluric survey, which can be correlated
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with a major Caledonian thrust and structures in the Precambrian basement.

The remnants of the Caledonian orogen dominate
much of the present-day geology of Norway
(Fig. 1). Caledonian thrust nappes overly large
parts of the Precambrian basement of the Baltic
shield and shape the present-day topography. In
other areas, the exposed basement has been strongly
metamorphosed or deformed by the Caledonian
orogeny. The degree of involvement of the Precam-
brian basement in this mountain-building event is
highly variable and not thoroughly understood.

The Caledonian orogeny comprises several
crustal amalgamation events in the entire circum-
lapetus realm from the Ordovician to the Early
Devonian (490-400 Ma ago). The ultimate Silu-
rian—Devonian continent—continent collision of Bal-
tica—Avalonia with Laurentia (430-400 Ma) is
termed the Scandian phase or Scandian orogeny.
For simplicity, we use the term Caledonian here
when we refer to the Scandian part of the Caledonian
orogeny.

The nappes were thrust over the Baltic crust from
the west to the SE/east (present-day coordinates)
during the Silurian—Devonian. In the west, where
the Baltica basement was deeply buried during the
Scandian orogeny it has been metamorphosed and
is now exposed in the Western Gneiss Region

(WGR). In the east of the orogen, within the former
foreland, the nappe sheets have locally been tecton-
ically thinned and eroded, and the Precambrian base-
ment is exposed in so-called tectonic windows.
Whether these tectonic windows are autochthonous,
parautochthonous or even allochthonous has often
been debated (Seether and Nystuen 1981; Lamminen
etal. 2011; Rice and Anderson 2016; Bjerlykke and
Olesen 2018). The outcropping stratigraphy does not
yield suf cient conclusive information. Thrusts in
the subsurface, however, may be detectable with
geophysical measurements. Both nappes and thrusts
can contain conductive elements that are responsive
to electromagnetic measurements and make this area
suitable for a magnetotelluric investigation.

In this study we aim to provide new information
about the Precambrian basement and its structural
relationship to the overlying nappes. We focus on
the area around the Atnsjg tectonic window, which
comprises an area of 60 70 km? exposed granitic
Precambrian crust (Fig. 2). The study area is located
in the complex transition between the southern and
central Caledonian segments (Wiest et al. 2021).
Here, the nappes can reach local thicknesses of sev-
eral kilometres but are otherwise relatively thin or
absent (Olesen et al. in press).
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Fig. 1. (a) Location of study area in Northern Europe. (b) Regional geological setting of the study area, Caledonian

allochthons and Precambrian basement. Geological data from NGU (2024). (c) Conceptual cross-section of the

Caledonian collisional event c. 420-400 Ma ago. HP and UHP, high pressure and ultrahigh pressure, respectively;

L.A., M.A., U.A. and Upm. A., Lower, Middle, Upper and Uppermost allochthons, respectively. Approximate
position of the present-day study area with respect to the Silurian—Devonian Caledonian foreland prior to
post-orogenic extension is indicated. Source: (c) Roberts (2003).

Geology of the study area

The area of investigation in southern Norway is part
of the Caledonian orogen — a setting where pre-
Caledonian basement was overprinted and overthrust
by the Caledonian nappes during the Silurian

thrusting in the vicinity of the study area (c. 420-
440 Ma; Bender et al. 2019). Subsequent extensional
periods spanned over several hundred million years.
Key extensional events in the study area were Devo-
nian (late- to post-Scandian) extensional tectonics
that included the development of major detachments.
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Fig. 2. Geological setting of the study area (NGU 2024) and location of magnetotelluric measurements. The

af liation of individual nappes to speci c nappe complexes and allochthons is not resolved in the study area and we
here follow the overall tectonostratigraphic division given in Jakob et al. (2019). AW, Atnsjg window; GA,
Gudbrandsdalen Antiform; JVNC, Jotun—Valdres Nappe Complex; LGFZ, Lerdal-Gjende Fault Zone; NC nappe
complex; OFZ, Olestal Fault Zone. Source: geological data from NGU (2024).

The Scandinavian Caledonides (Fig. 1) were
formed as the result of a closure of the lapetus
Ocean and a continental collision of Baltica and Lau-
rentia in the Late Silurian (Bergstrom and Gee 1985;
Gee and Sturt 1985; Gorbatschev and Bogdanova
1993; Rykkelid and Andresen 1994; Roberts 2003;
Ramberg et al. 2008). The remnants of the Caledo-
nian orogen today stretch NE from Ireland and Scot-
land in the south to Svalbard in the north. During the
Caledonian orogeny (540-400 Ma), the crustal Pre-
cambrian rocks in the western margin of Baltica
were pushed beneath Laurentia to ultrahigh-pressure
depths (Andersen 1998), whereas the rocks of the
Neoproterozoic—Early Paleozoic continental margin
and oceanic domain were transported to the east/
SE over Baltica as the Caledonian nappes. The Cale-
donian nappes are generally divided into Lower,
Middle, Upper and Uppermost allochthons (nappe
series) (Tornebohm 1896; Gee and Sturt 1985;
Andersen 1998; Roberts 2003; Ramberg et al.
2008). Newer studies suggest using a ner subdi-
vided tectonostratigraphic division of the Caledonian
nappes stack instead, that takes the variability of the
pre-Caledonian rifted margin of Baltica and regional
differences within the nappe stack into account
(Corfu et al. 2014; Jakob et al. 2019). The nappe
stacks consist of sequences from the sedimentary
basins of the former proximal Baltic margin (Lower
Allochthon and parts of the Middle Allochthon); of

the outer Baltic margin with varying degrees of rift
magmatism and possible microcontinents (upper
Middle and some of the Upper Allochthon); of the
former oceanic domain (Upper Allochthon); and of
rocks of Laurentianaf nity (Uppermost Allochthon).

The major nappe thrusting was completed
between 410 and 405 Ma ago. The Caledonian
mountains have been deeply eroded since the Devo-
nian. Late- to post-orogenic extension in southern
Norway resulted in penetrative reworking and
decompression of the Caledonian high-pressure
metamorphic rocks, the formation of large exten-
sional detachments and the Devonian supradetach-
ment basins (Norton et al. 1987; Andersen 1998).
Further thinning of the crust during Mesozoic exten-
sion is mostly expressed along the margin to the
west. Extension culminated in the rifting of the
Atlantic 52 Ma ago (Talwani and Eldholm 1977).
Today, the remnants of the Caledonian nappes are
largely eroded but locally reach 10 km thickness.
Precambrian basement is exposed in the WGR, as
well as in a number of tectonic windows. Previously
deeply buried Precambrian basement now forms the
(ultra)high pressure rocks of the parautochthonous
WGR. Basement rocks of lower metamorphic
grade are exposed in the former foreland. The transi-
tion between these two domains of Precambrian
basement is presumably continuous and gradual.
The internal structure of the Precambrian basement
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is not well known because of the limited exposure
and insuf cient subsurface models.

The study area (Fig. 2) is located in a structurally
complex setting near the northeastern extent of the
Jotun—Valdres Nappe Complex and the southern
extent of the Trondheim Nappe Complex (TNC).
Here, in the transition between the southern and cen-
tral Caledonian segment, the entire thrusting-related
tectonostratigraphy, as well as the basement in the
windows, are folded into the E-W-oriented Gud-
brandsdalen Antiform (Sturt and Ramsay 1997).
The orientation of the fold axis is oblique to the
main Caledonian trend yet similar to that of syn-
form-antiform pairs that formed during extensional
tectonics in the WGR. Hence, the formation of the
Gudbrandsdalen Antiform is considered to be related
to the late-Scandian (Devonian) extensional tecton-
ics. Several extensional shear zone complexes sur-
rounding the study area in uenced the present-day
structure of the Scandinavian Caledonides, e.g. the
Lardal-Gjende and Olestgl fault zones in the SW,
the Rgragen Detachment in the NE and the Mare—
Tregndelag Fault Complex (MTFC) with the Agdenes
and Haybakken detachments in the far NW.

The Atnsjg tectonic window is the largest of sev-
eral tectonic windows in the eastern segment of the
Scandian nappes. The basement here consists of foli-
ated granites with ma c intrusions. Multiple base-
ment windows to the north have been reported to
comprise shear zones and expose basal thrusts con-
sistent with an allochthonous nature (e.g. Greiling
et al. 2018). Equivalent shear zones are not reported
from the Atnsjg window. The autochthonous base-
ment cover sequences are only sparsely exposed in
the southern segment of the Caledonian orogen but
are interpreted to be locally present below the
Scandian nappes. They consist of metasedimentary
successions. In the central segment, the Neoprotero-
zoic—lower Paleozoic cover sequence is stratigraphi-
cally capped by the Middle Cambrian Alum Shale
Formation, which is, for example, exposed in central
Sweden. The Alum Shale Formation is highly con-
ductive with a carbon content of up to 10% (Ander-
sson et al. 1985; Norton et al. 1987; Boerner et al.
1996; Andersen 1998; Robinson et al. 2014; Borner
et al. 2018). In previous magnetotelluric studies of
the Scandinavian Caledonides, highly conductive
zones at depths have been interpreted to represent
the alum shales and to correlate with the sole thrust
of the Caledonian nappes (e.g. Korja et al. 2008).
The alum shales below the nappes have been drilled
as a parautochthonous unit by the COSC-2 ICDP
drilling programme in western Sweden (Lorenz
et al. 2022).

The Osen—Rga Nappe Complex as the lowest
allochthonous unit comprises the sandstones and
shales of the Neoproterozoic Baltic margin, in partic-
ular the Hedmark Group. Here, highly conductive

shists (Gee 1972) are found in the Brgttum Forma-
tion (Ramberg et al. 2008), which consists of 4-
5 km of alternating turbidite sandstones and hemipe-
lagic shales. The conductive shists are only locally
present in the southernmost part of the study area,
near the contact to the overlying Kvitvola nappe.
In situ measurements show conductance up to
1Sm % The Hedmark Group is stratigraphically
overlain by Cambrian passive margin sediments,
including the Alum Shale Formation. These are
locally preserved in the nappes to the SW of our
study area and may also be present in the thrusts
above and below the Lower Allochthon.

The Kvitvola Nappe Complex (Middle Alloch-
thon) also comprises Baltic margin sedimentary suc-
cessions, but no conductive units have been reported.
Highly conductive mineral deposits are again found
in the rift-related sequences and island-arc-type
rocks of the TNC (Upper Allochthon) in the northern
and western parts of our study area.

Geophysical data

Potential eld data

The Bouguer gravity anomaly data in the study area
(Fig. 3a) highlight the Jotun nappe and TNC as NE—
SW-trending positive anomalies. Much of the Lower
and Middle allochthons is represented by negative
anomalies, also the Atnsjg window.

In the magnetic map (Fig. 3b), the Jotun nappe is
outlined as highly magnetic rocks surrounded by
negative contact anomalies. To the east, the signal
is dominated by the positive magnetic anomaly of
the Transscandinavian Igneous Belt (TIB) granites.
The structure of the overlying nappes is not discern-
ible. The TNC is low magnetic with short-
wavelength anomalies delineating its internal fabric.
The Caledonian nappes (except for the upper Jotun
nappe) are low magnetic as they do not overprint
the anomalies of the intrusive rocks of the Precam-
brian basement. Within the Atnsjg window, the mag-
netic signal is somewhat stronger with several
internal shorter-wavelength anomalies. This is simi-
lar to the magnetic pattern further SW (far corner in
Fig. 3b), where Precambrian gneisses form the Bal-
tican basement (Olesen et al. in press). The smaller
tectonic windows to the NW of the Atnsjg window
expose the same magnetic signature as the TIB, sug-
gesting an autochthon origin or very short transport.

Another positive anomaly in the south represents
the Sveconorwegian Fl& granite outcropping to the
south of the Caledonian front (Smithson 1963;
Bingen et al. 2008a, b) and dated to 928 + 3 Ma
(Bingen et al. 2008a). It is deeply seated to the
north, as the smoothness of the anomaly indicates.
The anomaly strikes NNW-SSE, parallel to the Sve-
cofennian structures to the east.
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NGU 2024). Black frames indicate the extent of the 3D resistivity model. AW, Atnsjg window; TIB, Transscandinavian Igneous Belt; TNC, Trondheim Nappe Complex; SA,
Slidre anomaly.
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The large positive gravity anomaly (c. 500 mGal)
to the west of the FI& granite (Fig. 3a) has been
referred to as the Slidre anomaly (Smithson 1964).
This dense ma c intrusion is locally exposed and
has been dated by Corfu (2024) to c. 1540 Ma.

Figure 4 shows the depth to the Precambrian
basement in southeastern Norway (Bjgrlykke and
Olesen 2018) based on interpretation of aeromag-
netic and gravity data (Fig. 3a, b) as well as existing
bedrock maps (Fig. 1). The Jotun complex and the
TNC clearly constitute the deepest basement depres-
sions and largest nappe thickness. To the SE there are
three 3-6 km deep basins/depressions named the
Atna, Favang and Asta basins (Fig. 4). Bjarlykke
and Olesen (2018) suggest that these depressions
represent sub-basins within the larger Hedmark
Basin formed before possible thrusting/imbrication
of the basement.

Magnetotelluric data

The magnetotelluric method (MT) is a passive elec-
tromagnetic method (EM) that images the electrical
conductivity structure of the subsurface. It relies on
the assumption of a homogeneous plane wave excita-
tion, which implies that the measured impedance
transfer function relating horizontal electric and

magnetic eld components solely depends on the
underlying conductivity structure. In broadband
MT (BMT), roughly de ned by the frequency range
from 1000 Hz to 1000 s, a natural EM signal is gen-
erated predominantly by equatorial thunderstorm
activity (8-1000 Hz) and geomagnetic variations/
pulsations (frequencies below 8 Hz), caused by pre-
dominantly ionospheric currents. MT is the only
EM that provides information about electrical con-
ductivity from a wide depth range (from a few metres
to the entire lithosphere). Speci cally, BMT covers
well crustal depths that are the focus of this study.
A previous magnetotelluric array, ToScal0 (loca-
tion shown in Fig. 1), attempted to recover the
regional structure of the Norwegian Caledonides
and Precambrian basement but was only designed
for 2D interpretation (Cherevatova et al. 2014).
The pro le covers the area from the SW Scandina-
vian Domain (SSD) in the east, across the Caledo-
nides to the WGR. The resulting 2D conductivity
model showed that the Precambrian basement
(including the parautochthonous WGR) is generally
resistive with respect to the Caledonian orogen. The
western part of the WGR is again more conductive,
possibly due to the large-scale shearing during the
post-Caledonian extension. The SSD contains sev-
eral subhorizontal layers, the high conductivity of
which implies an electronic conduction mechanism
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(graphite, sul des). Mid-crustal conductors in the
SSD have been interpreted as the remnants of closed
basins (e.g. peripheral foreland basins, retro-arc
basins, back-arc basins) formed during the accretions
and collisions of various Sveconorwegian terranes.
The shallower conductors are interpreted to represent
highly conducting Late Precambrian—Early Paleo-
zoic shallow-sea sediments, including the Alum
Shale Formation of Late Cambrian—Early Ordovi-
cian age and the black schists of Late Proterozoic
and Cambro-Silurian age (in the Osen—Rga (Brgttum
Formation) and TNCs, respectively).

New magnetotelluric data

A new 3D MT survey was conducted in autumn
2017 and summer 2018 to investigate the tectonic
nature of the Atnsjg window and possible surround-
ing conductive structures (Smirnov et al. 2019). The
entire Rondane array covers an area of c. 100
100 km? (Fig. 2) and consists of 65 magnetotelluric
sites. Local anthropogenic EM elds may affect the
measurements and quite often exceed the strength
of the natural signal. Therefore, two permanent refer-
ence stations were used for the entire duration of the

eld work (for more than 2 weeks each) in order to
be able to mitigate the in uence of EM noise. The
average separation between BMT sites is ¢. 3-5 km
along accessible roads. Data in the period range
from 0.003 to 1000 s and were collected with up to
four instruments running simultaneously. Three
MTU2000 MT systems developed at Uppsala Uni-
versity, Sweden (Smirnov et al. 2008) and one Met-
ronix ADUO8 system were used. The duration of the
recordings was usually 1 day (i.e. c. 20 h). Measur-
ing at night improves the signal-to-noise ratio at
higher frequencies due to a higher amplitude of the
natural signal, as well as signi cantly lower cultural
EM noise. BMT data were continuously sampled at
20 Hz and burst recordings at 1000 Hz sampling
rate were recorded for 2 h starting at midnight. A
few sites located close to infrastructure were contam-
inated by cultural EM noise, but they were success-
fully dealt with using robust remote reference
processing. We also used previously acquired data
from 13 sites of the ToScal0 pro le, which resulted
in a total of 78 sites.

All the transfer functions were estimated using a
robust multi-remote reference technique (Smirnov
2003), providing a stable transfer function in the
period range from 0.003 to 1000 s. Vertical magnetic

elds were only recorded at a few sites. Therefore,
we skipped tipper transfer functions (relating vertical
to horizontal magnetic elds) from further 3D inver-
sion all together. Examples of data from six represen-
tative sites are shown in Figure 5, together with the
predicted data from the nal 3D inversion.

The array is located at relatively high geomag-
netic latitudes, where the plane wave assumptions
might be violated by the proximity of sources. The
homogeneous plane wave assumption is approxi-
mately valid if penetration depth (skin depth) is
much smaller than the distance to the source. It has
been shown that at high latitude, geomagnetic pulsa-
tions caused by ionospheric currents are located at
least 110 km away (approximately the height to the
ionospheric layer) and do not cause visible source

eld effect up to 1000 s, at least in the impedance
tensor (Varentsov et al. 2003; Cherevatova et al.
2015; Autio and Smirnov 2020).

We have also validated our transfer function esti-
mates using multivariate analysis to check for the
presence of source eld distortions in the MT trans-
fer functions (Smirnov and Egbert 2012). Multivari-
ate estimates did not reveal any additional features in
the data, which might be attributed to the source eld
effects or local EM noise. In general, apparent resis-
tivities show consistent behaviour among different
sites (especially at long periods), indicating similar-
ities in the observed structure as well as good data
quality. While there are no signi cant anomalies
observed in the data, static shift and near-surface dis-
tortions are noticeable in the impedance tensor. We
have used the following criteria to evaluate data
quality and to perform data selection. First, we dis-
carded highly scattered impedance estimates having
large error bars (per site per frequency). We also
checked that impedance tensor parameters, like
skew values, phase tensor and strike, are stable, vary-
ing smoothly with period. Secondly, apparent resis-
tivity and phase should be consistent in order to
satisfy dispersion relations, which are proven to be
valid for 1D and 2D TM-mode models (Berdichev-
sky and Pokhotelov 1997) but may fail in general
3D situations (Egbert 1990). We use this relation
as the last criterion for data selection. As it was men-
tioned above, the data quality is relatively high and

nal 72 sites were selected for the 3D inversion, pro-
viding a solid basis for the subsequent interpretation.

Data analysis and 3D inversion

Due to the fact that the data mostly exhibit a 3D
behaviour (like in most real situations) we prefer to
use the full impedance tensor for the 3D inversion
without having to make assumptions about the
dimensionality. An impedance tensor can be trans-
formed into a phase tensor, which is de ned as the
ratio of the imaginary to the real part of the full ten-
sor. The advantage of the phase tensor is that it is free
of galvanic distortion and therefore usually shows a
more consistent picture (regional structures) unaf-
fected by small-scale inhomogeneities. Phase tensor
ellipses shown in the left column of Figure 6 for four
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Fig. 5. Examples from six locations randomly selected to represent the dataset. Data are presented as apparent
resistivities ,, and y, marked by red triangles and blue circles, respectively, as well as the main components of the
impedance tensor phases w,y and wy. Solid lines show predicted data after the nal 3D inversion. Data uncertainty is
indicated by error bars for the observed data, scaled by weights that were computed during the 3D inversion to
mitigate the in uence of data outliers. The locations are indicated in Figures 2 & 6. Note that data having the main
component phase out of quadrant were tted successfully.

periods from 0.125 to 8 s are rather consistent across Despite the strong 3D imprints, the phase tensor
nearby stations. Even a common strike direction can  shows uniform orientations at longer periods in the
be identi ed, which roughly follows the direction of  N60W principal direction (periods -105s). In the
the main geological structures. Clearly, the behav-  western part of the survey, the ellipses are more scat-
iour is more complex than it would be under simple  tered, even at long periods, which can be due to the
2D assumptions (Booker 2014). presence of anthropogenic noise. There are also
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Fig. 6. Phase tensors ellipses for different frequencies (periods) of 128 Hz, 8 Hz, 8 s and 128 s. The colour Il is the
minimum principal phase. Observed data are shown in the left-hand column, whilst corresponding predicted data
from the nal 3D inversion model are in the right-hand column.

changes in strike direction with period, which isgen-  different depths. The major axis of the phase tensor
erally attributed to 3D data behaviour, meaning that  indicates the direction towards conductive domains,
geological structures are oriented differently at i.e. the preferred ow direction of the induction
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