nature communications

Article

https://doi.org/10.1038/s41467-025-55865-3

Northern Scandinavian mountains
supported by a low-grade eclogitic

crustal keel

Received: 22 November 2023

Accepted: 2 January 2025

Published online: 11 January 2025

M Check for updates

Metin Kahraman ®", Hans Thybo ® %3 7, Irina M. Artemieva ® >34,
Alexey Shulgin®¢, Peter Hedin ® 72 & Rolf Mjelde®

Plate tectonics predicts that mountain ranges form by tectono-magmatic
processes at plate boundaries, but high topography is often observed along
passive margins far from any plate boundary. The high topography of the
Scandes range at the Atlantic coast of Fennoscandia is traditionally assumed
isostatically supported by variation in crustal density and thickness. Here we
demonstrate, by our Silverroad seismic profile, that the constantly ~44 km
thick crust instead is homogenous above the Moho, and Pn-velocity abruptly
change from 7.6 km s™ below the Scandes to >8.2 km s™ below the Proterozoic
shield. By modelling gravity anomalies and topography, based on the seismic
model, we demonstrate that this change corresponds to an increase in meta-
morphic eclogitic grade from 35% below the high-topography Scandes to 70%
below the low-topography shield. The sharp contrast between the low-grade,
reduced-density and the high-grade, high-density eclogitic bodies below the
uniform seismological Moho explains the enigmatic topography of the
mountain range without a crustal root.

High topography is observed at a number of passive margins such
as in North and South America, eastern and southern Africa,
eastern Australia, southern India, and around the Atlantic Ocean’.
These regions are all located far from plate boundaries, which
makes the observed high-topography enigmatic, and dynamic
topography is a possible cause?’. The Scandinavian mountain
range (the Scandes) along the Atlantic coast of Fennoscandia is a
classic example. It is a NNE-SSW striking mountain range in the
Caledonian deformed part of western Fennoscandia (Baltic
Shield), consisting of two domes with elevation up to 2500 m
separated by a lower relief section with topography less than
1000 m (Fig. 1a). The Caledonian orogeny at ca. 490-390 Ma was
the last collisional event, and the area has been tectonically stable
since the North Atlantic break-up at ~-55Ma*.

The origin and timing of the Scandes is debated’. Most models
suggest that their high topography formed during the Cenozoic' but a
competing model suggests that the topography has sustained since
the Caledonian orogeny®. Analysis of apatite fission track, geomor-
phological, and sedimentation data indicates that the high topography
is young and that major uplift of the Scandes compared to the shield
and shelf occurred during the Meso-Cenozoic in a series of uplift,
relaxation, subsidence and final uplift events which exhumed deep
parts of the Caledonian orogen®”®. However, climatic change also
influences the observed uplift considerably, and isostatic rebound
related to increased erosion may lead to peak uplift while the average
topography decreases’.

Given the uncertainty of the timing of uplift, it is a key question if
the change in topography across the Scandes may be explained by
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Fig. 1| Topography and geology of Fennoscandia with superimposed seismic
profiles. Location of maps is marked on top left inset. a The NNE-SSW oriented

Scandes range has high topography in the northern (ND) and southern (SD) domes
separated by a lower relief section. The Silver-Road profile is shown by a purple line
with sources marked by red stars for onshore explosions and blue stars for first and
last airgun stack (AGS) locations. Thick lines labelled (a-h) show locations of other
seismic profiles and stippled ellipse marks the coverage by the Scanlips3D project,
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as illustrated in Fig. 3. b Geologic units® of Fennoscandia shown on shaded relief
topography. Thick red line shows the location of the Silver-Road profile with
sources as in (a); black thin lines mark locations of other refraction and reflection
profiles in the Baltic Shield”. Locations of temporary and permanent broad-band
seismic stations are shown by black triangles. Green dashed line marks the inferred
extent of the Trans-Scandinavian Igneous Belt (TIB).

isostasy, as indicated by the near-zero free air gravity anomalies
throughout Fennoscandia. In this case, the origin of the present
mountain range should be related to the latest major tectono-
magmatic event that modified the thickness and density of the crust
and lithospheric mantle. Although non-unique, previous gravity ana-
lysis has suggested Airy-type crustal isostasy for the northern Scandes
and isostatic compensation by low-density mantle in the southern
Scandes, possibly enhanced by flexure of the lithosphere'®. However,
seismic identification of a 10-12km thick crustal root under the
southern Scandes highlands suggests dominant Airy-type isostasy with
compensation at the Moho". The extensional collapse of the Caledo-
nian orogen and later Permian extension may have had major effect on
delamination or convective removal of the lower crust below part of
the Scandes™. Seismic Receiver Function studies in both the northern
and southern Scandes indicate that the low elevation of the shield is
controlled by the presence of a thick, high-density, mafic lower
crust™*. The presence of a pronounced low-velocity (§Vp ~—5% with
respect to regional average) layer at depths of 60 to ~120 km below the
whole Scandes range may indicate partial deep isostatic support of the
high topography from this level®.

Postglacial uplift of Fennoscandia is well documented'®”, but it
cannot explain the existence of the Scandes since it affects the low-
topography shield more than the margin of Fennoscandia. Proposed
models for recent (Mesozoic or Cenozoic) uplift include tectonic uplift

due to far-field compressional stresses or shoulder uplift due to
oceanic break-up®, isostatic response to accelerated glacial erosion
following climate change'®, dynamic uplift due to asthenospheric
diapirism®, or progression of ‘fingers’ of the Icelandic hotspot. In any
case, the cause of uplift must be found above the mantle transition
zone that has constant thickness throughout the region which
excludes that a deeper thermal anomaly may affect the lithosphere?.

The objective of this paper is to assess the relative importance of
the mechanisms that cause the high topography of the Scandes by
interpretation of a seismic profile, integrated with gravity and topo-
graphic data, across the northern dome. This assessment is compli-
cated by the complex geology of Fennoscandia, which formed by
amalgamation of a series of terranes and micro-continents during the
Archean to the Palaeoproterozoic, followed by significant modification
in the Neoproterozoic and Palaeozoic by the Sveconorwegian (Gren-
villian) and Caledonian orogenies***. The Trans-Scandinavian Igneous
Belt (TIB, Fig. 1b) is marked by granite-porphyry intrusions that were
emplaced during the Gothian Oro geny (1.75-1.5 Ga) with a general NS
trend at the transition between the Palaeoproterozoic Svecofennian
(-1.9-1.8Ga) and the Meso- to Neoproterozoic Sveconorwegian
(-1.0 Ga) domains of southeastern Fennoscandia and also traced as
sporadic outcrops northwards within the presently thin sheets of
Caledonian orogenic structures, with one outcrop observed in the
Silver-Road profile (Fig. 1b). The surface geology across Fennoscandia
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is exposed in the Precambrian part of the Baltic Shield, which generally
lacks a sedimentary cover. The Caledonian Deformation Front (CDF) is
observed as a major transition between the Caledonian deformed area
(today exposed as a middle crustal part of the orogen) and the Sve-
cofennian shield.

Here we present the Silverroad seismic velocity profile of the
crustal and uppermost mantle structure across the northern Scandes
topographic dome (ND in Fig. 1a) which shows that the entire onshore
crust is largely homogeneous across the northern Scandes (coinciding
with the Caledonides) and into the Svecofennian Baltic Shield, such
that crustal isostasy cannot explain the topography as traditionally
proposed™. Instead, the model suggests that the high topography of
the Scandes is isostatically supported by a layer with relatively low
density due to low proportion of metamorphic eclogite below the
Moho in sharp contrast to high-density, high-grade eclogite below the
cratonic Svecofennian domain with low elevation.

Definition of some geological terms has been included at the
beginning of “Methods” section.

Results

Seismic data and interpretation

Our 380 km long, WNW to ESE striking, controlled source, seismic
refraction/wide-angle reflection, Silver-Road profile is located in
northwestern Fennoscandia perpendicular to the coast (Fig. 1a). It
extends across a narrow coastal, offshore sedimentary basin and the
onshore Caledonian and Palaeoproterozoic Svecofennian domains.
The model is interpreted based on data from 272 onshore stations at
nominally 1.1 km distance for 5 onshore explosive sources detonated in
~50 m deep boreholes with 400 kg explosives at the profile ends and
200 kg explosives in-between, as well as 12 stacks of multiple airgun
shots from the ~-70 km offshore part of the profile (Fig. 1a, “Methods”
section). The data are interpreted by travel time picking of the main
seismic phases and subsequent raytracing travel time modelling of the
crustal and sub-Moho P-wave velocity structure (Fig. 2) as well as
extensive resolution tests (“Methods” section, Supplementary
Figs. 1-12).

Seismic velocity model

The seismic velocity model (Fig. 2) constrains the velocity structure of
the crust and upper mantle to ~-50 km depth with a depth and velocity
resolution better than +2km and +0.2kms™, respectively (Supple-
mentary Fig. 1, “Methods” section). The offshore part includes an up-
to-10 km thick sedimentary cover with variable P-wave velocity
between 2.1kms™ (top) and 5.8 kms™ (bottom) constrained by an
earlier seismic profile?*. There is no evidence for sedimentary layers in
the Caledonian and Svecofennian domains.

Our model (Fig. 2b) challenges earlier models in the region (Fig. 3)
in two aspects:

1. Crustal thickness (44 km) and velocity distribution show almost
no lateral difference between the Svecofennian shield and the
high-topography Scandes.

2. The upper mantle P,, velocity changes at ~-125 km horizontal dis-
tance between 7.6kms™ below the high-topography area and
8.2kms™ below the Svecofennian shield.

The Moho depth and Pn-velocities are well-constrained by
reversed Pn coverage and strong PmP reflections in the distance
interval km 50-250 along the profile. This coverage documents that
the Moho is flat and that the Pn velocity is fully constrained in this
distance interval. More details are shown in Supplementary Figs. 2-12.

While the results of early profiles across the northern Scandes also
suggest little lateral variation in Moho depth, the resolution in these
studies is low and does not allow determination of the P, velocity,
which was assumed to be -8.2kms™ (see refs. 25,26). In contrast,
profiles in the high-topography, southern Caledonides section (Fig. 3)
show the presence of a felsic to intermediate, 38-42 km thick crust"

with abrupt thinning towards the -19 km thick crust below the shelf*
and thickening to -50km in the Svecofennian shield”, where it
includes an up-to 24 km thick lower crust with velocity >6.9 kms™ (see
refs. 11,27). The southern high-resolution profiles show P, velocities of
ca. 8.1kms™ across the southern Scandes and into the Svecofennian
shield". These results on the crustal and upper mantle structure of
southern Fennoscandia are in sharp contrast with our seismic model
for the northern Scandes (Fig. 2).

It is unusual to observe a mountain range without a crustal root, as
in the northern Scandes, and to observe constant thickness and
structure of the crust across two very different crustal domains of
Caledonian and Proterozoic origin. The observed crustal velocities
(Fig. 2) are consistent with a Precambrian cratonic crustal type with a
felsic to intermediate granulite facies lower crust along the whole
seismic profile, including the Caledonian orogen, which therefore
must be thin-skinned.

The low P, velocity of 7.6 km s below the Caledonian domain has
not been observed in previous studies along the Norwegian coast®
(Fig. 3). We suggest that this low P, velocity extends to a depth of
60 km, which is the depth to a strong positive velocity discontinuity
below the seismic Moho in a recent S-wave receiver function (S-RF)
profile?”, and we test this model by gravity modelling. This S-RF profile
coincides with our profile and is calculated from the ScanArray broad-
band seismic data®®, covering the whole of Fennoscandia with a
nominal station spacing of 50 km, together with additional broad-band
seismic stations at higher density in the region around the Silver-Road
profile’*. The data shows clear P-RF and S-RF conversions from the
Moho at the same depth as in our profile, and the S-RF include a clear
converter at 60 =4 km depth®.

Density model

A distinct difference in the relation between topography and Moho
depth, in the northern, central and southern Scandes as well as the
Svecofennian shield (Fig. 3i), indicates differences in isostatic com-
pensation. Low P, velocity below the northern Scandes indicates that
the high topography may be isostatically supported by low-density
material below the Moho. To test this hypothesis, we calculate a den-
sity model down to 60-km depth (Fig. 4) from the seismic model by 2-D
density modelling (“Methods” section) constrained by a standard
velocity to density relation®*. The model includes a distinct change in
sub-Moho density from 3.22 g cm™ below the Scandes to 3.47 gcm™
below the high-velocity Svecofennian shield, and it explains the
observed Bouguer gravity anomaly along the profile (Fig. 4).

Assuming isostasy with a compensation level at the base of the
density model, we calculate the topography variation predicted by the
model. The difference between predicted and observed topography is
up to 2.9 km in the less-constrained offshore part, up to 2.5 km in the
high-topography area of the Scandes, and <1 km in the Svecofennian
shield (Fig. 4a). Therefore, isostatic equilibrium can only be achieved at
adeeper level which we assume to be at the base of the teleseismic low-
velocity layer (6Vp ~-5% compared to regional average) at ~120 km
depth below the Scandes®.

We determine densities in the interval between 60 and 120 km
depth by fitting both Bouguer anomaly and topography with only
minor change to the previously determined crustal and sub-Moho
densities (Fig. 4). The free air gravity (FA) is close to zero along most of
the profile, including the highest topography (Fig. 5b) with some var-
iation near the coast, where the section is not fully isostatically
balanced. We, therefore, include the FA variation in the calculation of
the isostatic topography (“Methods” section). The resulting model
(Fig. 5) is derived by initially assuming a peridotitic mantle below 60-
km depth in the Svecofennian shield with an in-situ density of
3.36gcm™ (S2) below the sub-Moho, high-velocity (Vp -8.2kms™),
high-density (3.47 g cm™) body (S1). By this choice, the model requires
a high density of 3.47 gcm™ below the high Scandes between 60-km

Nature Communications | (2025)16:606


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-55865-3

SHELF CALEDONIAN

&

SE
SVECOFENNIAN |

Elevation (km)

=

Depth (km)

7.6

e Seismic reflectors |
- — - One way refraction
—— Two way refraction ||

o
o

Depth (km)

Reflections
Refractions

= =One way
== Two way |

Time (sec)

SP1

T-X/8 (s)

SP5

T-X/8 (s)
e

I

Ao

%)
o

100

TS AT

150

200

Distance (km)

and 120 km depth (C2) in order to explain the observed topography
(see “Gravity test” in “Methods”), despite the seismic velocity in this
low-velocity zone is 5% lower than the average in the same depth
interval throughout Fennoscandia®. With these choices and a slight
decrease of densities to 2.87gcm™ and 3.00gcm™ for the lower
crustal part, and to 3.20 g cm™ for the shallow sub-Moho layer below

the Scandes (C1), the model predicts the topography within +60 m
elevation and the Bouguer anomaly within an RMS-average of 23 mGal
along the profile (Fig. 5). While a direct assessment of the uncertainty
in gravity inversion is not possible, our sensitivity tests for various
combinations of parameters demonstrate that the uncertainty of the
model densities is of the order of 0.04 gcm™ for the model values
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Fig. 2 | Seismic velocity model with data for the two-shot sections at the end of
the onshore part of the profile. a Hypsometry with traversed geological units and
locations of seismic sources (stars): red for onshore explosive sources SP1-5, and
blue for offshore airgun stack locations AGS01-12. CDF Caledonian Deformation
Front, TIB outcrop of Trans-Scandinavian Igneous Belt within the Caledonian
deformed region. b P-wave velocity model based on raytracing modelling and
inversion; light grey indicates unconstrained parts of the model. Coverage is
marked by thick black lines for wide-angle reflection and thin lines for refraction
interfaces (solid for two-way coverage and stippled for one-way coverage). ¢ Ray

path coverage of the profile. Ray coverage of the seismic discontinuities is also
shown for reflections above and refractions below the discontinuities. d Travel time
match for sources illustrated in (c): Observed travel times are shown by vertical
marks with length corresponding to the uncertainty of picks, solid lines—calculated
arrival times; annotations as in text. e, f Seismic sections with travel time picks for
SP1 and SP5. Calculated arrival times for model in (b) are shown by lines with colour
coding as in (c, d). Similar plots are shown for selected airgun stack sections and all
onshore sections in Supplementary Figs. 2-9.

above 60 km depth and less than 0.02 g cm™ between 60 and 120 km
depth (Supplementary Figs. 13-16, “Methods” section), and tests show
that the chosen exact compensation depth cannot influence the
determined densities beyond the estimated uncertainties (Supple-
mentary Figs. 17 and 18).

Discussion

Interpretation of lithology

The model shows unexpected, pronounced differences in seismic
velocity and density in the sub-Moho mantle between the Caledonian
and Proterozoic domains (Svecofennian shield), with distinct differ-
ences in velocity and density between the four units C1, C2, S1, S2
(Fig. 5¢, d). It is usually expected that an increase in seismic velocity is
associated with a density increase®, apart for the depth range around
the lithospheric base in the presence of high-temperature Iherzolites*.
Along our profile, only unit S2 has a high velocity with density values
typical for the upper cratonic mantle. However, the high-velocity unit
S1 has an exceptionally high density and velocity with a similar very
high density also in unit C2 despite it has low velocity, while unit C1 has
anomalously low density (3.20gcm™) and velocity (7.6 kms™) for
mantle material (Fig. 5d). This overall pattern is very unusual.

The model velocities and densities below the Scandes do not
match expected values for a continental peridotitic mantle (Mg# ~89-
93%), which generally are in the range of 8.0-8.4kms™ and
3.32-3.39 gcm™ at room temperature and pressure (SPT)*?¢ (black
rectangle in Fig. 6). However, a larger range of values (7.1-8.7 kms™
and 2.9-3.7 g cm at STP) is possible for mafic lower crustal rocks that
have been partially metamorphosed into eclogite facies at depths
>45km*¥, The presence of large amounts of eclogites has been
proposed in the continental shelf off the Fennoscandian coast™.

We interpret the lithology below the seismic Moho along the
profile by comparing our observed velocity and density values for the
four characteristic units below the Caledonian and Svecofennian
domains (C1, C2, S1, S2 in Fig. 5) with calculated values for peridotite,
eclogite and serpentinite (Fig. 6) constrained by laboratory
measurements®**%,

Unit Cl1. The comparison of our density and P-wave velocity
model with the experimental data suggests that C1 contains ~35% of
eclogite at 44-60 km depth (Fig. 6). This eclogitic body below the
Scandes may have formed when tectonics brought the lower crust to
deep levels by the load of the probably more than -8 km high Cale-
donian orogen®. Post-orogenic strong erosion and exhumation
brought the eclogitic body to its present depth, and its upper
boundary now forms the seismic Moho. C1 also plots close to the
values for a 10% serpentinite formed from peridotite by a reaction,
which requires water in the mantle. It is possible that serpentinite may
have formed as a result of Caledonian subduction but we find this
unlikely here because unit C1 extends for a very long distance of
~150 km (Fig. 5c) along a possible eastward dipping Caledonian sub-
duction; furthermore, westward dipping Caledonian subduction
structure under present-day Greenland* complicates the tectonic
scenario.

Unit S1. The uppermost mantle in the Svecofennian shield at
44-60 km depth (S1) has too large density (3.47 gcm™, Fig. 5) for a

peridotite of any composition, and we interpret that it consists of
mafic rocks that were eclogitized in the Proterozoic with possible
Caledonian reworking to a metamorphic grade of 70% (S1 in Fig. 6),
similar to the finding of a large eclogitic body further south in the Baltic
Shield*. The Proterozoic age of eclogitization is supported by Pro-
terozoic subduction in region**, which led to metal ore mineralisation
in the Silver-Road region®.

Unit S2. The deeper shield mantle at 60-120 km depth consists of
a fertile peridotite with a bulk Mg# of 90 (S2 in Fig. 6) in accordance
with global geochemical data*® and results of regional teleseismic
travel time inversion®, but in contrast to the mantle composition of the
Archean part of Fennoscandia, where such fertile layer occurs at
180-240 km depth*’.

Unit C2. Although the lower body of the model below the Scandes
(C2) appears exotic, one may speculate if eclogites are also present in
this body. The high-density (3.47 gcm™, C2 in Fig. 5) body below the
Scandes at 60-120 km depth could potentially be explained by ~60%
eclogitization of mafic lower crustal material, but the parameters do
not plot on the eclogitization curve, and the unit has an unrealistic low
velocity of ca. 7.9 km s™ (5% less than the average velocity in this depth
interval in Fennoscandia®). A compilation of measurements on 58
specimens of 18 rock samples characterised as mafic eclogites (sam-
pling locations unknown) provide average values of 3.48gcm™ for
density and 7.95 km s for Vp velocity (blue circle’® CM95 close to C2 in
Fig. 6), which is close to our observation of 3.44 g cm™ and -7.9 km s™
in unit C2. However, it is unusual to observe sub-Moho rocks with such
high density and low velocity, and a 60 km thick eclogitic layer is
unlikely, since it would be gravitationally unstable*. The low velocity
also cannot be attributed to high temperature because this would also
lower the density, contrary to our model.

The velocity and density values for body C2 are instead better
explained by a peridotitic mantle rock, which is exceptionally enriched
in iron (a bulk Mg# of ~-80) with a 0.3-1.0% water enrichment (blue
lines in Fig. 6). Such exceptional iron enrichment is possible in a
metallogenic ore province as here*, and it cannot be identified by
electrical measurements due to its super-Curie temperature (more
than 600 °C at 50 km depth*’). Therefore, we explain the deep body
below the Scandes (C2) by a strongly metasomatised, fertile peridotitic
mantle which, however, may also contain some “dripping” eclogite
material®.

Origin of the anomalous mantle units

We explain the remarkable sub-Moho velocity transition from low
(-7.6 kms™, C1) to high (- 8.2 km s, S1) velocity at depths between 44
and 60 km (Fig. 2b) below the Caledonian and Svecofennian units by
different eclogite grade in former mafic lower crust, similar to obser-
vations in Tibet”*2, A requirement for the formation of metamorphic
eclogite is that the mineral assemblages must be brought to depths
larger than 45 km (-1.2 GPa) at temperature less than ~500 °C* in the
presence of fluids to facilitate the metamorphic reaction®**. Such
conditions were satisfied in the upper mantle of Fennoscandia at var-
ious periods in relation to palaeosubduction*, and a large preserved
Proterozoic eclogitic body has recently been identified in the Sveco-
fennian shield*. Conditions were also favourable for metamorphism
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Fig. 3 | Crustal P-wave velocity models across the Scandes. Profile locations are
shown in Fig. 1a. a Our Silver-Road profile, cf. Fig. 2. b Moho depth for the SCAN-
LIPS2 and SCANLIPS3D teleseismic P-wave receiver function experiments'.

c-i Other seismic models as marked above them: ¢ model from combining 1D
models for individual shot points along the Blue Road profile’®, d CABLES profile®.
e, g, h MAGNUS REX profiles™. f On- to offshore profile. i Plot of Moho depth

versus topography for the profiles (a-h) indicating differences in isostatic com-
pensation in the northern Scandes (symbols and boxes with cold colours) and the
southern Scandes (symbols and boxes with warm colours). UC Upper Crust, MC
Middle Crust, LC Lower Crust, LCB Lower Crustal Body, UM Upper Mantle, Sed
Sediments, Unconst Vel Unconstrained upper mantle velocity.
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Fig. 4 | Density model based on the seismic model and the Bouguer gravity
anomaly with calculated hypsometry for a 60 km deep isostatic
compensation level. a ETOPO1 hypsometry averaged over a 100 km wide corridor
around the profile (black line). Hypsometry calculated assuming isostatic equili-
brium for a 60 km deep compensation depth (blue line). Difference between
observed and calculated hypsometry (red line) attains unacceptable values of up to
2.9 km. b Observed Bouguer anomaly (BA, black line), calculated BA (blue line), and

the difference between observed and calculated BA (thin red line). RMS misfit is
10.6 mGal. ¢ 2-D density section along the seismic profile calculated for the Vp to
density relation® with minor adjustments (typically <0.02, maximum 0.08 g cm™
for the lower crust) to fit the observed gravity. Label “sed” marks sedimentary
sequence with densities between 2.20 and 2.60 g cm™. Density values are shown in
g cm™, CDF Caledonian Deformation Front, TIB outcrop of Trans-Scandinavian
Igneous Belt within the Caledonian deformed region.

during the Caledonian orogeny (490-390 Ma) when the very high
mountain chain was supported by thick crust®. Our interpretation of
sub-Moho eclogites further is supported by the constant Moho depth
of ~44km extending across both the Caledonides and the Sveco-
fennian shield, and by observation of a sharp velocity increase from the
lower part of the crust (Vp ~6.9kms™) to the uppermost mantle
(7.6-8.2 km s™), which indicates absence of mafic lower crust, although
a very thin mafic layer (7.1-7.3 kms™) may be present in parts of the
Svecofennian domain (Fig. 2b).

The amount of eclogite formed by metamorphism of a mafic
lower crust depends on the source rock composition, amount of
available fluid, temperature, deformation rate, and the time during
which the rock has been subject to the high-pressure
metamorphism® %, Significant changes in mineral assemblages and

composition can be caused by small changes in fluid concentration
rather than being controlled by temperature, pressure and rock
composition alone”. Lower-crustal compositional heterogeneity pro-
duced by the long-term evolution of Fennoscandia®® should have
essentially controlled metamorphism during the Proterozoic and
Phanerozoic collisions. A comparison of our modelling results with
regional and global field observations and laboratory measurements
provides a frame for speculation on the origin of the anomalous upper
mantle units below the Caledonian and Svecofennian units.

The low-density, sub-Moho body below the northern Scandes (C1,
Fig. 5¢) has density values of 3.20 g cm™ as the reported average for
anorthositic eclogites in the Bergen arc of Fennoscandia®, with a
P-wave velocity of 7.6 kms™ (Fig. 2b, Supplementary Fig. 11) in agree-
ment with the estimated eclogite fraction of -35% in the lower crustal
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material, which now is located below the seismic Moho. It suggests that
the sub-Moho unit C1 in the northern Scandes contains anorthositic
eclogites comparable to the Bergen arc eclogites with various degree
of metamorphism from ~550 °C, 12 kbar inland to -800 °C, 16-20 kbar
at the coast®’.

The high-density 3.47 g cm™, high-velocity (8.2 km ™) sub-Moho
layer to 60 km depth in the Svecofennian domain (S1), interpreted by

Seismic Moho

p=3.47gcm?, V=82 kms?!
70% eclogite
Petrological Moho

70% eclogitization, has parameters similar to highly metamorphosed
(80%) mafic eclogites mapped in southern Norway and China**". The
observed density and velocity values are comparable to the values for a
similar sub-Moho eclogitic body observed in middle Fennoscandia
and interpreted by Palaeoproterozoic 50-70% transformation of the
mafic lowermost crustal layer into eclogite facies without later
delamination®. The metamorphic reaction was significantly influenced
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Fig. 5 | Density model based on the seismic model, the Bouguer gravity
anomaly, and hypsometry for a 120 km deep isostatic compensation level.

a, b AsinFig. 3. Green line marked FA refers to the Free Air Gravity Anomaly which is
close to zero along the whole profile, indicating that isostatic equilibrium. ¢ 2-D
density model derived from the model in Fig. 4, extended to a 120 km deep isostatic
compensation level by fitting the Bouguer gravity anomaly and hypsometry. Den-
sities in the upper 20 km are as in Fig. 4. With very minor density changes above
60 km depth and density variation introduced between 60 and 120 km depth, the
model explains both the observed topography (RMS misfit 13 m) and gravity

anomalies, although the Bouguer anomaly fit (RMS misfit 22.7 mGal) is slightly
reduced compared to Fig. 4. The density distribution in the crust is horizontally
homogeneous for all layers, whereas four distinctly different, characteristic mantle
density bodies (units labelled C1, C2 for the Caledonian part and S1, S2 for the
Svecofennian part) are identified. d Model interpretation of the anomalous upper
mantle density bodies in the central part of the profile. Seismic velocities are
according to our profile above 60 km depth and from regional velocity perturba-
tions based on seismic tomography® between 60 and 120 km depth; density values
are based on gravity-topography modelling.
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Fig. 6 | P-wave velocity versus density for various rock types. Lines show trends
calculated based on laboratory data****2. Brown and purple curves illustrate the
effects of metamorphic reactions from crustal mafic granulite to eclogite and from
mantle peridotite to serpentinite (numbers show percentages of reaction pro-
ducts). A swarm of green and blue lines shows the effects of variation of iron
(forsterite, Fo) and water content for various mantle peridotitic rocks. Black box
shows typical upper mantle composition. Coloured bands illustrate uncertainties of
calculated values. Symbols—averaged measured values for various crustal and
mantle rocks; eclogite (CM95) is discussed in text. Black rectangular symbols show
sub-Moho values in the central part of our profile (Fig. 5) in the 44-60 and
60-120 km depth intervals below the Scandes (C1, C2) and the Svecofennian shield
(S1, S2), grey box shows the uncertainty. Fo forsterite, Fa fayalite, En enstatite, Fs
ferrosilite, opx orthopyroxene, ol olivine.

by fluids and deformation to result in such almost fully (70%) meta-
morphosed eclogites. The original Precambrian metamorphism may
have been reactivated during the Caledonian orogeny when this part of
the Fennoscandian lower crust again was depressed to large depth®.

Seismic tomography indicates a highly heterogeneous upper
mantle below Fennoscandia® with dominant vertical layering in the
Svecofennian shield®, similar to results from petrologic studies of
mantle xenoliths in cratons®>®*, including the Baltic shield*, and geo-
physical observations in cratons globally®*®>. Our findings are in
agreement with these observations, and they indicate a significant role
of eclogitization of lower crustal material in the evolution of the
immediate sub-Moho mantle in cratons, cf. unit C1 in the Caledonian
domain and S1 in the Svecofennian domain (Fig. 6). The deeper unit S2
in the Svecofennian domain (60-120 km depth) has velocity compa-
tible with classic peridotitic mantle of Proterozoic age**®, which adds
credibility to the interpretation of eclogitic material with various

eclogite content in the lower crustal material in the sub-Moho depth
interval down to 60 km in units C1 and S1.

Our velocity-density model explains the observed seismic velo-
city, gravity and topography around the northern Scandes by isostasy
in the depth interval down to 120 km depth, which corresponds to the
lower limit of a pronounced low-velocity anomaly observed by finite-
frequency seismic tomography®”. The unusual high-density, low-
velocity layer below the Scandes (C2) is coincident with the exten-
sion of TIB below the Caledonian orogenic cover as exposed along the
profile (Fig. 1b). The presence of TIB below the Caledonides indicates
that this part of the mantle has been reworked during late Palaeo-
proterozoic magma emplacement. The lithosphere structure of this
layer may further have been affected during the 350 My long exten-
sional period®® up to the break-up of the North Atlantic Ocean around
55Ma. Later topographic change is primarily driven by enhanced
erosion due to climate change and glaciations',

Our model of the crustal and upper mantle density and velocity
structure along the Silver-Road profile (Figs. 2b and 5¢) demonstrates
the presence of abrupt strong vertical and horizontal variation in the
upper mantle composition, but not in the seismically defined crust. It
indicates that large amounts of eclogite were formed by metamorph-
ism in the mafic lower crust during various geologic periods with sig-
nificantly different metamorphic imprint in the Scandes and the
Svecofennian shield. Geophysically, the eclogitic bodies now appear as
part of the uppermost mantle, where their tops define the seismic
Moho and their bases define the petrological Moho. The sharp
decrease in their metamorphic grade from the Svecofennian shield to
the Caledonides provides isostatic support for the enigmatic Scandes
mountain range, and suggests that collision, subduction, and mag-
matic activity may lead to asymmetric crustal densification and may
play an important role in the topography formation of mountain ran-
ges far from active plate boundaries. The observed >300 km long
inland extent of the eclogitic material in different metamorphic grades
(units C1, C2, S1) is remarkable and suggests that the amount of sub-
Moho eclogite could be essentially underestimated globally.

Methods

Definition of some important geological terms

Moho - the seismic interface where the P-wave velocity increases to
above -7.6 kms™; it is mostly a strong seismic reflector. Reflections
from the Moho are termed PmP and the velocity directly below the
Moho is termed Pn velocity. Crust-mantle interface—the petrological
transition from mafic to ultra-mafic rocks, which not always coincides
with the Moho. Eclogites—here used to refer to eclogitic rocks formed
from lower crustal, mafic rocks by high-pressure metamorphism.
Fennoscandia—the geographic area consisting of Scandinavia and
Finland; the Baltic Shield—the major, cratonic part of Fennoscandia
which lacks a sedimentary cover and includes an Archaean nucleus in
the north, to which a series of terranes and micro-continents amalga-
mated during the Svecofennian, Sveconorwegian and Caledonian
orogenies; Svecofennian shield—the Svecofennian orogenic part of
the Baltic Shield; Caledonides—the Caledonian deformed western
part of Fennoscandia, possibly representing a series of nappes over
original shield type crust; Scandes—the mountain range in western
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Fennoscandia along the North Atlantic coast which largely coincides
with the Caledonides.

Seismic data

Our 380km long refraction/wide-angle reflection profile, sub-
perpendicular to the coastline, was acquired in July 2016 in northern
Scandinavia between 67.6° N/13° E and 65.6° N/19.5° E. It extends from
ca. 80 km offshore, across the Caledonides in the region of the high
topography of the northern Scandes, and into the Svecofennian unit of
Fennoscandia with moderate topography (Fig. 1a, b). Our seismic
profile is based on data from 272 onshore stations, which recorded the
seismic signal from five onshore explosive sources and twelve stacks of
airgun shots (AGS) in the offshore part of the profile, sourced from
vessel Hakon Mosby (Fig. 1a). The nominal station spacing is 1.1 km, the
onshore source spacing is ~75 km, and airgun stacks are calculated at
3 km intervals. The 170 Texan and 102 Sercel instruments were equip-
ped with 4.5Hz vertical component geophones (Supplementary
Table 1). Data were resampled to 6 ms before processing and model-
ling. The onshore seismic sources consist of two end-shots each
charged with 400 kg chemical explosives (shots SP1 and SP5) and 200
kg charges at shot points SP2, SP3, and SP4 (Fig. 1a and Supplementary
Table 2). All shots included multiple boreholes, each charged with
~50 kg of explosives above the base of the boreholes at a depth of
~50 m. Each airgun stack is calculated by stacking of 18 individual
recordings of signals from a 22 liter large airgun array (Supplementary
Table 2).

Seismic data analysis

The interpretation of the seismic data includes phase correlation and
travel time picking of the refraction and reflection seismic phases (P,
Py, PeiP, Py, PP, PP, P) from the crust and uppermost mantle (Fig. 2
and Supplementary Figs. 2-10), and subsequent forward modelling of
the crustal velocity structure by raytracing travel time fitting. The
Szplot software package®’, modified by P. Sroda, was used for phase
correlation and travel time picking, taking reciprocity into account.
The seismic model was modelled with the rayinvr software®” through
the graphical user interface Pray®®, which allows interactive editing of
the velocity model. The software uses a raytracing method for forward
calculation of travel times and synthetic seismograms and for iterative
inversion for optimum determination of selected model parameters.
The 2-D velocity model is derived by applying a top-down scheme
where the shallowest velocity layers are first determined, followed by
subsequently deeper layers for the P-wave travel times.

Resolution of the seismic model

Overall, the model resolves the upper 50 km vertically. Vp velocities
are constrained down to this depth at profile distance 0 to 250 km
horizontally. The diagonal values of the resolution matrix are used to
determine the depth and velocity resolution of the model®. Para-
meters in the velocity model are considered well-constrained if the
diagonal value of the resolution matrix exceeds 0.5 within a depth
range of Ad=+2km or a velocity range of AV=+0.2kms™. The area
covered by seismic rays encompasses almost all parameter nodes,
which all are constrained within the resolution criteria, i.e. they are
resolved within 2 km and +0.2 kms™ (Supplementary Fig. 1a). How-
ever, the top of the lower crust is slightly less well resolved due to a
limited number of travel time observations for P, and P.,P (e.g. Sup-
plementary Fig. 1, 5, 6, and 9). The offshore part of the model is con-
strained by the results of an earlier OBS profile®.

Travel time fit of seismic phases

The seismic sections from onshore explosions (SP) and stacks of air-
gun shots (AGS) are of high quality. The correlated P-wave phases have
clear onsets, which allow precise determination of their arrival times.
The first arrival, refracted phases are observed across the whole

onshore profile. The refracted phases from the crust (P, P;, P,) are
correlated as first arrivals to around 200 km offset, where the sub-
Moho P,, becomes first arrival out to 300 km offset. The refracted
phase P, from the lower crust is also identified as a secondary arrival
behind the P, where it merges with the P,,,P reflection. We identify two
intra-crustal reflection phases PP, P.,P, and the PP reflection from
the Moho. Reciprocity is checked for all interpreted phases. All phases
can be reliably picked and the the refracted, first-arrival phases have
high signal-to-noise ratio.

The Pg phase from the upper crust is observed out to 100-120 km
offset in all sections. P; is observed on all sections to around 210 km
offset with a higher apparent velocity than P, ranging between 6.3 and
6.5kms™. The corresponding reflection phase PP is observed at
80-120 km offset in all onshore shot sections. The refraction P, from
the lower crust is observed in the offset interval 200-300 km in the
long-range shot point sections (Spl, Sp2 and SP5) with an apparent
velocity of 6.7-6.8kms™ with the matching P,P reflection only
observed in the SP1 section in the western part of the model.

The P,P phase is observed along the whole profile (Supplemen-
tary Figs. 10-12) with variable waveform and amplitude providing
reflection coverage of the Moho from km O to km 250. The amplitude
is weaker below the Scandes than in the Svecofennian part of the
profile, where the model includes a strong velocity contrast across
the Moho.

The P, phase is observed as a clear first-arrival phase at offsets
between 200km and the end of each section in all sections with
reversed coverage of the profile from 60 to 250 km (Supplementary
Figs. 2-12). It provides good ray coverage of the uppermost mantle
along the whole profile. The observed P, phases all show direct con-
nection to the critical P,P reflection demonstrating that the picked
PmP phase are reflections from the Moho.

The resulting 2-D raytracing velocity model (Fig. 2b) explains 99%
of the picked travel times (Supplementary Table 3). The RMS travel
time residual (trvms) is 76 ms, corresponding to 88 ms for onshore
sources and 53 ms for the airgun shots (Supplementary Tables 2 and 3).
We estimate the uncertainty of the picked travel times to be 75 ms for
the refracted crustal phases (Pg, P; and P,) and 100 ms for all other
phases, which is a conservative estimate. The calculated x* of the travel
time residual is 0.9, corresponding to 1.3 for the onshore sources and
0.4 for the airgun stacks (Supplementary Tables 3-5).

Gravity test

We convert initially the P-wave velocity profile to a two-dimensional
density section by using a standard velocity-density relation**%. This
section is then used for 2-D modelling the density distribution along
the seismic profile by iteratively fitting calculated gravity for the model
with the observed Bouguer gravity anomalies from the EGM2008
gravity model”® by using the GM-SYS (Geosoft Oasis Montaj) software.
The initial density model basically fits all gravity data points. By slight
modification of the initial density model (by less than 0.10 gcm™ and
generally less than 0.05gcm™), we obtain a fit to the gravity data
better than 20 mGal.

Our first model extends to 60-km depth, where a recent regional
S-wave receiver function study shows a strong positive converter in the
area around our profile”. The density model consists of four main
layers including almost homogeneous top, middle, and lower crust
with densities of 2.72, 2.84, and -3.00 g cm™. Similar to the velocity
model, the main density variation is found in the upper mantle with
densities of 3.24 g cm™ below the thinned offshore crust, a similar low-
density body (3.22 g cm™) in the sub-Moho low-velocity region below
the high topography of the Scandes, and an exceptionally high density
of 3.47 gcm™ in the Svecofennian unit (Fig. 4c). This model fits the
observed Bouguer gravity anomaly within 11 mGal (Fig. 4b). However,
a calculated hypsometry profile, assuming vertical isostasy, shows very
large elevation differences to the observed topography, i.e. the model
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predicts a ~2.9 km high mountain range, where the observed height is
<1 km (Fig. 4a).

To fit the observed topography, we extend the model to 120 km
depth, keeping its upper part similar to the first model. The 120 km
compensation depth is chosen to incorporate the results of a recent
teleseismic tomography study” which includes a very low P-wave
velocity anomaly (5% with respect to the regional average) in the
upper mantle down to a depth of ~120 km.

The free air gravity anomaly (FA) is close to zero along most of the
profile and below the highest topography such that we may assume
isostatic equilibrium. The FA variation between +10 and -25 mGal in the
coastal zone (Fig. 5b) may be caused by lithosphere flexure. To account
for possible deviation from isostatic equilibrium, we include the FA
values into our calculation of predicted topography. Similar to iso-
static calculations, where FA is assumed zero, the topography () above
sea level is calculated from the equation

FA=2nG(tp, +Z h;p)) @

where G is the gravity constant, p; is the density of the upper layer in
the model, and the second term is the sum of the products of density
p; and thickness h; of the layers between sea level and the
compensation depth.

To fit both the observed Bouguer gravity anomaly and topo-
graphy, the mantle interval between 60 and 120 km depth requires
high densities of 3.47 gcm™ in unit C2 below the high-topography
Scandes, located between zones with “normal” peridotitic upper
mantle densities (-3.36 gcm™) both towards the ocean and in the
Svecofennian shield (Fig. 5¢). In comparison to our first gravity model,
only minor changes are required for the crustal and mantle densities in
the upper 60 km. The adjustment of densities includes changes from
2.94 to 2.87 gcm™ and from 3.03 to 3.00 g cm for the lower crustal
part in the Caledonian and Svecofennian parts, respectively, as well as
from 3.22 to 3.20g cm™ for the shallow sub-Moho layer below the
Scandes (Cl1), while keeping unchanged the sub-Moho density below
the Svecofennian unit (S1). With these slight changes, the model
explains both the observed Bouguer anomaly and the hypso-
metry (Fig. 5).

Extensive sensitivity tests of the key parameters for units C1, C2,
S1, and S2 (Supplementary Figs. 13-16) show that the final density
model shows a perfect match of topography within 130 m (Fig. 5a) and
the Bouguer anomaly within 24 mGal (Fig. 5b). The densities of units C1
and S1 between -45 and 60 km depth are well-constrained within
0.04 g cm, and the densities of the large units C2 and S2 between 60
and 120 km depth are constrained within 0.02gcm™. Teleseismic
tomography has a relatively low vertical resolution, so we test the
importance of the chosen exact depth to the base of the density
model by sensitivity analysis, by which we find that the exact choice
is insignificant for the determined densities (Supplementary
Figs. 17 and 18).

Data availability
All data are available in the manuscript, including Supplementary
Figs. 2-10, as well as by request to H. Thybo at h.thybo@gmail.com.

Code availability

The Szplot and rayinvr computer codes are available from the author,
Dr. Colin Zelt at his website: https://terra.rice.edu/department/faculty/
zelt/, and the Pray code is available from ref. 68. The GM-SYS software
is available from the developer: https://www.seequent.com/products-
solutions/geosoft-oasis-montaj/gm-sys/.
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