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Abstract. The Seismic and Electromagnetics Methods for
Deep mineral exploration (SEEMS DEEP) project is associ-
ated with the Koillismaa Layered Igneous Complex (KLIC)
in north-eastern Finland. The KLIC is characterized by a
Bouguer positive gravity and magnetic anomaly zone con-
necting the two exposed ends of the KLIC, i.e. the Koillis-
maa intrusion and the Nirdnkivaara intrusion. The KLIC has
the potential to host several critical raw minerals like nickel
and cobalt, which are in the European Union’s critical raw
material list. For this purpose, two reflection seismic profiles
were acquired to map the regional reflectivity in the area with
a focus on imaging the large-scale geological architecture of
the KLIC and the associated mineralization. Seismic imaging
delineated reflectivity up to a depth of approximately 5 to
6 km with several distinctive reflective packages at various
depths representative of the presence of dykes, faults, and
major lithological contacts in the area. Symmetrical orienta-
tion of several shallow reflectors indicates systematic fractur-
ing in the area. The deep-seated magma conduit associated
with the KLIC was successfully mapped, revealing a com-
plex internal structure with more structural or compositional
heterogeneity than was previously assumed to be formed
from a single lithological unit. The magma conduit is char-
acterised as a vertically extensive mafic—ultramafic package
with the potential of hosting orthomagmatic critical raw ma-
terial deposits of mostly Ni-Cu-PGE sulphide type. A system
of overthrust — steep regional faults was imaged for the first
time in the western part of the study area. It is interpreted

that such steep fault systems might have played a key role
in magma emplacement by acting as pathways for ascending
melts and mineralising fluids. Results were compared against
the available petrophysical data and a preliminary geological
model based on the density model obtained from the gravity
inversion with constraints from the drillhole data.

1 Introduction

The demand for raw materials has increased rapidly in re-
cent times for various reasons: high-tech solutions, develop-
ing green energy, push towards a carbon-neutral society, sus-
tainability, etc. (European Commission, 2023). As a result,
there is a growing need to explore new and deeper targets to
maintain the balance between supply and demand. Ore de-
posits associated with mafic to ultramafic igneous rocks hold
great potential to fulfil this requirement, e.g., sulphide de-
posits, chromite deposits, carbon mineralization, etc. (Rip-
ley and Li, 2018). The Koillismaa Layered Igneous Com-
plex (KLIC) has been of interest among geologists for sev-
eral decades due to its potential to host critical raw materials
(Alapieti, 1982; Karinen, 2010). The rocks of similar litholo-
gies worldwide were found to be rich in Ni-Cu-Co-PGE and
Cr-V-Ti-Fe type deposits (Barnes et al., 2016; Schulz et al.,
2014). Many of the associated elements, such as nickel, cop-
per, cobalt, lithium, titanium, vanadium, etc., are in the Eu-
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ropean Union’s strategic raw material list (EU Critical Raw
Materials Act, 2024).

The KLIC is composed of two exposed mafic—ultramafic
layered intrusions, i.e. the Koillismaa intrusion in the west
and the Nirdnkivaara intrusion in the east (Fig. 1). These in-
trusions are linked by a high gravity and magnetic anomaly
zone: the Koillismaa Deep Anomaly (KDA), which has been
recognized since the earliest ground gravimetric and airborne
geophysical measurements conducted in the 1950s (Karinen,
2010; Salmirinne and Iljina, 2003). In 2018, the Geological
Survey of Finland (GTK) acquired a low-fold 2D seismic
profile in the Koillismaa area delineating a weak reflectiv-
ity at ~ 1.3km and a stronger reflectivity at ~ 3.3 km depth
which were tentatively interpreted as the top and bottom
of the intrusion (Fig. 2, KOSE2018 profile, Gislason et al.,
2019). In 2020, GTK’s Koillismaa deep drillhole project con-
firmed the presence of the mafic—ultramafic plutonic rocks at
a depth of ~ 1.4 km from the surface. A deep-seated magma
conduit system which connects the exposed intrusions of the
complex, i.e. the Koillismaa Intrusion and the Nirdnkédvaara
Intrusion was inferred (Karinen et al., 2021b; Tirronniemi
et al., 2024). This makes KLIC an interesting area to be stud-
ied in greater detail.

Geophysical surveys for mineral exploration have been
routinely accomplished by potential field methods, electro-
magnetics, electrical methods, etc., but those methods lack
higher resolution at deeper depths required to distinguish
different lithologies. In comparison, seismic reflection sur-
veys can provide higher-resolution images of the subsurface
and have now emerged as an established method for deep
mineral exploration in the hardrock environment (also called
crystalline environment) (Malehmir et al., 2012). In this re-
gard, three-dimensional (3D) surveys are often conducted
for detailed mapping of the mineralization, whereas two-
dimensional (2D) surveys are an excellent choice for afford-
able regional assessment (Bellefleur et al., 2015; Cheraghi
et al., 2020; Milkereit et al., 2000; Nedimovi¢ and West, 2003
and references therein). 2D surveys are also valuable for the
initial seismic assessment of the area and can form a basis
for the development of a full-scale 3D survey. 2D surveys
are cheaper, faster, and logistically simpler than 3D surveys
(Malehmir et al., 2017; Markovic et al., 2020), but one has
to be careful when interpreting 2D profiles crossing complex
3D geology.

The SEEMS DEEP project (2022-2025) was funded un-
der the ERA-MIN3 consortium to study the underlying ge-
ological setting of the KLIC in greater detail using an in-
tegrated approach of seismics and electromagnetic methods
(Autio et al., 2024). Apart from being a method-development
playground, the project aims to improve our understanding of
the geology of the Koillismaa area. Within this aim, two re-
gional crooked 2D reflection seismic profiles were acquired
in August 2023 in the vicinity of the Koillismaa drillhole
along with a 3D seismic survey (see details in Malinowski
et al., 2025). The main objectives of the 2D seismic sur-
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vey were: (i) mapping the regional seismic reflectivity in the
area, (ii) imaging of the large-scale geometrical architecture
of the magma conduit associated with the KLIC, (iii) to ob-
tain a first-order information on the mineralization potential
of KLIC, and (iv) to provide a constrain on the geometrical
nature of the KLIC beyond the coverage of the 3D survey. In
this article, we will discuss the results for the first three ob-
jectives supported by the petrophysical data and the a priori
geological model available in the study area.

2 Geology of the area, previous geophysical studies,
and petrophysical analysis

The Fennoscandian Shield hosts numerous ~ 2.51-2.43 Ga
mafic—ultramafic layered intrusions which were formed dur-
ing the magmatism associated with an extensional phase that
led to the breakup of Archaean cratons (Bleeker and Ernst,
2006; Ciborowski et al., 2015; Heaman, 1997; Koykka et al.,
2022; Skyttd et al., 2019). In Finland, the ~ 2.44 Ga Tornio—
Nirdnkédvaara Belt (TNB; Alapieti and Lahtinen, 2002), rep-
resenting the ~ 2.51-2.43 Ga intrusions is considered of high
economic interest with a continuous history of mineral ex-
ploration and mining from much of the 20th century to the
present day. The TNB is located along the contact zone
between the basement and the overlying Palaeoproterozoic
greenstone and schist belts extending from the Finnish—
Swedish border to the Finnish—Russian border. The KLIC
belongs to the TNB, and it is composed of two exposed intru-
sions, the Koillismaa Intrusion in the west and the Naranka-
vaara Intrusion in the east (Fig. 1). The Koillismaa intrusion
was emplaced into the boundary between the Archaean base-
ment and the overlying Kuusamo Schist Belt (KSB) (top-
left corner, Fig. 1a; Koykké et al., 2022). The intrusion is
composed of mafic—ultramafic cumulates and was later tec-
tonically dismembered into distinct blocks which are now
mostly oriented in an E-W direction (Karinen, 2010). The
Nirdnkédvaara intrusion is surrounded by the Archean gneiss
and has largely retained its original position. The intrusion
is mostly composed of ultramafic cumulates (Jarvinen et al.,
2020). These two exposed intrusions are linked to each other
by a ~50km long positive gravity and magnetic anomaly
(Karinen, 2010; Salmirinne and Iljina, 2003). Previous in-
terpretations of the observed Bouguer anomaly suggested a
tubular/funnel-shaped intrusion (magma conduit) of about
~ 2.5-4 km in width, and the depth from the top at ~ 1-2km
(Salmirinne and Iljina, 2003).

The study area is mostly located within the Archaean base-
ment. The southern part of the area is characterised by a nar-
row belt of banded iron formations (BIFs) marked by the
red arrows in Fig. 1c (Makkonen, 1972). These lithologies
may be related to the Archaean greenstone rocks known east
of the study area (Jarvinen et al., 2023). A major NE-SW
trending sinistral Oulujdrvi Shear Zone (OSZ) crosscuts the
study area (Fig. 1a) (Kérki and Laajoki, 1995). There is also
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Figure 1. (a) Generalized geological map of the KLIC with the Koillismaa intrusion in the west and the Nardnkévaara intrusion in the east
(Geological map is from “Bedrock of Finland v2.3 at the scale 1 : 200000”; Bedrock of Finland, 2019). The study area is indicated by the
red rectangle on the map of Finland in the top-right inset (© Google Maps). A Bouguer gravity anomaly map is overlaid over the geological
map. The red star marks the Koillismaa drillhole. (b) Seismic profiles (L1000 and L2000) overlaid on the topographic map. (¢) Acquisition
profiles overlaid over the geological map. Purple and blue dots mark the position of the shotpoints and receivers, respectively. The green
lines show the processing lines (CDP binning line) for each profile. The black boxes show the computational domain for depth migration
(in km). The blue lines indicate the position of the inline at which the results from Kirchhoff prestack depth migration (KPreSDM) are shown

in Figs. 5c and 6b. Red arrows mark the banded iron formations (BIFs).

the presence of multiple diabase dykes which are likely in-
truded along the fractures and faults present in the study area.
According to these studies, the surface bedrock geology at
the Koillismaa study site is primarily composed of homoge-
neous orthogneisses, cross-cutting diabase dykes and a nar-
row belt of banded iron formations. The magma conduit at
depth is characterized by the mafic—ultramafic rocks such as
peridotites, pyroxenites, and gabbronorites (see Fig. 3e).

As part of the siting study before the deep research drilling
project, GTK acquired a low-fold 2D seismic profile in
the KDA area in 2018. The seismic survey profile named
KOSE2018 partially overlapped profile L1000 acquired un-
der the SEEMS DEEP project (top panel, Fig. 2). The sur-
vey delineated the top of the intrusion at ~ 1.3 km as a weak
reflector and the bottom at ~3.3km in depth with stronger
reflectivity (Gislason et al., 2019). In 2020-2021, a drillhole
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approximately 1724 m deep from the surface was drilled next
to the KOSE2018 survey profile (red star in Fig. 1, drillhole
shown in Figs. 2 and 3) confirming the presence of the ultra-
mafic rocks at a depth of more than ~ 1.4 km (Karinen et al.,
2021b; Tirronniemi et al., 2024). This verified the presence
of a deep-seated magma conduit system connecting the ex-
posed intrusions of the complex (Karinen et al., 2021a). Ex-
tensive petrophysical and lab studies were performed on the
collected drill core samples and classifications were made for
different lithologies and rock types (Heinonen et al., 2022;
Nousiainen et al., 2022). Recent age determinations of these
mafic—ultramafic lithologies confirm that the magma con-
duit corresponds to the same ~ 2.44 Ga magmatic event as
the Koillismaa and Niridnkivaara intrusions (Karinen et al.,
2025).
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Figure 2. KOSE2018 2D seismic profile (Gislason et al., 2019). The top panel shows the map view of the overlapping KOSE2018 profile
(red) with the SEEMS DEEP profile L1000 (in black). Black arrows in the bottom panel mark different reflectors mapped in the area
(compare with Fig. 5b). The drillhole is plotted for different lithologies based on the analysis of Koillismaa drill core data (red star, Fig. 1).
The lithology for the same is also shown in Fig. 3e.
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Figure 3. Panels (a), (b) and (c¢) show plot of P-wave velocity, density and reflection coefficient series based on the laboratory measurements
on core samples from the Koillismaa drillhole (red star, Fig. 1), (d) synthetic seismogram produced using a Ricker wavelet with dominant
frequency 35 Hz highlighting the acoustic impedance contrast between different lithologies, (e) simplified lithology of the drilhole (same as
in Fig. 2). Drilling shows the surface bedrock geology to be composed of homogenous orthogneisses, cross-cutting dykes and the magma
conduit characterized by the mafic—ultramafic rocks at an approx. depth of 1.4 km from the surface. Black arrows in panel (b) mark the events
for which reflectivity was observed in the walkaway VSP study done in the drillhole.
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A plot of P-wave velocity, density, reflection coefficient
series and the corresponding synthetic seismogram is shown
in Fig. 3a—d. The synthetic seismogram is produced by con-
volving the reflection coefficients with the 35 Hz dominant
frequency Ricker wavelet to obtain the seismic response
from the key geological units from the drillhole. A simpli-
fied lithology of the drillhole is shown in Fig. 3e (red star in
Figs. 1 and 2). Average seismic P-wave velocities for mafic—
ultramafic rocks range from approximately 5.5 to 6.5kms™!,
and densities range from ~ 2800 to 3200 kgm™3, based on
core samples measured under room temperature and pres-
sure conditions. A clear acoustic impedance contrast was ob-
served between the ultramafic and the overlying felsic rocks
with several cross-cutting diabase veins in the vicinity of the
drill hole (see synthetic seismogram, Fig. 3d). Some of the
events, e.g. fault/fracture zones, dolerite, lithology changes,
etc., were imaged during the walkaway vertical seismic pro-
filing (VSP) survey conducted in the same drillhole (Mali-
nowski et al., 2023; Tirronniemi et al., 2024). These events
are marked by black arrows in Fig. 3b, e.g. fault/fracture zone
at ~400m (Mylorite), the top and the bottom of the Do-
lerite (~ 550-650 m) and the lithology changes at c.a. 900 m
(Schist (altered Diabase)). A preliminary geological model
was created based on the density model from the gravity in-
version with constraints from existing drilling data.

3 Data Acquisition

The dataset comprises two crooked regional-reflection seis-
mic profiles acquired along existing gravel roads (see map
in Fig. 1b). The first profile (L1000) is ~ 10.5 km long and
is oriented in the NE-SW direction, and the second profile
(L2000) is ~ 11.5km long and is oriented in the NW-SE di-
rection (see Fig. 1a and c). Both profiles have a uniform re-
ceiver spacing of 15m and shot spacing of 30 m. Blue dots
mark receivers and purple dots mark shots overlapping the
receiver points. Geospace’s GS-ONE — low-frequency, three-
component (GSB3-3C) land geophones with a natural fre-
quency of 5 Hz were used in a continuous mode for both pro-
files. A 22t Mark IV Vibroseis truck (48 000 Ibs peak force)
was used as the source. All the acquisition parameters re-
lated to the survey are summarised in Table 1. The acquired
data are of good quality with reflections visible in the raw
shot gathers (Fig. 4, red arrows). The data is of better qual-
ity for shotpoints located in the southern and western end of
the survey where the first-break energy is visible for the full-
offset range. For the remaining shotpoints, clear first breaks
are generally limited to approximately 45 km.

4 Data Processing

Reflection seismic data processing for both profiles followed
the standard processing workflow applied to the hardrock
seismics (Cheraghi et al., 2020; Malehmir et al., 2017,
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Markovic et al., 2020; Nedimovié and West, 2003). Data pre-
processing started with the extraction of the vertical compo-
nent from the 3C receiver data. A crooked-line geometry was
set up with rectangular bin geometry. Common Depth Point
(CDP) bin spacing was kept at half of the receiver spacing
sufficient to map the steeply dipping diabase veins, fault, etc.,
present in the area. The CDP processing line for both pro-
files is shown by the green line in Fig. 1c. Bad traces were
removed and manual picking of first-break energy for the full
offset range was done for both profiles (see Fig. 4a and d).

Preprocessing included a two-layered refraction statics so-
lution with a replacement velocity of 5kms™! to account for
the heterogeneous near-surface weathering layer. A floating
datum was defined to account for the elevation variations for
the source and receivers. It was followed by the spherical
divergence correction, automatic gain control (AGC) and de-
convolution. A combination of spiking and gapped decon-
volution was found most effective in enhancing the data re-
flectivity. A notch filter was applied to remove the mono-
frequencies. An airwave mute, 1D median filter and band-
pass filter (BP) were used to attenuate the ground roll and
shear waves (compare Fig. 4a with Fig. 4b, and Fig. 4d with
Fig. 4e). An offset-based refraction mute, ~ 30 ms below the
first break was used. A special emphasis was placed on im-
proving the coherency of the signal with curvelet denoising
(Gérszezyk et al., 2015) (compare Fig. 4b with Fig. 4c, and
Fig. 4e with Fig. 4f).

Velocities were picked on the prestack gathers, yielding in
the normal moveout (NMO) velocities in the range of ~ 5.7—
6.2kms~!. However, due to the uniformity of P-wave veloc-
ity associated with the homogenous geology above the tar-
get area, i.e. mafic—ultramafic rocks (~ 1.4km); a constant
velocity of 6kms™! produced similarly good results when
used for the NMO followed by the dip moveout correction
(DMO). Final migration tests were conducted using a range
of velocities (~ 5.0-6.5 kms™!) to evaluate the overall imag-
ing quality of the different geological units. A square-root
normalization stacking was done on the DMO corrected shot
gathers, followed by the FX-Deconvolution and BP filtering.
Stolt (F-K) migration with a constant velocity of 6kms™!
produced optimum results for the target area. We also tested
prestack time migration which produced better imaging in
some areas, but overall, DMO followed by post-stack time
migration (PoSTM) produced qualitatively better imaging re-
sults (i.e. with less migration artifacts). Finally, the processed
time sections were converted into depth sections, and the data
were exported for visualization. All time-domain processing
parameters are summarized in Table 2.

Depth-domain imaging
Along with PoSTM, we also tested Kirchhoff prestack depth
migration (KPreSDM) due to its ability to better handle the

complexity of the medium. No additional processing was
applied, and the dataset after the coherency enhancement
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Table 1. Acquisition parameters for profiles L1000 and L2000.

Data Acquisition

L1000 L2000

Spread Configuration
Receiver Spacing
Receiver Type

Source Spacing

Source Type

Vibroseis Sweep
Record Length

Number of Sweeps/Shot Point
Profile Length
Channels

Vibroseis Source Points
Maximum CDP Fold
Elevation Changes

Fixed-spread geometry
15m
3C geophone, 3C recording mode
30m
Vibroseis (22 t Mark V)
20-160Hz, +1dB (20s sweep length)

6s
3
~10.5km ~11.5km
701 746
348 371
417 453

~246-268m ~244-262m

Table 2. Processing workflow for profiles L1000 and L2000

Data Preparation

Data Extraction

Data Read

Geometry Setup
Nominal CDP Spacing
Trace Editing
First-Break Picking

vertical component

SEG-Y, 3.0s

crooked line, rectangular bin
7.5m

bad traces removed

manual pick

Preprocessing Stage

Refraction Statics
Elevation Statics
Spherical Divergence Correction
AGC

Deconvolution

Notch Removal

Airwave Mute

Linear Noise Removal
Bandpass Filter (BP)
AGC

Refraction Mute
Coherency Enhancement
NMO

Dip Moveout

2-layer model, repl. vel. — Skm s—1
floating datum

v2t function

250 ms

spiking — 150 ms/gapped — 150/24 ms
50/100 Hz

330ms~!

median filter, vel. — 2.8/3.0 kms~!
15-35-145-185Hz

250 ms

offset-based, 30 ms below first-arrivals
curvelet-denoising (input for KPreSDM)
constant velocity — 6 km s~

constant velocity — 6 km 5!

Stacking and Migration

Stacking
FX-Deconvolution

Final Datum

Migration

BP

Time-to-depth Conversion
Data Export

sqrt normalization

11 traces (100/30 ms window)
300ma.s.l.

Stolt (6 km g1 )
15-35-145-185 Hz
constant velocity — 6kms™
SEG-Y format

1
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Figure 4. Result of the data preprocessing applied to profiles L1000 and L2000. (a) Raw shot gather for profile L1000, (b) data with full
preprocessing without the top-mute, and (c) is the same as (b) with curvelet filtering. Trace balancing was applied for presentation purposes.
(d), (e) and (f) are the same as (a), (b) and (c) for profile L2000. Black arrows show the correction of first arrivals due to the heterogeneous
near-surface weathered layer. Red arrows mark the comparative enhancement/preservation of reflectivity in the raw shot gathers.

step was used as the input for the KpreSDM (see Table 2).
To avoid artefacts arising from strict 2D migration of a
crooked line, we performed KPreSDM in 3D mode (Singh
and Malinowski, 2022, 2023). We used the migration code
of Hlousek et al. (2015) in the shot-domain. The compu-
tational domain for KPreSDM is shown as black boxes in
Fig. 1c. Depth migration parameters were kept similar for
both profiles, given the same acquisition setup and underly-

https://doi.org/10.5194/se-16-1137-2025

ing geology in the area. For profiles L1000 and L2000, the
grid dimensions were 701 x 141 x 434 and 735 x 168 x 434
(inline x crossline x depth) with a uniform grid spacing of
15m. Similar to PoSTM, a migration velocity of 6km g1
was used; however, KPreSDM was also tested for a scan of
velocities in the range of 5.0 to 6.5kms~!.

Solid Earth, 16, 1137-1151, 2025
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5 Results

Processing and time/depth imaging of the seismic data re-
vealed several reflective packages at various depths. Figure 5
shows imaging results for profile L1000. Figure 5a shows
the DMO-PoSTM section without the curvelet denoising ap-
plied, which is usually not a part of the standard processing
workflow (see Table 2), and Fig. 5b with the curvelet denois-
ing applied. On comparison, it is evident that the curvelet de-
noising did not introduce any potential artefacts and resulted
in a more weighted image. Therefore, it can be used as a
key tool in the standard hardrock seismics processing work-
flow to obtain a more focused image. Similar results were
obtained for profile L2000 as well. The origin (zero depth) is
at 300 ma.s.1. and is the same for all the results presented in
this article. Reflections are imaged down to a depth of ~ 5-
6 km. Events are less focussed in the first kilometre, although
there are hints of steep reflectors projecting towards the sur-
face (see black arrows labelled SF1-SF4). Other prominent
reflections imaged at various depths are also marked by the
black arrows. An arcuate reflectivity is mapped in the central
area of the profile (blue arrows). Its top is mapped at a depth
of ~ 1.6 km with a clearly visible northeastern flank. A near-
horizontal reflector at a depth of ~ 2.8 km (marked as FR) ap-
pears to crosscut the northeastern flank of the curved reflector
around CDP ~ 875. A major reflector down-dipping from the
southwestern end of the profile (starting at ~ 1 km depth) ap-
pears to be crosscutting the southwestern flank of the arcuate
reflector (marked as DR1 and DR2). There is also the impres-
sion of cross-cutting reflectors in the area (red arrows, CF1
and CF2). Higher reflectivity is mapped in the southwestern
end of the profile in the depth range of ~ 1-3 km bounded by
the reflector DR1. Reflectors mapped between CDPs 725-
1200 (SF2, SF3, SF4) and depth between ~ 2-3 km have an
up-dip direction towards the surface. A dipping reflectivity is
also mapped in the depth range of ~ 5-6 km (marked as LR1
and LR2).

Figure 5c shows the result for 3D KPreSDM along an in-
line position shown by the blue line in Fig. 1c. The inline
crosscuts the curved CDP line as a straight line shown in
Fig. 5a and b; therefore, the assessment here is only done on
a comparative basis. Overall, the events for KPreSDM results
are much more focussed and continuous compared to DMO-
PoSTM results (compare Fig. 5b with Fig. 5c). For example,
the continuity of events SF1-SF4 are much better imaged.
The central arcuate reflectivity is also better delineated along
with other events except for the deeper reflectors marked as
LR1 and LR2, for which higher migration velocities/aperture
are required.

Similar to Fig. 5, Fig. 6 shows imaging results for profile
L2000. Figure 6a shows the result for DMO-PoSTM with
curvelet denoising applied in the preprocessing stage. Black
arrows mark different reflectors mapped in the area at var-
ious depth levels. Similar to profile L1000, events are less
focussed in the first kilometre with some visible reflectiv-
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ity marked by black arrows (SF1 and SF2 — not the same
events shown in Fig. 5, same is valid for other marked events
in Fig. 6). There are hints of several cross-cutting events at
the regional scale, although these events are weak to mark
their clear extents (red arrows, CF1 and CF2). The reflector
marked as CF1 is delineated clearly up to a depth of ~4km.
Similar to profile L1000, a horizontal reflector is mapped
at a depth of ~2.8km (black arrows, FR). There is also
the presence of deeper reflectivity marked by black arrows
(LR1; depth ~ 4 km, and LR2; depth ~ 5 km). A package of
dipping reflectivity at the southeastern end of the profile is
also mapped at a depth of ~ 1-2km (marked as DR). Fig-
ure 6b shows results for 3D KPreSDM. The inline location is
shown as the blue line in Fig. 1c. Same as for profile L1000,
KPreSDM results are better focussed than DMO-PoSTM re-
sults (compare Fig. 6a with Fig. 6b). A notable difference
can be seen for the reflector (CF3, red arrows) which is al-
most absent in the DMO-PoSTM result.

6 Interpretation and Discussion

Interpreting the seismic reflectivity in the study area is chal-
lenging due to the availability of only a single drillhole for
calibration. Nevertheless, the observed reflectors can be as-
sociated with the mafic—ultramafic intrusions, cross-cutting
dykes, fault systems and the lithological contacts. The seis-
mic survey successfully imaged the upper part of the inter-
preted magma conduit down to a depth of approximately
4-5km. Internally, the conduit appears more complex than
previously understood, with steep fault-like features poten-
tially cross-cutting the intrusion. These results were corre-
lated with the pre-seismic geological model to guide interpre-
tation. The two new 2D seismic profiles acquired under the
SEEMS DEEP project proved highly beneficial compared to
the previously acquired KOSE 2018 profile (compare Fig. 5b
with Fig. 2). Seismic imaging produced abundant reflectiv-
ity at various depths which is generally absent or otherwise
poorly focussed, especially around the target area. This is
mainly due to the better optimized/regular acquisition (see
Table 1) compared to the previous survey which used only
90 channels with a maximum offset range of ~ 1800m,
shot-receiver spacing of 20/40 m and small explosive charges
~120-240g.

Qualitatively, KPreSDM results were preferred over
DMO-PoSTM processing due to improved imaging quality
and reflector continuity (see the comparison in Figs. 5 and 6).
Figure 7 shows the cross-sectional view of the KPreSDM re-
sults for both profiles. KPreSDM results are extracted along
the same CDP processing line (green lines, Fig. 1c) at which
the DMO-PoSTM results are shown in Figs. 5a,b and 6a.
The drill hole is shown along profile L1000. It is to be noted
that the processing line intersects the drillhole at a steep an-
gle, and only a part of the drillhole is visible from the shown
direction in Fig. 7a. An enlarged view of the cross-section of
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Figure 6. Imaging results for profile L2000. (a) 2D DMO-PoSTM, (b) 3D KPreSDM (central inline). Black arrows show imaged reflectivity
at various depths in the area. Red arrows mark the steeply dipping cross-cutting reflectors. The red dashed line shows the intersection location

of profile L1000 with L2000.

the drillhole is shown in the inset on the right. Depth imaging
reveals arcuate and steep reflectors, with the arcuate reflec-
tor intersected by the drillhole correlating spatially with the
mafic—ultramafic cumulates and coinciding with gravity and
magnetic anomalies. This consistency confirms the presence
of a deep-seated magma conduit. Although the drillhole does
not reach the deepest reflectors; the combined seismic, litho-
logical, and petrophysical evidence supports the existence of
a vertically extensive mafic—ultramafic package capable of
hosting orthomagmatic critical raw material deposits, most
likely including Ni—-Cu-PGE sulphides. This interpretation
aligns with observations from other intrusions in the Tornio—
Nirdnkédvaara Belt, which has been a focus of PGE—Cu—Ni,
V-Ti-Fe and Cr exploration and mining from the 20th cen-
tury to the present day. In particular, the arcuate reflector near
the drillhole likely corresponds to a mafic diabase unit inter-

Solid Earth, 16, 1137-1151, 2025

sected during drilling (see Fig. 3e), with its base coinciding
with the onset of mafic—ultramafic cumulates. Deeper reflec-
tivity, particularly in the western parts of the profile indicates
several steep reflectors dipping to the east and south (red ar-
rows, Fig. 7b). These likely represent regional-scale faults
which were earlier unknown in the area, including the CF1
fault, which appears to be an overthrust. The CF1 structure
coincides spatially with a banded iron formation (BIF) that
runs parallel to the magma conduit at depth (marked by red
arrow in Fig. 1c). Its association with strong horizontal re-
flectivity (marked by black arrows) suggests that the BIF may
have been structurally overprinted or tectonically emplaced.

The presence of such steep, reflector-defined fault systems
further adds structural complexity to the intrusion and its
surroundings. These faults may have played a key role in
magma emplacement by acting as pathways for ascending
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Figure 7. Cross-sectional view of (a) KPreSDM result, (b) same as (a) from a different view angle. Inset (a) shows an enlarged section
around the drillhole location. Red, blue and black arrows highlight reflectors used for the interpretation. The green line is the same CDP line
shown in Fig. 1c, and the red dots show the source locations along the profiles. Dashed black lines represent mapped faults in the area.

melts and mineralising fluids. In addition to orthomagmatic
processes, such structures could also have facilitated later-
stage hydrothermal activity. The spatial association of the
CF1 fault with the BIF suggests potential for hydrothermal
overprinting or remobilisation, possibly giving rise to oro-
genic Au—Co mineralisation. Furthermore, a dense package
of southeast-dipping reflectors (marked by blue arrows in
Fig. 7b) may represent a continuation or a structurally jux-
taposed block of the BIF, previously mapped in the region
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(Makkonen, 1972). Although this area lacks direct drill con-
trol, the structural context supports this interpretation.
Figure 8 compares the KPreSDM seismic results with
the pre-existing geological 3D surface model of the Koillis-
maa conduit, which was developed from the gravity inver-
sion constrained by the drillhole data. The observed reflec-
tivity aligns well with the modelled conduit geometry, par-
ticularly in the central portion of the intrusion. Internally,
zones of prominent reflectivity suggest structural or com-
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Figure 8. Cross-sectional view of KPreSDM with the initial geological volume model of the mafic intrusion and the drillhole. The red arrow
marks the delineated internal reflectivity within the magma conduit. Black dashed lines show the possible faults, dykes or lithological contacts
present in the area. The green line shows the CDP line shown in Fig. 1c, and the red dots show the source locations along the profiles.

positional heterogeneity within the mafic—ultramafic body
(marked by red arrows). Some of these features may reflect
additional lithological contacts or post-emplacement fault-
ing. Black dotted lines show observed reflectors possibly rep-
resenting faults and dykes present in the area that could not
be confirmed due to the lack of direct evidence in terms of
borehole or other independent study. The contrasting dip di-
rections of fault zones northeast and southwest of the intru-
sion could reflect structural uplift, diabase veining, or vari-
ations in country rock stratigraphy (see also Figs. 5 and 6).
These findings demonstrate the value of integrating seismic
and petrophysical datasets in areas with limited drill control.
Even in the absence of deep drilling, it is possible to identify
structural and lithological features critical for mineral sys-
tems analysis and for assessing the potential for critical raw
materials.

7 Conclusions

Two regional seismic profiles were acquired within the
SEEMS DEEP project to map the regional reflectivity
and to constrain the geometrical architecture of the deep-
seated Koillismaa magma conduit. Depth-domain imaging
(KPreSDM) provided focussed images with better continuity
than DMO-PoSTM imaging. Several reflections are mapped
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at various depths whose origin can be associated with the
presence of dykes, faults and lithological contacts in the area.
Regional faults were imaged with reflectivity down to a depth
of ~4-5km. The magma conduit associated with KLIC has
been successfully revealed which was one of the main aims
of the SEEMS DEEP project. The mapped internal structure
of the magma conduit seems more complex than its present
understanding with prominent internal reflectivity suggest-
ing a more structural or compositional heterogeneity within
the mafic—ultramafic body. The extensive mafic—ultramafic
intrusion has the potential to host critical raw material de-
posits of Ni-Cu-PGE sulphide type. Overthrusting has been
observed in the western part of the study area with several
steep regional-scale fault systems which were not known
prior to this seismic study. These steep faults might have
played an important role in magma emplacement acting as
pathways for ascending melts and mineralisation fluids. The
two profiles’ cross-cutting proximity proved advantageous
in constraining the mapped regional-scale reflectivity in the
area, leading to a more detailed understanding of the struc-
tural architecture associated with the mafic intrusion. This
will help in building a more detailed geological model of the
Koillismaa area.
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