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Abstract. A pioneering ~22 km? three-dimensional (3D) seismic survey was conducted in northeastern Finland within the
SEEMS DEEP project to investigate the concealed Koillismaa Deep Intrusion (KDI), part of the 2.5-2.4 Ga Koillismaa—
15 Nardnkdvaara Layered Intrusion Complex (KLIC). Utilizing low-cost piezoelectric nimble nodes and a single Vibroseis source,
this survey represents one of the first 3D seismic investigations of a deep layered intrusion and its feeder system. The seismic
data, supported by petrophysical measurements and synthetic modelling, reveal a complex internal architecture characterized
by coherent reflectivity patterns indicative of modal layering. Interpretation suggests that the KDI is not a simple feeder but a
more developed, chonolithic or funnel-tube-shaped intrusion. Integration of seismic data interpretation with gravity inversion
20 and geological data enabled the construction of a Common Earth Model (CEM), which successfully reproduces the observed
gravity anomaly. A major thrust fault, likely associated with the Oulujérvi Shear Zone, was imaged for the first time, offering
new insights into the tectonic evolution and mineralization potential of the region. This study highlights the advances in 3D
seismic methods in hardrock environment and establishes a methodological framework for future mineral exploration in similar

geological settings.

25 1 Introduction

The application of seismic methods in mineral exploration within hardrock environments has gained considerable momentum
in recent years (Malehmir et al., 2012b). This shift is largely driven by the increasing need to explore deeper and in more
structurally complex geological settings, where traditional geophysical techniques (e.g., potential fields, various
electromagnetic methods) often fall short. Three-dimensional (3D) seismic surveys have become indispensable for delivering

30 high-resolution images of the subsurface and for identifying potential drilling targets. Notable 3D seismic projects have been
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conducted in Canada (Bellefleur et al., 2015; White et al., 2012), South Africa (Manzi et al., 2012), Finland (Malehmir et al.,
2012a), Sweden (Malehmir et al., 2021), Portugal (Yavuz et al., 2015), and Australia (Schijns et al., 2023; Ziramov et al.,
2023), demonstrating the effectiveness of this technology in generating direct exploration targets (White et al., 2016).
Technological advances originally developed for the oil and gas industry - such as high-channel-count nodal sensors and

35 single-receiver, single-source acquisition - are now being successfully adapted for mineral exploration (Ziramov et al., 2023).

In this context, we present the results of a novel ~22 km? 3D seismic survey conducted in northeastern Finland as part of the

SEEMS DEEP project (Autio et al., 2024) aimed at imaging the Koillismaa—Néarinkédvaara Layered Intrusion Complex

o ) TRIDE nimble system proper reference
(KLIC). Utilizing low-cost plezoelectrlc nimble nodes in a single-point configuration, this survey represents one of the first to the acquisition

system (a

40 3D seismic investigations of a layered intrusion and its feeder system at depths exceeding 1 km. The KLIC, part of the 2.5— possibility s ref..1.)

2.4 Ga mafic-ultramafic layered intrusions of the Fennoscandian Shield (Karinen, 2010), is globally recognized for its potential
to host economically significant mineral deposits, including Ni-Cu-Co-PGE and V-Ti-Fe mineralization. The complex is
expressed as a ~50 km long gravity anomaly, initially tested in 2020 by the Geological Survey of Finland (GTK) through a
~1.7 km deep drillhole, which intersected the intrusion at a depth of ~1.4 km (referred to as the Koillismaa Deep Intrusion,
45 KDI; Tirroniemi et al., 2024). Subsequent Distributed Acoustic Sensing (DAS) — Vertical Seismic Profiling (VSP) survey
confirmed internal reflectivity within the KDI (Malinowski et al., 2023), validating the use of seismic methods for imaging the

KLIC.

We begin by establishing the geological and petrophysical framework of the KLIC, utilizing the data from the Koillismaa deep
50 drillhole and representative stratigraphy from the exposed sections. We then describe the design, acquisition, and processing
of the SEEMS DEEP 3D seismic survey. One of the highlights of this study is the successful use of 5D data interpolation to
regularize the data prior to pre-stack time migration, contributing to improved migrated data quality. To our knowledge, this
process was not extensively tested in case of hardrock seismic data. The resulting seismic volume, interpreted alongside
synthetic modelling and gravity data, reveals a complex internal architecture of KDI and forms the basis for a new Common
55  Earth Model (CEM)rEc:?ﬁ;‘ec iet%lgflM(\SVS: lf?nlcjlfnggosocdh;oliégzere&?; Eo%zh:t%;élng interpretation of the KDI as a simple feeder system
and support its reinterpretation as a more evolved, chonolithic or funnel-shaped layered intrusion. These results not only

advance our understanding of the KLIC but also demonstrate the power of 3D seismic imaging in hardrock environments, with

implications for tectonic reconstruction and mineral exploration.
2) McGaughey, John. "The common earth model: A revolution in mineral exploration data integration." GIS applications in the earth sciences 44 (2006): 567-576.
2) Mukerji, Biplab. "Modern techniques for identifying mineralization in virgin area." Innovative Exploration Methods for Minerals, Oil, Gas, and Groundwater for

2 Geological setting of the study area Sustainable Development. Elsevier, 2022. 297-309.

60 The Fennoscandian Shield hosts numerous ~2.51-2.43 Ga mafic-ultramafic layered intrusions, formed during a major
magmatic episode associated with the breakup of one or more Archaean cratons (Bleeker & Ernst, 2006; Ciborowski et al.,

2015; Heaman, 1997; Koykka et al., 2019; Skytté et al., 2019). In Finland, most of these intrusions are located within the 2.44

1) Amine Ourabah, Allan Chatenay; Unlocking ultra-high-density seisgic for CCUS applications by combining nimble nodes and agile source technologies.
The Leading Edge 2022;; 41 (1): 27-33. doi: https://doi.org/10.1190/t|e4T010027.1



https://doi.org/10.5194/egusphere-2025-3111

Preprint. Discussion started: 7 July 2025 EG U h N

© Author(s) 2025. CC BY 4.0 License. spnere
Preprint repository

Ga Tornio—Narédnkévaara Belt (TNB; Alapieti & Lahtinen, 2002; Fig. 1a), a region of high economic interest due to known
orthomagmatic PGE-Cu-Ni, V-Fe-Ti, and Cr mineralization. The TNB lies along the contact between the Archaean basement
65 and the overlying Palaeoproterozoic greenstone and schist belts, extending from the Finnish—Swedish border to the Finnish—
Russian border. The magmatism in the TNB, along with other 2.51-2.43 Ga intrusions in Fennoscandia, is now interpreted as
part of an early rift-basin development episode, characterized by bimodal magmatism linked to the breakup of an Archaean

supercontinent (Koykka et al., 2019).
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[ Mesoproterozoic sedimentary rocks
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| 1 Paieeoproterozoic supracrusta rocks
Mafic-utramafic ntrusions (2.53-244 Ga)
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)

70  Figure 1: a) Simplified geological map of the Fennoscandian Shield (modified from Karinen 2010); KLIC = Koillismaa—
Nirinkivaara Layered Intrusion Complex, TNB = Tornio—Niirinkédvaara Belt; b) location of the study area with the composite
image of the magnetic and Bouguer gravity anomaly maps. Red dot marks the Koillismaa drillhole, rectangles mark the extend of
the SEEMS DEEP 3D seismic survey (green) and the Common Earth Model area (red); HSZ = Hirvaskoski Shear Zone, OSZ =
Oulujérvi Shear Zone.

75
Our study area (Fig. 1b) is situated in the central part of the KLIC which is a component of the TNB (Fig. 1a). The KLIC
comprises of two exposed intrusions — the Koillismaa Intrusion in the west and the Nérénkévaara Intrusion in the east —
connected by a ~50 km long geophysical anomaly (Alapieti, 1982; Karinen, 2010) (Fig. 1b). The Néarankavaara Intrusion,
composed mainly of the ultramafic cumulates, is surrounded by the Archaean gneiss and has largely retained its original

80 emplacement position (Alapieti, 1982; Jarvinen et al., 2020, 2022). In contrast, the Koillismaa Intrusion, emplaced at the
boundary between the Archaean basement and the Kuusamo Schist Belt (KSB; Lahtinen & Koykka, 2020), consists of mafic—
ultramafic cumulates and has been tectonically dismembered into east—west-trending blocks (Karinen, 2010). The connecting
anomaly has been recognized since the 1950s through ground gravity and airborne geophysical surveys (Salmirinne & Iljina,
2003). Due to its elongated geometry between the exposed intrusions, it was interpreted by Piirainen et al. (1978) and Alapieti

85 (1982) as a potential feeder zone for the magmas of the Koillismaa and Nérdnkévaara intrusions. This hypothesis was tested
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by GTK through a deep drilling campaign (2020-2021), which confirmed the presence of mafic-ultramafic plutonic rocks at
~1.4 km depth (Karinen et al., 2021; Tirroniemi et al., 2024). The ~300 m thick section intersected by the drillhole represents

an unaltered gabbronoritic chilled margin of the Koillismaa Deep Intrusion (KDI; Karinen et al., 2025).

90 The bedrock in the SEEMS DEEP study area is predominantly composed of Archaean orthogneisses. In the southern part of
the study area, a narrow belt of banded iron formations (BIFs) is present (Makkonen, 1972), possibly related to the Archaean
greenstones located to the east (Jarvinen et al., 2023).The region is cross-cut by multiple generations of diabase dykes, likely
intruded along pre-existing fractures and faults. Two major shear zones define the structural framework of the area: the N-S-
trending dextral Hirvaskoski Shear Zone (HSZ; Karki & Laajoki, 1995), which marks the western margin of the KSB and

95 separates the Pudasjérvi and Lentua complexes; and the NE-SW-trending sinistral Oulujarvi Shear Zone (OSZ; Kirki &

Laajoki, 1995), which intersects the HSZ and passes near the eastern margin of the study area.

3 Seismic response of KLIC and surrounding rocks
3.1 Physical rock properties

The Koillismaa deep drillhole provided critical constraints on the physical rock properties. P-wave velocity measurements
100 were conducted on 1,085 core samples under ambient pressure and temperature conditions, with co-located density
measurements (Tirroniemi et al., 2024). These samples were reclassified into 11 main rock types, incorporating
lithostratigraphic divisions whenever available. The results are summarized in Figure 2. The overlying basement rocks consist
of Archaean gneisses with varying degrees of alteration, leucogranite, granite, and diabase dykes. The median P-wave velocity
(Vp) of the basement rocks is approximately 5900 m/s, with values ranging from ~5500 m/s in highly altered gneiss to ~6300
105 m/s in diabase dykes. The upper part of the intrusion includes more felsic lithologies (e.g., granite and quartz diorite dykes)
with Vp values around 5900 m/s. The lower, mafic-ultramafic portion comprises gabbronorites (Vp = 6500 m/s), pyroxenites
(Vp = 6900 m/s), and peridotites (Vp = 6000 m/s). The relatively low median velocity of peridotites is indicative of
serpentinization, however there is no evidence for this process in the drill core. Notably, some highly altered granites with
connected porosity exceeding 10% were identified within the intrusion (Bischoff et al., 2024). These rocks exhibit Vp values
110 below 5000 m/s and densities under 2600 kg/m?*. The seismic impedance plot (Fig. 2b) suggests that the basement is relatively
transparent, with reflections primarily originating from diabase dykes or contacts with highly altered gneisses. In contrast, the
mafic-ultramafic rocks exhibit significantly higher acoustic impedance contrast (Zp). Gabbronorites and pyroxenites have Zp
values of 19 and 22 (x10° kg-m™2-s™") respectively, making them strong reflectors, especially at the contacts with felsic rocks.
Results from the DAS — VSP survey conducted in the Koillismaa drillhole (Malinowski et al., 2023) confirmed the presence
115 of internal reflections within the KDI. The VSP data also imaged cross-cutting dykes in the basement and responded to

intersected faults and major fracture zones.
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Figure 2: a) Box-and-whisker plot of the measured P-wave velocity using core samples from the Koillismaa deep drillhole grouped
by the rocktype and ordered approximately by depth. The 2.44 Ga age is related to the intrusion. b) Corresponding acoustic

The Koillismaa deep drillhole penetrated only the uppermost 300 m of the KDI, whereas gravity data suggest that the intrusion
is significantly thicker (Karinen et al., 2025). The exposed western part of the KLIC, specifically the Koillismaa Intrusion (Fig.

1b), reaches thicknesses of up to 2.5 km. To better understand the seismic response of a more complete layered sequence, we

mineralogy. We used a representative stratigraphic section from the Porttivaara block of the Koillismaa Intrusion, where modal

mineralogy was determined from 76 samples (Karinen, 2010). This block comprises a marginal series (MS) up to 200 m thick,

overlain by a layered series (LS). The MS consists of gabbroic cumulates at the base, transitioning upward into more magnesian

e  Middle Zone (MZ): a thin basal layer of olivine gabbronorite (MZa), overlain by thick gabbronorite (MZb and MZc),

e Upper Zone (UZ): meso- and leucogabbros (UZa and UZc), with a central oxide gabbro layer (UZb)

120
impedance plot based on the co-located velocity and density measurements.
3.2 Modelling seismic response of KDI as a layered intrusion
125
130  rocks such as pyroxenites and peridotites. The LS is subdivided into three zones:
e Lower Zone (LZ): olivine gabbronorite (LZa) and gabbronorite (LZb)
separated by subeconomic sulphide mineralization
135

mineralogy. Assumed mineral compositions included plagioclase (anorthite/albite), orthopyroxene (enstatite 72%, ferrosilite
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28%), clinopyroxene (diopside), olivine (forsterite), and brown mica (phlogopite/annite 50:50). Sulphides were replaced by
magnetite. Granophyre was modelled as a mixture of albite (45%), quartz (45%) and biotite (10%). The calculations assumed

emplacement conditions of 15 km depth, 1200°C and 0.4 GPa (Karinen et al., 2025). The resulting elastic properties are shown

L provide some information on the type of interpolation used (probably linear?) itis assumed that the aim was to obtain a regularly sampled
140 inFigure 3. Interpolated velocity and density profiles were used to compute a continuous reflection coefficient series in Seismic

Unix (Stockwell, 1; 9905 Wittt ‘fgé;(j%e%lﬁﬁé“svﬁﬁ%é'r%ﬁ ¥0'67 35 plomiiielRt oM H0RSLEHARE W DNV pabbIonORtidtal & obtained? (need to

(LZa and MZc), the sulphide-bearing boundary between MZa and MZb, and the oxide gabbro layer (UZb), which produces
strong top and bottom reflections due to density contrasts. A general increase in seismic velocity and density is observed in

the lowermost 1 km of the section.
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Figure 3: a) Representative stratigraphic section of KLIC based on the profile across the Porttivaara block (Karinen, 2010); b) In
the sequence thick vertical lines indicate cumulus minerals and thin vertical lines indicate intercumulus minerals (p-plagioclase, o —
olivine, opx — orthopyroxene, cpx — clinopyroxene, oxd — Fe-Ti oxides); stars denote occurrence of sulphide mineralisation (up to
3%); c¢) corresponding filtered (up to 62.5 Hz) zero-offset reflection coefficient series based on the velocity and density calculated

150  from modal mineralogy; d) calculated velocity log; e) calculated density log. Points represent samples and the lines are the
interpolated values.
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4 Seismic data
4.1 Seismic data acquisition

The 3D seismic survey was conducted in August 2023 in the vicinity of the Koillismaa deep drillhole, approximately 50 km
southwest of Kuusamo. The survey area was centered on the gravity anomaly associated with the KDI (Fig. 1b). Terrain
accessibility—characterized by mixed forest, clearings, swamps, and lakes—as well as nature conservation restrictions,
influenced the final layout (Fig. 4a). The eastern boundary of the survey followed the access road to the drill site, which also
hosted one of the 2D profiles (Singh et al., 2025). A large protected swamp area east of this road was excluded from the survey.
The southern extension of the grid was designed to partially cover rocks with strong magnetic signatures (BIFs). The final
layout was a compromise between spatial coverage and the number of available receivers (green dots in Fig. 4a). The survey
followed a quasi-orthogonal geometry with 21 receiver lines oriented at an azimuth of 25°N, spaced 240 m apart, covering an
area of ~22 km?. A total of 2,866 receivers were deployed at 30 m intervals using nimble nodes equipped with piezoelectric
sensors (Stryde). No prior staking was performed; instead, receivers were planted at pre-plot locations and surveyed using
precision GPS. Additional spikes were attached to nodes to ensure good coupling in swampy areas. Source points were located
along forest paths and gravel roads, with a nominal spacing of 30 m (red points in Fig. 4a). Of the 1,615 recorded source points,
718 were located along the two 2D profiles. A Mark IV Vibroseis truck equipped with a Y-2400 Failling shaker (48,000 Ibs
peak force) was used as the source, generating 20-second sweeps from 20 — 160 Hz (+1 dB/octave), repeated twice at each
location. The entire 3D survey, including 2D acquisition, was completed in approximately two weeks: ~5 days for node

deployment, ~5 days for production, and ~2.5 days for retrieval.

Table 1: Summary of the acquisition parameters of the SEEMS DEEP 3D seismic survey

Acquisition parameters

EGUsphere\

Number of live channels 2866 (fixed spread)
Receiver line interval 240 m
Receiver interval 30 m

Receiver type

Sampling rate

High-cut recording filter

Number of source points

Source interval

Source type

Sweep parameters

Number of sweeps per source point

Piezoelectric (vertical component)
1 ms

Not applied during data merging
1615

30 m

Vibroseis, 48,000 1bs peak force

20-160 Hz, +1dB per octave, 20 s, 75% drive level

2
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Figure 5: Example of raw (a) and processed (b) shot gather. Inset figure on the top shows the amplitude spectra of raw shot gather
(in purple), and after full preprocessing for the same (in green).
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@' [ This is vibroseis data, I assume that a correlation step is required, correlating the raw recorded traces with the sweep generated by the Vibroseis, I feel if this is correct
it should also be comented, was the correlation sweep recorded, extracted from the truck, or was synthetic? (a cople of sentences addressing this issues
should beincluded.

4.2 Seismic data processing and imaging

180 The acquired data were of generally good quality, with clear first arrivals beyond 5 km offset and visible reflections in raw
shot gathers (Fig. 5). Low signal-to-noise ratios were observed in swampy areas, particularly in the southern part of the survey.
Despite the use of piezoelectric sensors, the data exhibited a broad frequency response consistent with the original sweep (see
inset in Fig. 5). The processing workflow followed standard procedures for hardrock seismic data (Table 2). Common depth
point (CDP) gathers were generated using a bin size of 15 m (crossline) by 30 m (inline). The inline bin size was increased

185 from 15 m to 30 m to enhance fold, which reached a maximum of 200 in the survey center (Fig. 4b). Refraction statics was
derived from approximately 1.9 million auto-picked first arrivals. After testinﬁ various algorithms, the best results were

Various algorithms, it might be ilustrative for the reader to know which algoritms were tested as well. .
obtained using generalized refraction traveltime inversion (GLI3D; Hampson and Russell, 1984) with a two-layer model. The

long-wavelength statics to a floating datum were relatively small, with a bimodal distribution: most values ranged from —6 to
0 ms, and a secondary group from —12 to —6 ms, primarily in the southern part of the survey. Residual refraction statics ranged
190  from -8 to +8 ms. Residual reflection statics were not applied, as they did not significantly improve the stack. Noise attenuation

included f-kk filtering, airwave muting, and bandpass filtering. Signal shaping was achieved using spiking deconvolution.

The data were then regularized using 5D interpolation (Trad, 2009), which improved offset-bin distribution and filled data
gaps. This step was justified by the presence of laterally coherent reflections with moderate dips. The interpolation used a
195 combination of greedy local Radon transform (Wang et al., 2010), and projection onto convex sets (POCS; Abma and Kabir,
20006), applied in two nested loops along the crossline direction. The interpolation improved reflection continuity in both inline
and crossline sections (Fig. 6), particularly near survey edges and in low-fold areas (Fig. 7). Fold increased from ~170 to ~250
in the center and from less than 50 to more than 150 at the edges. However, artifacts were introduced in the top 250 ms of the
data, especially in the southeast, and should be interpreted with caution. Can these artifact be identified in the figures, this would be ilustrative
200 for the reader.
Following interpolation, several imaging strategies were tested. Pre-stack time migration (PreSTM) yielded the best results
compared to post-stack time migration (PoSTM) and dip-moveout (DMO) processing. PreSTM also facilitated velocity picking
due to improved signal coherence. Automatic velocity analysis was performed using migrated gathers at every CDP using
windowed trace correlations, with a weighted average over 20 inlines and crosslines, and Vrms bounds of 5000 — 6500 m/s.
205 The velocity model was smoothed using a depth-dependent function and refined over two iterations of migration and velocity

analysis.

The final PreSTM volume was post-processed using a structure-oriented mean of least variance (MLV) filter (Al-Dossary and

Wang, 2012; Schulze and Pearce, 1993), and depth-converted using a constant velocity of 6000 m/s. This value was consistent
210  with the average velocities from the Koillismaa drillhole and provided a good match to the top of the intrusion. Representative

inlines and crosslines from the final volume are shown in Figures 8 and 9, with interval velocities overlaid in Figure 10.

Why Pre-stack depth was not used? (a comment indicating why would be ilustrative)

9
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Table 2: Summary of the processing parameters of the SEEMS DEEP 3D seismic survey

Processing parameters

1. Read data

2. Vertical stack

3. Convert to geophone equivalent
4. Resample

5. Minimum-phase conversion
6. Geometry setup

7. Amplitude recovery

8. Amplitude scaling

9. Refraction statics

10. Deconvolution

11. Linear noise removal

12. Airwave attenuation

13. Bandpass filtering

14. Amplitude scaling

15. Refraction mute

16. 5D interpolation

17. Pre-stack time migration
18. Automatic velocity analysis
19. Gather conditioning

20. Stack

21. Bandpass filtering

22. Structure-oriented filtering

215

Correlated shot gathers

Diversity stack

Trace integration

2 ms

Based on theoretical sweep

30/15 m inline/crossline bin width

{2

Surface-consistent amplitude scaling
GLI3D, 2 layers, datum = 300 m a.s.1, Viepi = 5000 m/s
Single-trace, spiking — 150 ms operator

[-kk filter

Median filter

Time-variant, 20-30-150-160 Hzto 2 s
AGC, 200 ms window

50 ms mute below the predicted first-arrivals
Crossline direction

Kirchhoff, 2 iterations

Correlation-based, 2 iterations

Spectral whitening, Ensemble-amplitude scaling
1/VN normalisation

20-30-90-110 Hz

Mean of least variance (MLV) filter

10
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Figure 6: Inline and crossline sections through the stack volumes without (a), (c) and with (b), (d) pre-stack 5D interpolation.
Stacking fold is plotted at the top: normal stack - dashed line, interpolated stack — solid line.

220

Figure 7: Time slice through the stack volumes without (a) and with (b) pre-stack 5D interpolation.

11
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Figure 8: Inline sections from the final PreSTM volume (depth converted). Inset shows location of the sections. Koillismaa drillhole
path and simplified lithology (pink - basement, blue - dykes, yellow — intrusion) is shown together with the synthetic seismogram
225 calculated using petrophysical data shown in Fig. 2 and Ormsby wavelet (20-30-90-110 Hz). For labelled reflections see the text.

12
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Figure 9: Crossline sections from the final PreSTM volume (depth converted). Inset shows location of the sections. For labelled
reflections see the text.
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Figure 10: Inline 85 and crossline 330 from the final PreSTM volume (depth converted) with the interval velocities in the
background.
From the figures presented its difficult to estimate the consistency of the synthetics with the real data, perhaps adding a blow up of the stkaked volume and the
synthetics from the interpolated logs would help visualize its consistency.
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5 Results and interpretation
240 5.1 General reflectivity characteristics

The final PreSTM seismic volume reveals abundant reflectivity, particularly at depths below 1000 m. The most coherent
reflections are concentrated in the northeastern part of the survey area. Inline 155 (Fig. 8a) and crossline 279 (Fig. 9a) intersect
the Koillismaa drillhole at approximately 1400 m depth. Although reflectivity in this area is somewhat incoherent—likely due
to its proximity to the survey edge—an increase in reflectivity is observed where the drillhole intersects the intrusion (1400—

245 1700 m depth), extending to ~2000 m. In contrast, the 2D profile along the access road (Singh et al., 2025) shows more coherent
reflections at these depths. Along crossline 279, a ~200 — 300 m thick reflection package (RP1) begins near the drilled top of
the intrusion and extends laterally for ~3 km. This package is truncated by a southeast-dipping reflector (F1) at ~45°. Overall,
reflections are most abundant between 1400 and 2200 m depth. A strong, subhorizontal reflector (R2) is also observed at
~3300-3400 m depth.

250
Crossline 330 (Fig. 9b), located 780 m northeast of crossline 279, shows an undulating RP1 at ~1400 m depth, underlain by a
more transparent zone. Prominent reflections reappear between 2400 — 3400 m. These deeper reflections coincide with high
interval velocities (>6600 m/s, locally up to 7300 m/s; Fig. 10b) and terminate at a strong reflector at ~3800 m (R2). Inline 85
(Fig. 8b), located 2130 m northwest of inline 155, shows arcuate reflections between 2400 — 3900 m, with a bottoming point

255 near the drillhole. Some reflectors extend into the southwestern part of the section, where they are associated with higher
interval velocities that decrease toward the southwest (Fig. 10a). A prominent, ~600 m wide zone of bright reflectivity (BRP1)
is observed southwest of the drillhole between 1400 — 2200 m depth (Fig. 8b). Additional bright spots are present throughout
the volume, some near the dipping reflector F1 at depths of ~1400 — 1500 m and ~2000 — 2500 m (e.g., BS1 in Fig. 9b).

5.2 3D seismic interpretation input to the Common Earth Model

260  One of the key objectives of the SEEMS DEEP project was to integrate geophysical and geological data into a Common Earth
Model (CEM). Given the sparse geological control, limited to the Koillismaa deep dri]#hzole and a few outcrops, 3D seismic
interpretation was essential for constructing the CEM. The model covers a 13 x 13 km area (Fig. 1b), extending beyond the
3D seismic grid, and incorporates 2D seismic and potential field inversion data. Lithologies in the CEM were simplified into
five categories: (1) undifferentiated Archaean basement, (2) banded iron formations (BIFs), (3) felsic (granitic) intrusion

265 envelope, (4) mafic, and (5) ultramafic intrusion components. Snapshots of the CEM along inline 85 and crossline 330 (Fig.
11) show that the intrusion is ~2 — 3 km thick, bounded by distinct reflections (RP1 at the top, R2 at the base). Internal variations
in reflectivity and velocity suggest systematic lithological layering, particularly between 2400 — 3400 m depth. These features
are interpreted as modal layering or megacyclic units, consistent with the seismic response of the Koillismaa layered series as
modelled based on the exposed Porttivara block (Fig. 3¢). In the CEM, these are represented by subdividing the intrusion into

270  upper mafic and lower ultramafic units.
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The increase in seismic velocity in the lowermost 1000 — 1500 m of the intrusion aligns with predictions based on modal
mineralogy (Fig. 3d). The southeast-dipping reflector F1 (Fig. 9) extends to the surface and parallels the Oulujérvi Shear Zone
(0SZ), suggesting it is a reverse fault along which the intrusion was thrusted westward (Fig. 10b, 11b). Figure 12 presents
westward-oriented views of the CEM. A narrow BIF belt (purple voxels) is associated with a fault system (red surfaces) that
275 parallels the geophysical anomaly between the Koillismaa and Nérdnkdvaara intrusions (Fig. 1b). This interpretation is
supported by the presence of sheared BIFs in sparse drillholes south of the study area (Makkonen, 1972). The reverse fault

(pale blue surface, Fig. 12¢) and the westward-thrust intrusion are also shown.
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Figure 11: Inline 85 and crossline 330 from the final PreSTM volume (depth converted) with the CEM lithologies in the background.
Synthetic seismogram and stratigraphic section from Fig. 3 is also shown for comparison.
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Figure 12: Snapshots of the CEM viewed roughly westward, showing the main lithological units (BIF and intrusion) and associated
structures (red and pale blue surfaces). (a) BIF belt (purple) along a fault system (red), (b) voxel model of the intrusion, (c) geometry
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Figure 13: Gravity appraisal of the CEM. Gravity inversion was carried out by allowing density contrast to
preferentially only exist within the modelled KDI. (a) Observed, and (b) predicted gravity anomaly. c¢) Cross-section of
the density model and the gravity response along the profile marked with the grey line in (a) and (b). 0 km on the profile
represents the southern end of the line. Red dot marks the location of the Koillismaa drillhole.

To validate the CEM, we tested whether it could reproduce the observed gravity anomaly associated with the KDI. A 3D

gravity inversion was performed using the jif3D code (Moorkamp et al., 2011), with the constraint that density contrast was

allowed only within the mafic-ultramafic intrusion volume. The maximum density contrast was set to 500 kg/m?, consistent

with drillhole petrophysical data (Tirroniemi et al., 2024). The inversion began with a uniform density contrast of 0 kg/m>.
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305 Cells outside the intrusion were penalized to remain unchanged, and smoothing regularization was disabled at the intrusion
boundaries. To account for the mass outside the CEM extent, the KDI was extrapolated northwest and southeast. The input
data were residual gravity anomalies derived by removing a regional trend from the Bouguer anomaly (Fig. 1b). The inversion
results (Fig. 13) show that the modelled intrusion reproduces the long-wavelength gravity anomaly. The required density
contrast approaches the maximum allowed value. A cross-section along a southwest—northeast profile (Fig. 13¢c) reveals a mass

310 deficit on the southwestern side of the modelled KDI, suggesting either an extension of the intrusion or the presence of other

denser rocks (e.g., BIFs).

Format issue: once acronims are defined there is no need to repeat the acronim definitions, with the acronims is enough.

6 Discussion

The 3D seismic data acquired in the SEEMS DEEP project was instrumental in constructing a volumetric model of the
Koillismaa Deep Intrusion (KDI) and the broader Common Earth Model (CEM). The internal reflectivity patterns observed in

315 the PreSTM volume — particularly the coherent, laterally continuous reflections suggest that the KDI comprises a thick (2-3

circular
reasoning,
Sokndal intrusion (Deemer and Hurich, 1997), where similar reflections were attributed to boundaries between megacyclic authors are
using Deemer &
units. Our seismic modelling, based on the modal mineralogy of the western Koillismaa Intrusion, supports the interpretation Hurich's work to

. . . . builld th del.
of the KDI as a more developed, layered intrusion rather than a simple feeder system (see section 3.2). The geometry of the o & moae

km) layered series at depth. This interpretation aligns with the earlier findings from the 2D seismic studies of the Bjerkreim—

320 intrusion, as inferred from seismic data, resembles either a tubular (chonolithic) form (Latypov et al., 2024), or a funnel-tube
shape (Barnes and Mungall, 2018). Both geometries are thought to evolve from sill-like bodies and have important implications
for the localization of mineralization.

Gravity modelling further supportstﬁleilsalrrglteesri)arlgtgg%rrq.e ’ gfig{?e?srfgr? ig(éu tEév' indicate a mass deficit on the southwestern side of

325 the modelled KDI. This could suggest either that the mafic portion of the intrusion extends further west, where seismic
reflectivity is less coherent, or that denser rocks are present near the top of the intrusion. The latter possibility is supported by
the presence of bright reflectivity zones (e.g., BRP1 in Fig. 8), which may indicate mineralized bodies. A significant outcome
of this study is the imaging of a major thrust fault that appears to uplift the northwestern part of the KDI. This structure is not
evident in potential field data but is clearly visible in the seismic volume. Its geometry and orientation suggest that it is

330 cogenetic with the Oulujérvi Shear Zone (OSZ), likely formed during the D1 E-W shortening phase of the Svecofennian
Nérénkdvaara Intrusion to the east. Moreover, the thrust fault may have acted as a conduit for mineralizing fluids, potentially

explaining the bright spot anomalies observed near its trace (e.g., BS1 in Fig. 9b).

335 The SEEMS DEEP 3D seismic survey was executed efficiently, with significant time savings achieved through the use of

nimble nodes and stake-less deployment. The nodal system performed well in boreal forest conditions, with no reported issues
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in GPS synchronization. For future surveys targeting more complex geology or noisier environments, the high channel count
of nodal systems could be further leveraged by reducing receiver spacing. While the 3D data provided high-quality imaging
of major structures such as the intrusion and the thrust fault, 2D profiles revealed a greater abundance of shallowly dipping
340 features, interpreted as diabase dykes (Singh et al., 2025). These features are largely absent in the 3D volume, likely due to the
relatively sparse acquisition geometry, which limits near-offset coverage. Improved imaging of such features may be achieved
through pre-stack depth migration (PSDM) (Singh et al., 2019), coupled with migration velocity analysis (Braunig et al. 2020,
Ziramov et al. 2023) or full-waveform inversion (Singh et al., 2022). These advanced imaging techniques could also help

. L. P Have the authors considered using Fresnel Zone depth maigration?
resolve the internal modal layering inferred from the seismic data. g P 9

345 7  Conclusions

The SEEMS DEEP 3D seismic survey has provided unprecedented insight into the deep structure of the Koillismaa Deep
Intrusion (KDI), a previously poorly understood segment of the Koillismaa — Nardnkdvaara Layered Intrusion Complex in
northeastern Finland. We employed a cost-effective acquisition strategy using nimble nodes and a single Vibroseis source in
combination with the state-of-the art processing techniques e.g., 5D interpolation and automatic velocity analysis. We
350 successfully imaged the subsurface features at depths exceeding 3 km, revealing a complex internal architecture of KDI. Our
main findings include: (i) Reinterpretation of the KDI as a more evolved, layered intrusion rather than a simple feeder zone,
supported by the coherent reflectivity patterns and seismic velocity contrasts consistent with the modal layering; (ii)
Identification of a major thrust fault, likely associated with the Oulujdrvi Shear Zone, which appears to have uplifted the
northwestern portion of the intrusion. This structure may have played a role in both the emplacement and subsequent
355 deformation of the intrusion; (iii) Integration of geological, seismic, and gravity data into a Common Earth Model (CEM),
which successfully reproduces the observed gravity anomaly and provides a volumetric framework for future exploration; (iv)
Evidence of potential mineralization zones, inferred from bright reflectivity anomalies and their spatial correlation with
structural features This study demonstrates the feasibility and value of 3D seismic imaging for characterizing layered

intrusions in the context of their mineral potential.
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