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Abstract

A three-dimensional seismic reflection survey was conducted in 2010 in northern 
Finland over the Kevitsa mafic-ultramafic intrusion that hosts a large, disseminated 
Ni–Cu–PGE sulfide deposit. In the seismic data, layered subhorizontal reflections 
are observed within a constrained region inside the intrusion, in the vicinity of the 
Kevitsa resource area. In this study, we use seismic attribute analysis to study this 
reflectivity. Based on the attribute analysis, an earlier three-dimensional model of 
lithological contacts and near mine structures is validated and updated. The attribute 
analysis delineates the internal reflectors more precisely and reveals structures not 
seen in conventional amplitude displays earlier. These later structures have cut the 
originally continuous internal reflectors into piecewise packages. Better understanding 
of the spatial distribution of the reflective packages is significant for targeted mineral 
exploration at depth and the structures can potentially be critical for geotechnical 
planning of the Kevitsa open pit. We discuss a possible scenario for the genetic link 
between the internal reflectivity and magmatic layering, country rock contamination, 
hydrothermal alteration and sulfide mineralization. The existence of subhorizontal 
seismically reflective layers is attributed to successive magma pulses within the Kevitsa 
resource area, affected by country rock contamination and hydrothermal alteration. 
Overall, our interpretation is that the internal reflectors within the Kevitsa intrusion 
represent altered and possibly mineralized parts of the magma pulses.
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1. Introduction

Seismic reflection methods have been used for 
mineral exploration in hard rock environments 
for decades (e.g., Malehmir et al. 2012a, 2015 
and references therein). The reflection seismic 
methods are of particular interest because of 
their depth penetration and significantly higher 
resolution when compared to other geophysical 
methods. Over the past two decades, the advances 
in data acquisition and data processing have further 
improved the resolution of the seismic data and 
reduced the acquisition and processing costs, 
making seismic imaging more affordable (e.g., 
Bellefleur et al. 2019; Malehmir et al. 2020; Alcalde 
et al. 2022). 

The common goal of reflection seismic 
surveying for hard rock mineral exploration 
is mapping structures or contacts between 
lithologies where ore deposits are known to 
accumulate (e.g., Drummond et al. 1998). Some 
surveys have resulted in direct detection of the ore 
deposits themselves (e.g., Milkereit et al. 1996; 
Malehmir et al. 2021). Interpretation of seismic 
reflection data from hard rock mineral exploration 
environments is often challenging due to the 
complex geological architecture of the target and 
the inherent heterogeneity of the background (e.g., 
L’Heureux et al. 2009). Petrophysical properties of 
sulfide minerals imply that they should be strong 
reflectors of seismic energy in typical hard rock 
environments and could be directly observed if the 
deposits meet the size, thickness, and presentation 
constraints required for reflection or diffraction 
(e.g., Salisbury et al. 2003). Although the seismic 
methods have been in widespread use in mineral 
exploration with large quantities of collected data 
and big developments in acquisition and processing 
of that data, understanding the seismic response 
of the ores and ore-bearing structures in these 
complex environments requires more attention. 
For example, the effect of hydrothermal alteration 
on the seismic properties is still poorly understood, 
although alteration has been interpreted in many 
papers to affect the seismic properties and observed 

reflectivity in seismic data (e.g., Chopping 2008; 
Heinonen et al. 2012; Miah et al. 2015; Schetselaar 
et al. 2019; de Souza et al. 2020; Junno et al. 2020). 

The site of this study is the Kevitsa Ni-Cu-PGE 
-bearing intrusion in northern Finland, where 
high resolution 2D and 3D seismic reflection data 
were acquired. Initial interpretations of the Kevitsa 
seismic data have been presented by Malehmir 
et al. (2012b), Koivisto et al. (2012) and (2015). 
Koivisto et al. (2015) presented a 3D model of 
lithological contacts and near mine structures 
based on the Kevitsa 2D and 3D seismic data and 
borehole data. This model included a set of surfaces 
representing magmatic layering within the Kevitsa 
intrusion that was at the time considered a potential 
explanation for the internal reflectivity observed 
within a constrained region inside the intrusion and 
associated with the known resource area (Koivisto 
et al. 2015). Magmatic layering had been presented 
as potential hypothesis for the origin of Kevitsa 
ore deposit. These magmatic layers represented a 
spectrum of olivine pyroxenites with mineralization 
accumulating at the bases of the individual layers 
(Standing et al. 2009; Gregory et al. 2011). Junno 
et al. (2020) used data mining, namely the Self-
Organizing Map (SOM) analysis, of the extensive 
Kevitsa borehole data and the modelling of the effect 
of mineralization and alteration on the reflectivity 
properties of Kevitsa rock types, based on average 
modal compositions of the rock types, to study the 
possible causes for the observed internal reflectivity 
within the Kevitsa intrusion. They suggested that 
the alteration and possibly associated mineralization 
could be potential cause for the observed reflectivity 
rather than lithological contacts or mineralization 
alone (Junno et al. 2020). 

In this paper, we use seismic attribute analysis 
of the Kevitsa 3D seismic reflection data to 
further study the observed internal reflectivity 
within the Kevitsa intrusion. Seismic attribute 
analysis provides a fast, cost-effective, and efficient 
interpretation tool that can reveal structures not 
seen in conventional interpretations. It has been 
increasingly used to aid the interpretation efforts 
in hard rock environment (e.g., Stuart et al. 2000; 
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Manzi et al. 2012, 2013, 2020; Hale 2013; Nkosi 
et al. 2018; Zhang & Wang 2024). The attribute-
guided interpretation of the Kevitsa 3D seismic 
data refines the internal reflector geometry and 
revises the network of near-mine structures. The 
later near-mine structures have cut the originally 
sub-horizontally continuous internal reflectors 
into piecewise packages. Better understanding of 
the spatial distribution of the reflective packages 
can be significant for targeted mineral exploration 
at depth and the structures can potentially be 
critical for geotechnical planning of the Kevitsa 
open pit. We discuss a possible scenario for the 
genetic link between the internal reflectivity and 
magmatic layering, country rock contamination, 
hydrothermal alteration and sulfide mineralization 
within the Kevitsa resource area. The existence 
of several sub-horizontal seismically reflective 
layers within a restricted region inside the Kevitsa 
intrusion and associated with the resource area are 
attributed to successive magma pulses affected by 
country rock contamination and hydrothermal 
alteration. The hydrothermal alteration may have 
been further aided by introduction of fluids through 
structures some of which are identified in this study. 
Overall, our interpretation is that the reflective 
layers represent altered and possibly mineralized 
(sulfide-bearing) parts of the magma pulses as also 
suggested  by  Junno  et  al. (2020). 

2. 	Background

2.1.	Geological setting of the Kevitsa 	
	 intrusion
Kevitsa mafic-ultramafic intrusion, dated at  
2057 ± 5 Ma (Mutanen & Huhma 2001), is host-
ed by the Central Lapland Greenstone Belt (CLGB) 
that consists of Paleoproterozoic metamorphosed 
and hydrothermally altered volcanic and sedimen-
tary rocks (Fig. 1). CLGB extends over an area of  
100 km by 200 km and forms one of the largest 
Paleoproterozoic greenstone belts in the world. 
CLGB exhibits a complex geologic history that 

spans 600 Ma starting in circa 2.5 Ga and culmi-
nating in regional compressional tectonic event 
at around 1.9 Ga that is characterized by NE-SW-
striking faults (Manninen et al. 1996; Hanski & 
Huhma 2005). It consists of several lithostrati-
graphic units: Salla, Kuusamo, Sodankylä, Savu-
koski, Kittilä and Kumpu groups described in detail 
in e.g., Hanski & Huhma (2005) and revised by 
Huhma et al. (2018). CLGB represents different 
and relatively complex metamorphic history. The 
younger north-northwestern part of the belt has ex-
perienced greenschist facies metamorphism, where-
as towards the older east-southeastern part of the 
belt the degree of metamorphism increases rather 
abruptly to amphibolite facies (Hanski & Huhma 
2005). 

CLGB hosts many differentiated, mafic-
ultramafic bodies and mafic dykes, some of which 
host notable ore deposits, that were emplaced 
on CLGB rocks in several stages (Hanski et al. 
2001; Huhma et al. 2018). The Kevitsa-Satovaara 
intrusive complex consists of two separate 
intrusions, Kevitsa and Satovaara that are suggested 
to be originally formed as a single intrusive body 
that was later separated by north-east trending faults 
(Hanski & Huhma 2005). Satovaara intrusion 
has been displaced southeastward, approximately 
2–3 km, in relation to Kevitsa intrusion (Mutanen 
1997, 2005). Both intrusions are hosted by phyllites 
and black schists within the Savukoski group of 
CLGB. Satovaara intrusion hosts a disseminated  
Ni-Cu-PGE-Au deposit, similar to the Kevitsa 
deposit, but the exploration studies conducted 
by Geological Survey of Finland in 1995 were 
not promising in terms of mining the deposits 
(Mutanen 1997, 2005). 

Kevitsa intrusion consists of gabbroic rocks 
in the southwest and olivine pyroxenite and its 
variants in the northeast (Fig. 1). Several (probably) 
older dunite units are found within and around 
the intrusion (e.g., Central Dunite in Fig. 1 and 
2). These dunite units may have played a role 
in the larger scale emplacement of the Kevitsa 
intrusion and possibly also in the formation of the 
disseminated mineralization (e.g., Luolavirta et 
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al. 2018a). At the surface, the roughly oval-shaped 
Kevitsa intrusion covers an area of about 16 km2 
(Mutanen 1997), and it reaches about 1.5 km 
depth at its deepest parts (Koivisto et al. 2012, 
2015). The southern and northern margins of the 
intrusion show undeformed contacts with the 
hosting CLGB rocks (Standing et al. 2009). The 
southeastern margin of the Kevitsa intrusion is cut 
by major steeply NE-dipping Satovaara fault zone. 
The intrusion is overprinted by several structures 
that developed during the evolution of the Satovaara 
fault zone (Lindqvist et al. 2017). Lindqvist et al. 
(2017) defined three major orientations of fracture 

zones: i) gently WNW-dipping, ii) moderately to 
steeply SE-dipping, and iii) sub-vertical NNW-
striking zones that are also recognized in the 3D 
seismic reflection data. These structures intersect 
the deeper parts of the Kevitsa mine plan which 
highlights the significance of these structures to 
mine stability (Koivisto et al. 2015). The gently 
WNW-dipping structures have the largest lateral 
and vertical extents and are critical feature for the 
slope stability in the open pit (Lindqvist et al. 2017). 
The moderately to steeply SE-dipping zones have 
large vertical extents and occur in the northern part 
of the pit. The sub-vertical NNW-striking zones 

Figure 1. Geological map of the Kevitsa intrusion. The Kevitsa intrusion consist mainly of olivine pyroxenite shown in 
dark grey and gabbro in light grey. Central Dunite unit sits within the intrusion. The 3D seismic survey area is shown 
with dashed red square and the approximate location of the resource area in white dashed oval. The location of the 
borehole KV28 indicated with red dot. The index map shows the location of the 2D seismic survey lines in relation to 
the 3D survey area. The A-B (crossline 1110) and A’-B’ (inline 1180) indicate the cross-sections of the 3D seismic data 
cube shown in Fig. 2 and 3. The location for inlines 1157 (Fig. 7 and 9) and 1196 (Fig. 5) and crosslines 1078 (Fig. 6) 
and 1111 (Fig. 8) are shown on the map. Geology adapted from a map provided by First Quantum Minerals Ltd.
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have variable dips towards both east and west and 
show no clear one-to-one continuity from pit-depth 
models into the deeper seismic models. In addition, 
Lindqvist et al. (2017) identified a NW-striking 
structures that have both the moderately NE- and 
steeply SW-dipping orientations. These structures 
were considered critical for pit stability since most 
of these features are in near vicinity of the open pit 
main ramp.

Hydrothermal alteration is notable throughout 
the Kevitsa deposit and the hosting intrusion (e.g., 
Santaguida et al. 2015). Several different alteration 
styles have been identified in Kevitsa, the main 
alteration styles being amphibole, serpentine, 
and epidote alteration (Le Vaillant et al. 2016). 
Amphibole alteration is the most recognizable 
and widespread of the alteration styles within the 
Kevitsa area. This amphibole alteration consists 
of replacement of clinopyroxene by tremolite-
actinolite and orthopyroxene by cummingtonite-
grunerite (Le Vaillant et al. 2016). The pervasive, 
partial serpentine alteration of olivine in peridotitic 
rocks appears to be the first alteration event in 
Kevitsa. Alteration of pyroxene and olivine is intense 
in places, which makes the identification of the 
primary rock types difficult. The amphibole and 
serpentine alteration styles are spread throughout 
the Kevitsa intrusion, and they enclose decimeter-
scale patches of essentially fresh igneous rock (Le 
Vaillant et al. 2016). The epidote alteration is 
structurally controlled and associated with NE-
trending faults cutting across the Kevitsa deposit (Le 
Vaillant et al. 2016). Talc and carbonate alteration is 
also observed associated with late fractures and veins 
(Pittuck & Lepley 2019). This alteration style occurs 
notably beneath the Kevitsa deposit, within and 
around a flat-lying shear zone and composite quartz-
carbonate vein (Pittuck & Lepley 2019).

Kevitsa deposit was found in 1987 (Mutanen 
1997). Kevitsa is one of Finland’s largest open-
pit mines and one of Finland’s largest mineral 
discoveries (Boliden 2024). Open-pit mining 
commenced in 2012 by First Quantum Minerals 
Ltd and in June 2016 Boliden AB acquired the 
mine. In 2023, the mined-out ore tonnage was 

9.405 Mt (Berthet 2024) with the main metals 
being copper, nickel, palladium, platinum, gold, 
and cobalt. Cu is the most valuable commodity 
in Kevitsa (Berthet 2024). The mineral resources 
in Kevitsa are 0.34% Cu, 0.23% NiS, 0.17 ppm 
Pt, 0.11 ppm Pd, 0.09 ppm Au, and 0.01% CoS 
(Berthet 2024). Currently, the mining in Kevitsa is 
planned to continue until 2033 with planned final 
pit depth of about 550 m (Boliden 2024).  

In the Kevitsa intrusion, the economic miner
alization occurs in compositionally heterogeneous 
olivine pyroxenites, whereas more homogeneous 
olivine pyroxenites occur outside the Kevitsa 
resource area (Standing et al. 2009; Gregory et al. 
2011). Mutanen (1997) first studied the Kevitsa 
intrusion and associated deposits. According to 
Mutanen (1997), the Kevitsa intrusion formed as a 
single cast of magma and the heterogeneities of the 
ultramafic complex reflect variable degrees of in-situ 
crustal contamination. The main mineralization 
was interpreted to occur as continuous bodies 
extending up to hundreds of meters in diameter 
(Mutanen 1997). Mutanen (1997) attributes the 
origin of sulfur to host rock contamination that 
took place by incorporating metasedimentary 
material in the ultramafic magma as it intruded 
the bedrock. Thereafter, several genetic models 
have been presented for the evolution of the 
Kevitsa intrusive complex and the formation of the 
Kevitsa ore deposit. Gervilla & Kojonen (2002) 
considered that hydrothermal alteration has been 
contributing to the formation of the Ni-PGE 
ore at the Kevitsa deposit, although others (e.g., 
Santaguida et al. 2015; Le Vaillant et al. 2016) 
have argued against this theory stating that the 
alteration processes did not affect the Ni and PGE 
grades. Gervilla & Kojonen (2002) argued that 
the low-grade disseminated ore was upgraded by 
alteration and metamorphism. Re-mobilization 
of Ni and PGE took place via hydrothermal and 
metamorphic fluids that also redistributed the S 
and Cu in sulfides. Lamberg et al. (2005) present 
that the PGE rich zones show alteration and argued 
that the ore material was enriched with precious 
metals in the staging magma reservoir and as the 
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magma penetrated upwards, it encountered the 
Kevitsa cumulates and became even more enriched 
with Ni. According to the model by Yang et al. 
(2013), the initial komatiitic magma intruded and 
interacted with sulfide rich black shale triggering 
sulfide saturation which in turn interacted with 
Ni-rich magma resulting in high Ni-tenor of the 
sulfides. Yang et al. (2013) proposed that initially 
some semi-massive or massive Ni-rich sulfides may 
have been accumulated from this initial komatiitic 
magma, but they were picked up and broke down 
by ascending Kevitsa basaltic magma that intruded 
through the same magma conduit. This resulted 
in enrichment of Ni in the basaltic magma and 
formation of high Ni-PGE ore from the Ni rich 
magma and the regular ore with normal Ni content 
further away. Standing et al. (2009), Gregory et al. 
(2011), and Koivisto et al. (2015) presented a model 
involving several magma emplacements on top of 
each other forming layers of differentiated olivine 
pyroxenites. The magmatic layers were suggested 
to represent a spectrum of olivine pyroxenites 
ranging from plagioclase- and orthopyroxene-rich 
tops (plagioclase-bearing olivine websterite) to 
increasing percentages of olivine and clinopyroxene 
(olivine pyroxenite) towards the bottoms of the 
layers. The magmatic layers were inferred to 
control the extent of the economic mineralization, 
with sulfides concentrated at the bottoms of the 
layers (Standing et al. 2009; Gregory et al. 2011). 
Le Vaillant et al. (2016, 2017) and Luolavirta et 
al. (2018b, 2018c) interpret the resource area in 
Kevitsa to be associated with a local development 
of cyclic units that generally lack obvious internal 
layering. The magmas producing the Ni-PGE rich 
ores are considered to have likely passed through 
distinct country rocks and followed a different route 
into the Kevitsa magma chamber (Luolavirta et 
al. 2018c). Le Vaillant et al. (2016) considered the 
hydrothermal alteration and concluded that it has 
little importance in the generation of mineralization 
in Kevitsa. However, Le Vaillant et al. (2016) suggest 
that Cu and Au grades may have been affected by 
remobilization  from  centimeter  to  kilometer  scale.  

2.2. 	Earlier seismic reflection studies 
	 in Kevitsa

As part of the HIRE project (High-Resolution 
Reflection Seismics for Ore Exploration 2007–
2010) four intersecting 2D seismic reflection 
profiles (E2, E3, E4 and E5 on the index map in 
Fig. 1) were acquired at Kevitsa in 2007 (Kukkonen 
et al. 2009). Koivisto et al. (2012) provided a 
detailed description of the 2D seismic reflection 
data acquisition, processing, as well as initial 
interpretation. Koivisto et al. (2012) used the 2D 
seismic reflection data to establish the shape and 
extent of the Kevitsa intrusion, thus providing an 
overall framework for future exploration in the area. 
The Kevitsa deposit was noted to locate within a 
part of the intrusion associated with distinct, gently 
dipping reflectivity characteristics. The 2D seismic 
data also revealed a complex pattern of faults, in 
particular a series of major fault and shear zones 
bracketing and crosscutting the Kevitsa intrusion.  
A 3D seismic reflection survey was conducted 
in 2010 in Kevitsa (Fig. 1), primarily for mine 
planning but also for deep mineral exploration 
purposes. The 3D seismic survey is limited to the 
closer vicinity of the known deposit, while the 
2D seismic survey was designed to provide a more 
regional view of the Kevitsa intrusive complex. 
Malehmir et al. (2012b) provided a detailed 
description of the 3D seismic reflection data 
acquisition, processing, and initial interpretation. 
The 3D reflection data showed short, gently dipping 
high-amplitude reflections within a constrained area 
inside the intrusion and in the vicinity of the Kevitsa 
resource area. These reflections were at the time 
interpreted to originate from internal magmatic 
layering within the Kevitsa main intrusion. Steeply 
dipping faults were observed as time shifts or 
phase changes along the gently dipping reflections 
forming a complex reflection pattern. Some of 
the interpreted faults cross the planned open-
pit mine at depths of about 300–500 m and most 
likely continue to the surface above the depth of 
the seismic imaging capability, and are, therefore, 
critical for geotechnical planning of the open pit. 
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Some of the major structures identified in the 
seismic sections may potentially be related to the 
emplacement of the Kevitsa intrusion (Malehmir et 
al. 2014).

A vertical seismic profiling (VSP) survey was 
conducted in borehole KV28 prior to the 3D survey 
to provide information about the near-vertical 
structures (Malehmir et al. 2012b). KV28 which 
was at the time the deepest borehole at the location 
of the planned open pit (Fig. 1). The direct down 
going P-wave arrivals from the VSP survey were 
used to check the consistency (along with available 
sonic logs) of the 1D velocity function used for the 
migration and time-to-depth conversion of the 2D 
and 3D seismic reflection data (see the details in 
Malehmir et al. 2012b and Koivisto et al. 2012). 
The 1D velocity model is an approximate root-mean 
square-velocity function that was derived from the 
velocity analysis of both the 2D and 3D seismic data 
by obtaining the optimal stacking velocity function 
for approximately horizontal reflectors (Koivisto 
et al. 2012; Malehmir et al. 2012b; Koivisto et al. 
2015). The same time-to-depth conversion was used 
for both the 2D and 3D seismic data. Accurate time-
to-depth conversion is crucial for the determination 
of reliable depth of interpreted features in the 
seismic data.  Generally, the seismic velocities of 
the Kevitsa rock types vary quite a bit (e.g. within  
6400 m/s and 7200 m/s for olivine pyroxenite 
variants, see details in Junno et al. 2020 Fig. 4). 
However, based on systematic comparison of the 
seismic reflections with the known contacts in the 
boreholes by Koivisto et al. (2015), this 1D velocity 
model is representative of the whole intrusion, 
with typical differences between the contacts in the 
boreholes and in the seismic data in further parts of 
the Kevitsa intrusion within just a couple of meters 
(e.g. see Fig. 8 in Koivisto et al. 2015). Within 
the Kevitsa resource area, the accuracy of the 1D 
velocity  model  can  be  considered  very  good.   

In the earlier studies (Malehmir et al. 2012b, 
2014; Koivisto et al. 2012, 2015), laterally 
continuous reflections were observed in the 

Kevitsa 2D and 3D seismic reflection data within 
a limited region inside the intrusion from about 
200–300 m to about 1 km depth. This reflectivity 
was interpreted to be associated with the extent of 
the economic mineralization (Fig. 2). Koivisto et 
al. (2015) suggested that the laterally continuous 
internal reflectivity within the Kevitsa intrusion 
originates from smaller-scale magmatic layering 
controlling the extent of the main economic 
mineralization, as was proposed to explain the 
Kevitsa ore genesis by Standing et al. (2009) and 
Gregory et al. (2011) at the time of the seismic 
surveys. On average, the contrast between the 
physical properties of plagioclase-bearing olivine 
websterite, the tops of the magma pulses, and olivine 
pyroxenite, the bottoms, was found to be enough to 
produce detectable reflections. However, Koivisto 
et al. (2015) noted that this explanation for the 
internal seismic reflectivity was not unequivocally 
supported by the borehole data, mainly due to 
varying lithological logging practices over the 
 years. 

Junno et al. (2020) used data mining, namely 
Self-Organizing Map analysis, of the extensive 
Kevitsa borehole data and the modelling of the effect 
of mineralization and alteration on the reflectivity 
properties of Kevitsa rock types, based on average 
modal compositions of the rock types, to further 
study the possible causes for the observed internal 
reflectivity within the Kevitsa intrusion. They 
suggested that the seismic reflectivity can possibly 
be attributed to alteration and may also be linked 
to the presence of mineralization, although higher 
sulfide content was not seismically required as the 
alteration alone could cause observable reflections. 
The interpretation by Junno et al. (2020) would also 
require that the altered (and possibly mineralized) 
zones are somewhat layered. This would imply 
that the observed reflectivity might originate from 
altered (and possibly mineralized) magma pulses, 
or altered parts of the magma pulses, in contact with 
less  altered  (unmineralized)  parts  of  the  intrusion.
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2.3. 	Initial 3D model of  
	 the  lithological contacts  
	 and near mine structures

Koivisto et al. (2015) built and presented a 3D 
model of geological contacts and near-mine 
structures using the 2D and 3D reflection seismic 
data together with the borehole data and geological 
maps of the Kevitsa area. The 3D lithological model 
consists of surfaces that represent contacts between 
lithological units. The key features of the model are 
the base of the Kevitsa intrusion and its previously 
unknown south-southwestern continuation, 
smaller-scale magmatic layering within the 
intrusion, several host rock units surrounding the 
intrusion, as well as the Central dunite unit and 
the top and bottom of the footwall dunite unit (see 
details in Koivisto et al. 2015). The surfaces for the 
lithological contacts are more strictly based on the 
3D seismic reflection data as the 3D data record 
the true geometry of the reflectors more reliably. 
However, the 2D data covers larger area, and thus 

some of the surfaces are only based on the 2D 
seismic reflection data (such as the top and bottom 
of the southern continuation of the Kevitsa main 
intrusion that lies outside the 3D seismic data 
cube; Koivisto et al. 2015). In addition to 2D and 
3D seismic reflection data, the modelled surfaces 
have been fitted to known contacts in the borehole 
data and in some cases to surface geological map. 
Discrete smooth interpolation method by Mallet 
(1997) was used to create surfaces from the picked 
control  points  (see  details  in  Koivisto et al. 2015). 

The 3D model of near-mine structures consists 
of surfaces that are fitted to persistent breaks and 
offsets in the reflections that have been interpreted 
as prevailing structures in the 3D seismic data 
(Koivisto et al. 2015). Occasionally, parts of the 
interpreted structures were found reflective, 
such as the gently WNW-dipping continuous 
reflector called R8 which is also the shallowest 
feature interpreted in the 3D seismic data (150 
meters below the surface) and it appears to provide 
a boundary to the internal reflectivity within the 
Kevitsa intrusion (Koivisto et al. 2015). R8 has 

Figure 2. Internal reflectivity within the Kevitsa intrusion, see location for A-B and A’-B’ in Fig. 1. Cross-section A-B 
correspond to crossline 1110 of the 3D seismic data (migrated; Malehmir et al. 2012b) and A’-B’ correspond to inline 
1180. The base of the Kevitsa intrusion and the Central Dunite body (Koivisto et al. 2015) are shown as reference. The 
depth is referenced to the datum level of the 3D seismic reflection data (at 290 m above sea level).
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been suggested to also represent a major structure 
that is critical for the slope stability in the open pit 
(e.g., Lindqvist et al. 2017; Malehmir et al. 2018). 
The 3D model of the near-mine structures by 
Koivisto et al. (2015) consists of 20 surfaces that 
represent larger discontinuities and breaks in the 
inline (ten surfaces) and crossline (ten surfaces) 
directions. In addition, within the planned open 
pit, closer attention was paid to the smaller scale 
discontinuities which resulted in eight surfaces 
representing near-vertical structures. Seven of these 
near-vertical structures are picked in the crossline 
direction and only one in the inline direction. The 
requirement for the modeled structure was that 
the discontinuity had to be followed over several 
inlines or crosslines (generally at least ten; picked 
from every three sections), and the picking was 
terminated when it became uncertain as to pick any 
specific  continuation  (Koivisto et al. 2015).

3. 	Seismic attribute analysis

Seismic interpretation is the determination of the 
geological significance of the seismic data which 
conventionally implies picking and tracking 
laterally consistent seismic reflections for the 
purpose of mapping geologic structures (such as 
lithological contacts, faults etc.). The correctness 
of interpretation can be tested with drilling data, 
models derived from geophysical data or after 
excavation has revealed the subsurface geology 
in detail.  Seismic attribute analysis provides a 
quantitative tool for interpretation, even if ultimate 
interpretation remains to be based on qualitative 
subjective assessment. However, attribute analysis 
provides quantitative products to aid the qualitative 
interpretation and help interpreter to visualize 
different features within the data. Seismic attributes 
can be used to extract information from the 
seismic data, and they have become an additional 
tool in interpretation of seismic data in hard rock 
environments (e.g., Stuart et al. 2000; Manzi et al. 
2012, 2013, 2020; Hale 2013; Nkosi et al. 2018; 
Zhang & Wang 2024). 

3.1.	 Mathematical background  
	 of the seismic attribute analysis
Seismic attributes are defined as mathematical 
permutations, algorithms or observable features 
that can segment, filter, classify or describe the 
seismic waveform (e.g., Dewett et al. 2021). The 
principal objectives of the attributes are to provide 
accurate and detailed information on structural, 
stratigraphic, and lithological parameters for the 
seismic interpretation (Taner 2001). Seismic 
attributes were introduced in 1970s as useful 
displays to help interpretation of seismic data in a 
qualitative way. In this study, we use the attributes 
defined and classified by Taner et al. (1979) and 
Taner (2001), namely the instantaneous envelope, 
first and second envelope derivative and acoustic 
impedance. Each seismic attribute is defined to 
highlight a specific property of the seismic data. The 
attributes are derived from complex seismic trace 
CT(t) defined by Taner et al. (1979) as

CT(t) = T(t) + iH(t)

where T(t) is the seismic trace and H(t) the Hilbert 
transform of that seismic trace.

The instantaneous envelope or amplitude 
envelope is a physical attribute that represents the 
acoustic impedance contrast of the subsurface 
and hence the reflectivity. It is calculated from the 
complex seismic trace using the formula

E(t) = SQRT [T2(t) + H2(t)]

where E(t) is the envelope (Taner et al. 1979). The 
envelope is useful for example in highlighting 
discontinuities, changes in lithology and faults. 
Faults in the envelope attribute are usually 
characterized by laterally discontinuous features. 
This attribute is also useful for identifying major 
changes in lithology and bright spots. The advantage 
of using the instantaneous envelope instead of the 
original seismic trace values, such as amplitude, 
is that it is independent of the phase or polarity of 
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the seismic data, both of which affect the apparent 
brightness of a reflection. 

First envelope derivative (DE(t)) is the change 
in the envelope over time (Taner et al. 1979), i.e.,

DE(t) = dE(t)/dt

It indicates sharp interfaces, such as fracturing 
and changes in reflectivity. The second envelope 
derivative (DDE(t); Taner et al. 1979)) 

DDE(t) = d2E(t)/dt2

provides the measure of the sharpness of the 
envelope peak and is used to identify reflective 
interfaces within the seismic section indicating 
sharp changes in lithology. Relative acoustic 
impedance attribute is an indicator of impedance 
change, in a relative sense. Acoustic impedance (Z) 
is the product of seismic velocity (V) and density (ρ)

Z=V * ρ

The greater the difference in the acoustic impedance 
is the stronger reflection will result from it. The 
reflection coefficient (R), i.e., the ratio of reflected 
to incident energy, is in the simplest case of vertical 
incidence between upper (u) and lower (l) medium is

						    
	

Generally, a reflection coefficient of 6% is thought 
to be enough for a detectable reflection (Salisbury et 
al. 2003).

3.2. 	Seismic attribute analysis  
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Seismic attribute analysis was conducted using 
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were calculated on migrated and time-to-depth 
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et al. (2012b) have provided a detailed description 
of the original data processing. The processing 
followed conventional seismic reflection data 
processing with prestack dip-moveout and 
poststack migration that have been successfully 
used in the past for imaging complex structures in 
hard rock mining and exploration environments 
(e.g., Adam et al. 2003; Malehmir & Bellefleur 
2009). Some key processing steps included careful 
refraction statics, velocity analysis, and prestack and 
poststack noise attenuations using various filtering 
and deconvolution approaches (see Malehmir 
et al. 2012b Table 2 for details, and Malehmir et 
al. 2018 for further discussion). The 3D seismic 
data processing was also done carefully to preserve 
the relative amplitude variations in the data. No 
automatic gain control or semblance filtering were 
used during the processing (see Malehmir et al. 
2012b Fig. 6 and Table 2 for details), providing 
a good starting point for the attribute analysis.  
However, it should be noted that the interpretation 
presented in this paper is mainly based on analyzing 
the continuity of the reflectivity and the breaks 
in this reflectivity, not on the amplitude strength 
or variations within the data. The 3D seismic data 
processing revealed many prominent reflections 
within the 3D seismic volume (Malehmir et al. 
2012b, 2014, 2018; Koivisto et al. 2015). However, 
due to the survey parameters (see Table 1 in 
Malehmir et al. 2012b) and high seismic velocities 
of the Kevitsa rock types, near-surface is under-
sampled (and low fold) for reflection seismic 
imaging. The signal quality is poor within the first 
couple of hundred meters of the 3D reflection 
volume (Malehmir et al. 2012b). Malehmir et al. 
(2018) complemented the 3D reflection seismic 
data processing results with the results from 3D 
first-arrival tomography that provided insights on 
the near surface reflectivity allowing the linkage 
between the near-surface geologic features with 
those interpreted from the 3D seismic reflection 
volume. 

Seismic attributes were computed in Paradigm 
GOCAD using the built-in algorithms from the 
seismic amplitude data within the 3D seismic 
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volume. Seismic data is generally stored as a 3D 
regular cube and each vertical column of the cube 
is a regular sampling of the initially continuous 
seismic signal (in this case the original sampling 
interval of the 3D data was 1 ms, which was after 
the time-to-depth conversion resampled to 1 m 
for the 3D cube that was imported into GOCAD). 
Representation of the continuous signal has 
to be rebuilt to compute seismic attributes. In 
GOCAD, the continuous signal is approximated 
using trigonometric polynomials (see details in 
Labrunye 2004) whose coefficients are computed 
using a vertical window of 2 n +1 samples. The 
instantaneous attributes are then calculated from 
the rebuilt seismic signal and the Hilbert transform 
using this moving window along each of the 
seismic traces. Based on testing of different values 

for n, n=10 was taken to provide the best visual 
representation for the interpretation (corresponding 
to 21 samples and 21 m). However, the consistency 
of the final interpretation results was checked for a 
range of values of n (n=5 to 20) to make sure that 
only the most reliable features were included in the 
final set of interpreted features.

The comparison between different attributes 
is shown in Fig. 3. The section shown in Fig. 3 
corresponds to inline 1180 denoted as A’-B’ in 
Fig. 1. Fig. 3 compares six different attributes 
– a) seismic amplitude, b) amplitude envelope,  
c) Hilbert transform, d) first envelope derivative, 
e) second envelope derivative, and f ) relative 
acoustic impedance attributes. In principle, 
the same reflections can be seen in all different 
attribute displays. Reflectivity within the intrusion 

Figure 3. a) Seismic amplitude, b) amplitude envelope attribute, c) Hilbert transform, d) first derivative of the amplitude 
envelope attribute, e) second derivative of the amplitude envelope attribute, and f) relative impedance attribute of the 3D 
seismic data. See location for A’-B’ corresponding to inline 1180 in Fig. 1. The depth is referenced to the datum level of the 
3D seismic reflection data (at 290 m above sea level).
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Figure 4. Series of 
depth slices in seismic 
amplitude (left) and 
amplitude envelope 
attribute display (right) at 
a) 300 m, b) 340 m,  
c) 440 m, and d) 680 m 
depth. The depth is 
referenced to the datum 
level of the 3D seismic 
reflection data (at 290 m 
above sea level). Intrusion 
contact is clearly visible 
in both attribute displays 
(BK in the base of 
the Kevitsa intrusion 
modelled by Koivisto et 
al. (2015)). Reflector R8 
is the only major reflector 
that cuts the planned 
open pit (green) at its 
western margin. Black 
dashed circle indicates 
the location of the seismic 
target identified by 
Malehmir et al. (2018) as 
a bright spot anomaly that 
relates to layered-based 
sulfide mineralization. 
Figure is based on 
Malehmir et al. (2012b) 
and (2018).
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is observed as packages of reflections rather than 
continuous single reflections, as also noted earlier 
(e.g., Malehmir et al. 2012b; Koivisto et al. 2012, 
2015; Junno et al. 2020). However, the reflective 
packages seem less continuous in the amplitude 
envelope display (Fig. 3b), and especially in first 
and second derivatives of the envelope (Fig. 3d 
and 3e, respectively) than in the amplitude display 
(Fig. 3a). The reflective packages have clearer breaks 
in between and it seems that the reflectivity consists 
of several packages of reflections rather than one 
continuous reflector. These seismic attributes are 
useful in highlighting discontinuities and faults and 
sharp changes in reflectivity that indicates change 
in lithologies or fracturing. In addition, these 
attributes highlight the relative changes in physical 
properties of the subsurface that could indicate 
alteration within the subsurface. The relative 
acoustic impedance attribute of the 3D seismic data 
is presented in Fig. 3f. This attribute shows similar 
features as the other attribute displays in Fig. 3. 
The clear breaks between the reflective packages 
are visible, indicating possible faulting. These 
discontinuities could, therefore, indicate faulting 
within the Kevitsa intrusion.

Fig. 4 represents the series of depth slices in 
seismic amplitude and amplitude envelope display 
at depths of a) 300 m, b) 340 m, c) 440 m, and d) 
680 m. The depth is referenced to the datum level 
of the 3D seismic reflection data (at 290 m above 
sea level). This figure and the depth levels are 
based on those used as examples in Malehmir et 
al. (2012b) and (2018). The observed reflectivity 
within the 3D seismic data starts only at the depth 
of approximately 300 m due to poor signal quality 
at the shallower depths (Malehmir et al. 2012b; 
Koivisto et al. 2015). The internal reflectivity is 
observed from about 300 m to about 1 km depth 
(Fig. 2). The amplitude envelope attribute is useful 
for identifying major changes in lithology and 
bright spots. The contact of the intrusion to the 
hosting Paleoproterozoic metamorphosed and 
hydrothermally altered volcanic and sedimentary 
rocks of the CLGB is clearly visible in both attribute 
displays. Reflector R8 is the only major reflector that 

cuts the planned open pit at its western margin, and 
it is also clearly visible in both attribute displays. The 
bright spot anomaly observed in Fig. 4d at depth 
of 680 m depth is more precise and constrained in 
amplitude envelope display than in original seismic 
amplitude display. This seismic target as stated in 
Malehmir et al. (2018) was pointed out to possibly 
relate to a sulfide mineralization. This target was 
later drilled, and it turned out not to be of economic 
significance.

4. 	Updated 3D model of  
	 the near mine structures
Based on the seismic attribute analysis, the 3D 
model of the near mine structures by Koivisto et al. 
(2015) was updated. The criterion by Koivisto et al. 
(2015) is used to update the model of the near mine 
(near vertical) structures presented in this paper 
(see chapter 2.3). The observed discontinuities 
in reflectivity were interpreted to represent these 
near vertical structures. The requirement for the 
modeled structure was that the discontinuity in 
reflectivity had to be followed over several (generally 
at least ten) inlines or crosslines. The picking was 
terminated once the continuation of the feature 
became unsure or ambiguous. Generally, the 
modelled surfaces terminate at 200–300 m depth 
due to poor signal quality at shallower depths 
(Malehmir et al. 2012b; Koivisto et al. 2015). 
However, in the amplitude envelope display of 
the 3D seismic data, the discontinuities seem to 
continue to shallower depths than in the seismic 
amplitude display (e.g., Fig. 5). The surfaces of 
the updated model of the near mine structures are 
created from the control points picked on the 3D 
seismic data using the discrete smooth interpolation 
method by Mallet (1997), as in the model by 
Koivisto et al. (2015) presented above.

The earlier 3D model near mine structures 
by Koivisto et al. (2015) consisted of 20 surfaces 
that represented larger discontinuities within 
the intrusion and eight surfaces that represented 
smaller-scale, near-vertical structures. The larger 
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Figure 5. Inline 1196 of the a-b) amplitude envelope and c-d) seismic amplitude attribute of the 3D seismic data (migrated; 
Malehmir et al. 2012b). Viewed from east. The planned open pit shown in green as a reference. Internal reflectivity, earlier 
(Koivisto et al. 2015) interpreted to represent contacts between magmatic layers (ML), is shown in b) and d).  Black arrows 
indicate the locations of the interpreted near vertical structure that are shown on b) and d). In total nine new structures 
were interpreted in the inline sections of the 3D seismic data of which six are shown on this figure. NV1 (location shown 
in b) and d)) was the only near vertical structure in the inline direction modelled by Koivisto et al. (2015). However, it also 
seems more continuous on the amplitude envelope attribute display and, therefore, it has been extended in the updated 
3D model of near mine structures. The black dashed line (in b) and d)) indicates the approximate intersection of the base of 
the intrusion (Koivisto et al. 2015) and inline 1196. The depth is referenced to the datum level of the 3D seismic reflection 
data (at 290 m above sea level).

Figure 6. Crossline 1078 of the a-b) amplitude envelope and c-d) seismic amplitude attribute of the 3D seismic data 
(migrated; Malehmir et al. 2012b). Viewed from north. The planned open pit (green) shown as a reference. Black arrows 
indicate the locations of the interpreted near vertical structure that are shown on b) and d). One new structure (labeled as  
1 in the figure) was interpreted in the crossline sections of the 3D seismic data. In addition, near vertical structures NV4 
and NV6 modeled by Koivisto et al. (2015) seem to have connection in the amplitude envelope display. A new structure 
(labeled as 2 in the figure) that merge and extends the NV4 and NV6 was modelled. The depth is referenced to the datum 
level of the 3D seismic reflection data (at 290 m above sea level). 
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discontinuities or breaks seemed to align well in 
different attribute displays. However, the near-
vertical structures seemed more continuous. In 
addition, several new near-vertical structures, 
especially in inline direction, were observed within 
the internally reflective part of the intrusion. In total 
nine new near-vertical structures were interpreted 
in the inline sections of the 3D seismic data (some 
of which are shown in Fig. 5). There was only one 
near-vertical structure (NV1) in the inline direction 
in the previous model by Koivisto et al. (2015). 
However, NV1 also seems more continuous on the 
amplitude envelope attribute display and, therefore, 
it was extended. In the crossline direction, one new 
near-vertical structure was identified (marked as 1 
in Fig. 6). In addition, near-vertical structures NV4 
and NV6 modeled by Koivisto et al. (2015) seemed 
to have connection in the amplitude envelope 
display. Therefore, a new structure (marked as 2 in 
Fig. 6) was modelled that merged and extended the 
NV4  and  NV6.

5. 	Discussion

5.1. Comparison of seismic 		
	 attributes with modelled 		
	 lithological contacts and  
	 near mine structures 

Comparison of the calculated seismic attributes 
with the modelled lithological contacts and 
near mine structures by Koivisto et al. (2015) is 
illustrated in Fig. 3–8. In general, similar reflectivity 
is observed within the different attribute displays of 
the Kevitsa 3D seismic data (Fig. 3–8).  Particularly, 
the modelled lithological contacts by Koivisto 
et al. (2015), such as the base of the intrusion, 
seem to align well in different attribute displays. 
However, in the calculated seismic attribute 
displays, e.g., amplitude envelope display, some 
of the modelled structures (Koivisto et al. 2015) 
seem more continuous, and in places, they seem 
to penetrate the whole Kevitsa resource area where 

the internal reflectivity is observed. In the Kevitsa 
3D seismic data, the reflectivity is observed as 
packages of reflections rather than a single reflector 
as also noted earlier (e.g., Malehmir et al. 2012b; 
Koivisto et al. 2012, 2015; Junno et al. 2020). The 
seismic attribute analysis, especially amplitude 
envelope display shown in Fig. 5–8, have enhanced 
the observability of the discontinuity of these 
reflective packages. The internal reflectivity, earlier 
interpreted to represent magmatic layering (ML 
in Figs. 5 and 7 modeled by Koivisto et al. 2015) 
within the intrusion, seem to consist of several 
smaller reflective packages that have clear breaks 
in between rather than horizontally continuous 
reflective package. Therefore, the amplitude 
envelope attribute seems to delineate the reflective 
areas more precisely. Junno et al. (2020) interpreted 
alteration and possibly associated mineralization 
as plausible cause for the observed internal 
reflectivity. Enhanced delineation of the internal 
reflective packages can be significant for the mineral 
exploration purposes at depth. In addition, new 
features (discontinuities or breaks in reflectivity) 
are observed in the seismic attribute displays within 
the Kevitsa intrusion near the open pit mine that 
could represent additional structures (Figs. 5 and 6). 
These new structures can potentially be critical for 
geotechnical  planning  of  the  Kevitsa  open  pit.

Fig. 7 presents the inline 1157 (see location 
in Fig. 1) of the 3D seismic data with seismic 
amplitude in Fig. 7a and 7b and amplitude 
envelope display in Fig. 7c and 7d. Several surfaces 
representing modelled lithological contacts (base 
of the Kevitsa intrusion (BK), earlier interpreted 
magmatic layering (ML)) and near mine structures 
(R8 (see details below) and I5 and I9) are shown 
in Fig. 7b and 7d on top of the 3D seismic data as 
an example (based on Koivisto et al. 2015). Black 
arrows in Fig. 7a and 7c indicate the locations of 
these interpreted surfaces. Reflector R8 (see details 
in Malehmir et al. 2012b; Koivisto et al. 2015; 
Lindqvist et al. 2017; Malehmir et al. 2018) is 
observed in the seismic data as a reflector but it is 
classified as a structure as it offsets other reflectors. 
R8 forms a boundary that divides the intrusion to 
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internally reflective and non-reflective areas and 
it can be followed to shallower depths than other 
structures (150–200 m depth; Fig. 7). Reflector 
R8 is interpreted to represent a major fracture zone 
extending to 600 m depth and 1000 m laterally. In 
addition to its importance to pit stability, this zone 
controls the extent of the economic mineralization 
in Kevitsa (Malehmir et al. 2018). The known 
mineralization lies east of the reflector R8.

Fig. 8 presents the crossline 1111 (see location 
in Fig. 1) of the 3D seismic data with seismic 
amplitude in Fig. 8a and 8b and amplitude envelope 
display in Fig. 8c and 8d. Also, in this figure several 
surfaces (C2, C6 and C8 representing larger 
discontinuities in crossline direction, and NV3 and 
NV4 as smaller scale, near-vertical structures) are 
shown as an example of the model by Koivisto et al. 
(2015). These figures highlight the discontinuity of 
the reflections in the amplitude envelope display.

5.2. 	Implications for the potential 	
	 cause of the internal reflectivity 	
	 within the Kevitsa intrusion
Seismic attribute analysis has become a crucial 
tool in interpretation of seismic data in hard rock 
environments (e.g., Stuart et al. 2000; Manzi et 
al. 2012, 2013, 2020; Hale 2013; Nkosi et al. 
2018; Zhang & Wang 2024). For example, seismic 
attribute analysis has improved the quality and 
efficiency of fault detection in 3D seismic data 
and been used to successfully image structures 
that were seismically transparent in the amplitude 
display (e.g., Nkosi et al. 2018). In addition, the 
attributes have improved the lateral continuity 
of structures and aided in determination of the 
fault continuity and cross relationships (Nkosi 
et al. 2018). The amplitude envelope attribute, 
in particular, is useful in highlighting steeply 
dipping discontinuities and faults that are usually 

Figure 7. Inline 1157 of the a-b) seismic amplitude and c-d) amplitude envelope attribute of the 3D seismic data (migrated; 
Malehmir et al. 2012b). Viewed from west. The base of the Kevitsa intrusion (BK; Koivisto et al. 2015) shown as a reference 
in b) and d). Black arrows indicate the locations of the interpreted structures (R8, I5 and I9 (inline structure)). Internal 
reflectivity, earlier interpreted to represent contacts between magmatic layers (ML), is shown in b) and d). Generally, 
the same features as observed in both attributes. However, the reflective packages seem more clearly horizontally 
discontinuous in amplitude envelope attribute display. Figure is based on Koivisto et al. (2015). The depth is referenced to 
the datum level of the 3D seismic reflection data (at 290 m above sea level).
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characterized by laterally discontinuous features 
within the amplitude envelope display. Based on 
the seismic attribute analysis of the Kevitsa 3D 
seismic data, the 3D model of near mine structures 
by Koivisto et al. (2015) was updated. Some of the 
modelled structures (Koivisto et al. 2015) within 
the Kevitsa intrusion seem more continuous in the 
amplitude envelope display, and in places, they seem 
to penetrate the whole Kevitsa resource area where 
the internal reflectivity is observed. In addition, new 
features that could represent additional structures 
are observed within the resource area using seismic 
attribute analysis. These later structures cut the 
originally continuous internal reflectors into 
piecewise packages. Better understanding of the 
spatial distribution of these reflective packages can 
be significant for targeted mineral exploration at 
depth and the structures can potentially be critical 
for geotechnical planning of the Kevitsa open pit at 
greater depths.

Some fracture and fault zones may also appear 
reflective within the seismic data. It has been 
suggested that this enhanced reflectivity may be 
characteristic of structures that were conduits for 
hydrothermal and potentially mineralizing fluids 
(Dentith & Mudge 2014). Alteration has been 
interpreted in many papers to affect the seismic 
properties and observed reflectivity in seismic data 
(e.g., Chopping 2008; Heinonen et al. 2012; Miah 
et al. 2015; Schetselaar et al. 2019; de Souza et al. 
2020; Junno et al. 2020). Alteration caused by 
hydrothermal fluid-flow through a fault zone is 
therefore a possible cause of acoustic impedance 
contrast. As in the case of the Kevitsa seismic data, 
structure R8 is observed as reflective rather than 
none-reflective feature, and it has been interpreted 
as a fracture zone (e.g., Malehmir et al. 2018). The 
reflector R8 is the most significant fracture zone at 
deeper levels, and it can be traced through several 
inlines of the reflection volume (Koivisto et al. 

Figure 8. Crossline 1111 of the a-b) seismic amplitude and c-d) amplitude envelope attribute of the 3D seismic data 
(migrated; Malehmir et al. 2012b). Viewed from north. The planned open pit shown in green as a reference. Black arrows 
indicate the locations of the interpreted structures in crossline direction near the close vicinity of the planned open pit (C2, 
C6, C8 (crossline structure), NV3, NV4 (near vertical structure) modelled by Koivisto et al. 2015). The amplitude envelope 
attribute display indicates the same structures as the seismic amplitude, however, showing slightly higher fidelity and 
confirming the existence of the structures. Figure is based on Koivisto et al. (2015). The depth is referenced to the datum 
level of the 3D seismic reflection data (at 290 m above sea level).
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2015), and all the way to the open pit (Lindqvist 
et al. 2017). In general, it has been suggested that 
enhanced reflectivity may be characteristic of 
structures that were conduits for hydrothermal and 
potentially mineralizing fluids (e.g., Dentith & 
Mudge 2014; Schetselaar et al. 2019). Alteration 
caused by hydrothermal fluid-flow through a fault 
zone is therefore possible cause of an acoustic 
impedance contrast. Malehmir et al. (2018) 
interpreted R8 as a thrust sheet that possibly acted 
as a conduit for hydrothermal fluid circulations 
within the Kevitsa intrusion. Reflector R8 forms 
a boundary that divides the Kevitsa intrusion 
to internally reflective and non-reflective parts. 
The internally reflective part of the intrusion is 
associated with the economic mineralization, 
and hence, R8 defines a major boundary for the 
extent of economic mineralization and might have 
acted as a key structure in redistributing economic 
mineralization within the Kevitsa intrusion (Fig. 9). 

The reflector R8 seem to be associated with 
negative reflection polarity, whereas the observed 
internal reflectivity has a positive polarity. 
Negative polarity reflects the change from higher 
petrophysical (velocity, density) properties to lower 
properties. Based on results by Junno et al. (2020) 

this could indicate increasing alteration within the 
thrust sheet (i.e., R8) compared to surroundings. 
Although, brittle, low RQD rocks (i.e., fracture 
zone) would also be associated with lower 
petrophysical properties. Based on the field photos 
(Lindqvist et al. 2017; Malehmir et al. 2018), R8 is  
a highly brittle, weathered, and oxidized zone. 
Closer look at the borehole data showed that 
more than 35 boreholes cut the modelled surface 
interpreted to represent reflector R8. The lithology 
logged for these boreholes at the level they cut 
R8 is olivine pyroxenite or metaperidotite. 
Metaperidotite refers to various degrees of 
amphibole alteration of olivine pyroxenites. 
In addition, moderate to intense amphibole 
alteration is logged at the intersection level. Some 
of these boreholes also indicate increased levels of 
disseminated pyrrhotite and chalcopyrite. These 
observations would support the hypothesis that 
R8 acted as a conduit for hydrothermal fluids that 
enabled alteration and possibly also mineralization 
within the Kevitsa intrusion. 

Figure 9. Inline 1157 of the amplitude envelope attribute of the 3D seismic data (migrated; Malehmir et al. 2012b). Viewed 
from west. The base of the Kevitsa intrusion (BK; Koivisto et al. 2015) shown as a reference. Surface R8, shown in purple, 
is interpreted to represent major NE-striking trust fault, which acted as a pathway for hydrothermal fluids that enable 
alteration, and possible mineralization, within the Kevitsa intrusion. Alteration, and possibly associated mineralization, is 
observed as internal reflectivity within the intrusion (Junno et al. 2020). The depth is referenced to the datum level of the 
3D seismic reflection data (at 290 m above sea level).
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5.3. Genetic implications deduced 	
	 from seismic data
Our results imply a set of constraints for the ore 
genesis at the Kevitsa deposit. We suggest a genetic 
link between the observed internal reflectivity 
and earlier suggested magmatic layering, country 
rock contamination, hydrothermal alteration and 
sulfide mineralization. Junno et al. (2020) showed 
that hydrothermal alteration of the ultramafic rocks 
was necessary in generating the seismic reflectivity 
in the Kevitsa intrusion. Lithological variation 
or sulfide content alone are not able to explain 
the observed change in acoustic impedance and, 
hence, reflectivity. However, the sulfide content 
was found to have a possible link to the alteration. 
The existence of several seismically reflective 
layers within a restricted region inside the Kevitsa 
intrusion – associated with the Kevitsa resource 
area – can be attributed to successive magma 
pulses affected by country rock contamination 
and hydrothermal alteration which is suggested to 
have more pervasively affected the more olivine- 
and clinopyroxene-rich bases of the pulses.  After 
the initial formation of the larger-scale intrusion, 
more successive magma pulses intruded into the 
region around the current Kevitsa resource area, 
constrained by the reflector R8 and the Central 
Dunite (Fig. 1; Luolavirta et al. 2018a, 2018c), 
through a different route involving country rock 
contamination and/or a collapse of the roof of 
the magma chamber may have taken place at this 
point of the process, also introducing volatiles to 
the system to aid hydrothermal alteration. Our 
observations support the earlier presented genetic 
models by Mutanen (1997, 2005) and Luolavirta et 
al. (2018c). The hydrothermal alteration may have 
been further aided by introduction of water through 
structures such as R8 (borehole data indicate the 
presence of metaperidotite, i.e., amphibole altered 
olivine pyroxenites, along this zone). The reflective 
layers are subhorizontal and the orientation follows 
the footwall contact of the intrusion supporting a 
magmatic origin. Overall, our interpretation is that 
the reflective layers represent altered and possibly 

mineralized (sulfide-bearing) parts of the magma 
pulses. At later stages when the intrusion was 
already solidified but still hot, shearing resulted in 
the structures cross-cutting the magmatic layering 
into piece-wise packages as suggested by the seismic 
data (Figs. 5 and 7), allowing fluid flow through 
them which resulted in hydrothermal alteration 
of some of these structures as well (Gervilla & 
Kojonen 2002; Le Vaillant et al. 2016).  These later 
processes may have involved further remobilization 
of sulfides. 

The currently available drilling data, alteration 
mapping and wireline logging of seismic impedanc-
es do not yet allow testing the hypothesis in detail.  
However, our results can be applied as a working hy-
pothesis in resource mapping in the mine scale and 
reconstruction of the magma chamber, magmatic 
layers, alteration and cross-cutting structures with 
3D seismic data.

6. 	Conclusions

In summary from above, we draw the following 
conclusions:

1.	In addition to the previously interpreted 
lithological contacts and structures, the 
seismic attribute analysis of the Kevitsa 3D 
seismic data revealed more details of the 
internal structure of the Kevitsa intrusion. 

2.	We attribute the existence of several 
subhorizontal seismically reflective layers 
within the Kevitsa resource area to successive 
magma pulses affected by country rock 
contamination and hydrothermal alteration. 
The reflective layers represent altered and 
possibly mineralized parts of the successive 
magma pulses.

3.	The internal reflectors within the intrusion 
appear more discontinuous in the amplitude 
envelope displays compared to the 
conventional seismic amplitude display. 
This enhanced delineation of the reflective 
packages is potentially significant for targeted 
mineral exploration at depth.
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4.	We suggest that R8 – a reflective structure 
that divides the intrusion into internally 
reflective and non-reflective areas – acted as a 
barrier for the creation of the Kevitsa resource 
area as well as a pathway for hydrothermal 
fluids that aided alteration, and possibly 
also the mineralization, within the Kevitsa 
resource area. 

5.	The seismic attribute analysis allows to 
interpret new near mine structures not seen 
in the conventional amplitude display. Some 
of the modelled structures (Koivisto et al. 
2015) seem more continuous, and in places, 
they seem to penetrate the whole Kevitsa 
resource area where the internal reflectivity 
is observed. These interpreted later structures 
have cut originally continuous internal 
reflectors into piecewise packages. These 
structures can potentially be critical for 
geotechnical planning of the Kevitsa open pit 
at greater depths.  
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