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Crustal Architecture of the Inverted Central Lapland Rift Along the HUKKA 2007 Profile

Tmmo TURA,1 Tomasz JANIK,2 ELENA KOZLOVSKAYA,3 MAREK GRAD,4 ANNAKAISA KORJA,1 Kar1 KOMMINAHO,I
ENDRE HEGEDI’js,5 CsaBA ATTILA KOVACS,5 HanNA SILVENNOINEN,3 and EwaLD BrOckL®

Abstract—We have studied the lateral velocity variations along
a partly buried inverted paleo-rift in Central Lapland, Northern
Europe with a 2D wide-angle reflection and refraction experiment,
HUKKA 2007. The experiment was designed to use seven chem-
ical explosions from commercial and military sites as sources of
seismic energy. The shots were recorded by 102 stations with an
average spacing of 3.45 km. Two-dimensional crustal models of
variations in P-wave velocity and Vp/Vs-ratio were calculated
using the ray tracing forward modeling technique. The HUKKA
2007 experiment comprises a 455 km long profile that runs NNW—
SSE parallel to the Kittild Shear Zone, a major deformation zone
hosting gold deposits in the area. The profile crosses Paleoprote-
rozoic and reactivated Archean terranes of Central Lapland. The
velocity model shows a significant difference in crustal velocity
structure between the northern (distances 0-120 km) and southern
parts of the profile. The difference in P-wave velocities and Vp/Vs
ratio can be followed through the whole crust down to the Moho
boundary indicating major tectonic boundaries. Upper crustal
velocities seem to vary with the terranes/compositional differences
mapped at the surface. The lower layer of the upper crust displays
velocities of 6.0-6.1 km/s. Both Paleoproterozoic and Archean
terranes are associated with high velocity bodies (6.30-6.35 km/s)
at 100 and 200-350 km distances. The Central Lapland greenstone
belt and Central Lapland Granitoid complex are associated with a
4 km-thick zone of unusually low velocities (<6.0 km/s) at dis-
tances between 120 and 220 km. We interpret the HUKKA 2007
profile to image an old, partly buried, inverted continental rift zone
that has been closed and modified by younger tectonic events. It
has structural features typical of rifts: inward dipping rift shoulders,
undulating thickness of the middle crust, high velocity lower crust
and a rather uniform crustal thickness of 48 km.
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1. Introduction

One of the driving mechanisms of continental
evolution is the assembly and dispersal of supercon-
tinents (BrabLEY 2011). In addition to plate tectonic
forces, mantle plumes drive supercontinent dispersal.
When a continental plate is placed above a mantle
plume, it will be thermally uplifted leading to
spreading and thinning of the continental lithosphere.
The plume not only leaves traceable geological
markers such as wide spread mafic magmatism
(continental large igneous provinces (LIPs); ErNsT
and BucHaN 2001) and coeval sedimentary basins but
also geophysical markers such as thinner crust, high
velocity lower crust and high velocity bodies in the
upper crust (CorrIN and ELpHOLM 1993; BEHRENDT
et al. 1988; Keranen et al. 2004). Together with the
stretched crustal remnants and the fresh magmatic
additions, a new stable continental lithosphere is
formed either in intracratonic rifts or at passive
margins.

Crust that forms or that is deformed under
extension is stabilized due to strain hardening (Ku-
szNIR and PArk 1987) and thus it will be hard to break
such crust in later tectonic processes. This has been
well documented in failed rifts/aulacogens (Midcon-
tinent rift; BEHRENDT et al. 1988) as well as in thrust
belts where rifted margins have been stacked back on
the extended continent e.g. Appalachians (COCORP;
Cook et al. 1981), Alps (TRANSALP; BEerce and
VEAL 2005). In both tectonic environments, com-
pression not only fails to ignore the old block
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boundaries but rather reactivates them in inverted
structures. It must be noted that the reactivated
structures are likely to have different slip directions
during each extensional or compression episode.

Before continents break, plate tectonic forces are
rearranged to accommodate for the emerging new
plate boundaries and triple points. The break-up is
preceded by extensional tectonics, basin formation
and rift related magmatism, the result of which we
may observe only on the continental parts of the rift
zone. The appearance of the rift relies on the geom-
etry of the extensional process as well as on the
source of mantle magmatism. In rift zones, where
simple shear stress is dominant, the opposing sides of
the rift are asymmetric with slightly different sedi-
mentary and magmatic histories (LISTER et al. 1986).
The upper plate comprises shallower lithologies that
were originally above the detachment zone whereas
the lower plate displays deeper units that were orig-
inally below the detachment. Changes from the upper
to the lower plate geometries may take place over
transfer faults. Changes from upper plate to lower
plate geometries are likely to take place within one
rift arm, leading to changing extensional environ-
ments along the rift. All the rift arms from one triple
point are not likely to evolve at similar speed or reach
the same extensional stage: failed rift, rift, and pas-
sive margin.

The Central Lapland Greenstone Belt (CLGB) is a
well-known large igneous province (2.5-2.0 Ga) at
the northwestern edge of the Fennoscandian Shield in
Northern Europe (Fig. 1; AMELIN ef al. 1995; HEAMAN
1997; SORIONEN-WARD et al. 1997; ERNST and BUCHAN
2001; Hanskr and Huama 2005; MELEzHIK 2006). The
northern part of the Shield is a collage of Archean
and Paleoproterozoic terranes that were accreted in
the Svecofennian and Lapland—Kola orogenies
approximately 1.9-1.8 Ga ago (GORBATSCHEvV and
Bocpanova 1993; DALy et al. 2006; Koria et al.
2006). The majority of the collisional terrane
boundaries are in NW-SE direction. In Central Lap-
land, however, the change from Archean to
Paleoproterozoic lithologies is more complex result-
ing in additional boundaries in NE-SW and N-S
directions. It is an area where both Archean and Pa-
leoproterozoic terranes either halt or intertwine with
each other and where the lithologies are dominated
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by rift related volcano-sedimentary sequences (DALY
et al. 2006; Koria et al. 2006; SLABUNOV et al. 2006).
The area is also transected by NW-SE-directed strike
slip faults (Sirkka Line/Kittild Shear Zone (KSZ),
Meltaus Shear zone (MSZ); GAAL et al. 1989; PaTisoN
et al. 2006; Koria and HEKkINEN 2008).

A terrane is defined as a fault-bounded package of
rocks characterized by a distinct geologic history that
differs from the neighbouring ones. Recently, READ-
ING (2005) and Bogpanova et al. (2006) demonstrated
that the depth to the seismic Moho, the velocity
contrast at the Moho boundary, the velocity profile of
the crust and the seismic velocity of the upper mantle
may be used to identify geological terranes and to
trace their tectonic boundaries. Previous seismic
surveys in the Baltic Shield have revealed a thick
crust with large thickness variations ranging from 40
to 65 km (GRraD et al. 2009), that have been associ-
ated with major tectonic events (Koria et al. 1993).
Central Lapland has rather low and uniform Moho
depth values (Fig. 2) suggesting a different tectonic
environment from the accretionary orogen of south-
ern and central Finland. The area hosts minor Moho
depressions with enigmatic origins.

The majority of the deep seismic sounding (DSS)
and reflection profiles have focused on transecting the
compressional structures at the terrane boundaries in a
NE-SW direction (Fig. 2; POLAR, SVEKASI,
BALTIC, FIRE1, FIRE4) or revealing the internal
architecture of the Archean (EU1, 4B, Kostomuksha—
Pechenga) or Paleoproterozoic (EGT/FENNOLORA,
FINLAP7) (Luosto et al. 1990; GUGGISBERG et al.
1991; SHAROV 1993; MINTS et al. 2004a; MINTS et al.
2004b; Grap and Luosto 1987; Luosto et al. 1989;
KUKKONEN et al. 2006; PATISON et al. 2006; JANIK et al.
2009). Nevertheless, neither the lateral change along
the strike of the terranes nor the more gradual NW-SE
change from Archean to Paleoproterozoic dominated
areas, is well understood. Another reason for war-
ranting a cross-line DSS profile in this region is the
large mineral exploration potential (Au, Cu, Cr, PGE)
of one of the fastest growing mining areas of Europe.

With the help of a seismic refraction and wide-
angle reflection profile, HUKKA 2007, we will study
the three dimensional crustal structure of the Central
Lapland Greenstone Belt and the NW-SE transition
from Archean to Paleoproterozoic terranes. We will
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The HUKKA 2007 profile on a tectonic framework map of the Fennoscandian Shield modified after Koria et al. (2006). The large box with
the dash-dotted line shows the location of Fig. 2, the box with the solid black line shows the location of Fig. 3 and the small square with the
dashed line shows the location of Fig. 13b. Abbreviations: BP Belomorian Province, CKC Central Karelian craton, CLGB Central Lapland
greenstone belt, KP Kola province, LGB Lapland granulite belt, LKO Lapland Kola Orogen, MC Murmansk craton, WKC Western Karelian

craton

compare P-velocity, S-velocity and Vp/Vs-ratio
crustal and mantle models with the existing terrane
models at the surface. We will show that the Central
Lapland rift was spreading in NW-SE direction and
that crustal structure is characterized by an inverted
Paleoproterozoic continental rift structure overlain by
younger thrust sheets.

2. Geological and Geophysical Setting

The northern Fennoscandian Shield has a complex
tectonic evolution. The Shield comprises Archean
and Paleoproterozoic terranes that were merged dur-
ing the Svecofennian and Lapland-Kola orogenies at
1.9 Ga ago (GorBATSCHEV and Bocpanova 1993;
DALy et al. 2006; Koria et al. 2006). Minor adjust-
ments have taken place during Mesoproterozoic and
Phanerozoic as responses to continental growth tak-
ing place at remote plate margins. The study area

hosts the eastern Archean [Western Karelian craton
(WKC), the Central Karelian craton (CKC), Be-
lomorian Province (BP)] and western
Paleoproterozoic terranes [CLGB, the Central Lap-
land Granitoid complex (CLGC), Kittild allochthon
(KA), and the Kuusamo belt (KuB)].

The Archean terranes (WKC, CKC, BP) formed
between 3.7 and 2.7 Ga and were welded together in
Neoarchean collisions at 2.9 Ga (SLABUNOV et al.
2006). As a response to a mantle plume, the Neo-
archean orogenic domain rifted at the beginning of the
Paleoproterozoic Era (AMELIN ef al. 1995; HEAMAN
1997; SoRIONEN-WARD et al. 1997; Hanski and HUHMA
2005; MELEzHIK 2006; LAHTINEN et al. 2008). Several
rift basins and/or rifted margins [e.g., CLGB, KuB,
Perdpohja belt (PB), Lapland granulite belt (LGB)]
developed in the west, northwest and north. A sub-
sequent compressional phase (Lapland-Savo and
Lapland-Kola orogenies) involved the extended
Archean terranes as well as Paleoproterozoic rift
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Figure 2
A Moho map of Central Lapland modified from GrabD et al. (2009).
Results of this study are included in the compilation. Refraction
profiles are in red and reflection profiles in black. The small and
uniform Moho depth values of the Northern Fennoscandian Shield
indicate a different tectonic evolution from the deep southern parts.
Structural trend is NW-SE

basins, oceanic arcs, continental arcs and basins
(Korsa et al. 2006; DALY et al. 2006; LAHTINEN et al.
2008). The western terranes (KA) thrust east-south-
east on the rifted margin (CLGB) in the Lapland-Savo
orogeny. Subsequently, also the basins in the north
east closed in the Lapland-Kola orogenic phase. This
resulted, e.g., in a west-southwestward thrusting of
LGB. The Belomorian terrane especially suffered
from large scale reworking and exhumation in the
Lapland-Kola orogeny (SLaBuNov et al. 2006; HOLTTA
et al. 2008).

The newly formed Lapland-Savo-Kola orogenic
domain was involved in yet another accretion, when
the Svecofennian domain docked to its south-south-
west margin. This resulted in N-S compression, the
closure of southern basins (PB, KuB), the thrusting of
the allochthonous units (CLGC) and the thickening of
the crust in Central Lapland. The orogenic structures
were rearranged during collapse phases (LAHTINEN
et al. 2005; Koria et al. 2006). The collapse probably
induced the exhumation of the LGB (PaTisoN et al.
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2006; Tuisku and Hunama 2006), the emplacement of
the variety of granitoids in the CLGC (EvINs ef al.
2002; AHTONEN et al. 2007), the development of large
scale normal faults along existing faults (e.g., the
KSZ) and the deposition of the Kumpu molasse
sediments in normal fault bounded basins.

The Neoarchean terranes comprise TTG (tonalite-
trondhjemite-granodiorite) granitoid series and mi-
gmatites as well as remnants of greenstone belts. The
terranes are intruded by mafic dyke swarms and
layered intrusions associated with Paleoproterozoic
rifting events. The extended Neoarchean crust forms
the basement to the autochthonous and para-autoch-
thonous Paleoproterozoic volcano-sedimentary belts
(CLGB, KUB, PB). The belts comprise volcano-
sedimentary rocks, mafic dykes and layered intru-
sions that have been deposited in and intruded at
intracratonic rift and passive margin environments
(Fig. 3; KorsMaN et al. 1997). The southwestern edge
of the CLGB hosts a large scale dextral shear zone
called the Sirkka Line (GaAL et al. 1989) or KSZ
(PatisoN et al. 2006). The KA (>1.92 Ga) comprises
volcano-sedimentary remnants of an oceanic island
arc and an ophiolitic rim. The allochthon has been
obducted on the para-autochthonous passive margin
terranes of the CLGB from the west-northwest and
later intruded by post collisional granites (Hansk1 and
Hunma 2005).

The Paleoproterozoic CLGC comprises a collage
of migmatitic gneisses, Neoarchean basement nap-
pes (e.g., Suomu complex (SC)) and intruding
granites (Evins er al. 2002; AHTONEN et al. 2007).
The FIRE4 reflection profile suggests that the CLGC
is a thin thrust sheet on top of previously deformed
units (PATISON et al. 2006). The granitoids have
inherited Archean zircons indicating an Archean
crustal source at depth (AHTONEN et al. 2007). The
complex shows repeated tectonic and magmatic
activity between 2.1 and 1.82 Ga (AHTONEN et al.
2007) associated with sequential extensional and
compressional events. The eastern part of the CLGC
is separated from the main complex by the NW-SE
running Ailanka shear zone (ASZ), a parallel shear
zone to the KSZ. The CLGC is transected by a
wealth of NW-SE directed shear zones, the most
notable being the crustal scale Meltaus shear zone
(MSZ) (PaTisoN et al. 2006).
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3. Data Acquisition

The HUKKA 2007 profile is a 455 km long DSS
profile in the northern Fennoscandian Shield (Fig. 1).
The profile runs NNW-SSE from Kittild, Central
Lapland, Finland to Kostomuksha, Karelia, NW
Russia. HUKKA 2007 is a low cost DSS profile using
seven commercial and military chemical explosion
sites as sources of seismic energy and, thus, as shot
points (Table 1; Fig. 3). The two largest sources of
seismic energy (SP H and SP K; Fig. 3) are located
near the ends of the profile. At shot point H (SP H—
Hukkavaara hill) the Finnish Army destroys old
explosive materials. In August and September 2007, a
grand total of 55 explosions were shot at Hukkavaara.
The amount of explosive material varied between

19,770 and 28,440 kg. SP K is located at the Russian
Kostamuksha (see Fig. 3) iron quarry, where explo-
sions of several tons of explosive materials are made
a few times per week. Other quarries using detectable
amounts of explosives, and located up to 14 km from
the line of the profile, are utilized as additional
sources (Table 1). However, SP S is located ca.
65 km off-line. For shot points R, S and K, the shot
sizes were not known.

The experiment was carried out in August of 2007
by the Institute of Seismology, University of Hel-
sinki. The portable seismometers and field staff were
provided by the Institute of Geophysics, Polish
Academy of Sciences, Sodankyld Geophysical
Observatory, University of Oulu, Eotvos Lorand
Geophysical Institute of Hungary, Institute of
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Table 1
Shot point information
Shot Latitude Longitude Size (kg) Distance Distance
point along profile  off line
(km) (km)
H 67.934°  25.829° ~22,000 33.094 0.205
P 67.637° 26.453° ~8,000 75.329 3.889
T 66.776° 27.354° ~7,000 177.071 —14.264
R 66.177° 29.145° 275.581 18.825
Q 65.913° 29.061° ~5,000 298.190 1.195
S 65.247° 28.373° 351.172 —62.111
K 64.746° 30.569° 445.509 —1.126

The size of the shots at R, S and K is not known. At shot point H the
size varied between 19,770 and 28,440 kg. The average was
21,905 kg. The other information on SP H is for shot 17 for which
stacking was done. For SP K information is for the shot with best
SNR. Distances are computed from the beginning of the profile and
offsets are positive to the northeast of the profile

H Hukkavaara (five record sections and the sixth stacked),
P Pahtavaara, T Tohmo, R Ruka, Q Kuusamo, § Suomussalmi,
K Kostomuksha

Geodesy and Geophysics, Vienna University of
Technology and Institute of Seismology, University
of Helsinki. The shots were recorded by 98 portable
recording stations deployed along the profile and by
four permanent seismic stations. The average station
spacing was 3.45 km. The profile was extended
33 km to the NNW from SP H, to cross with the pre-
existing POLAR profile (see Fig. 2). The seismome-
ters were deployed only in Finland and, thus, there
are no records closer than 75 km to SP K. Due to the
road infrastructure, the locations of the stations are
offset from the ideal line geometry. The maximum
offset is 14 km, the average is 1.3 km and the median
offset is 0.68 km.

The measurements were made using 98 portable
seismic stations, two permanent broad-band seismic
stations maintained by the University of Oulu and
two semi-permanent short period stations of the
Kuusamo network (Uski et al. 2012) maintained by
the University of Helsinki. The portable seismic sta-
tions were equipped with short period seismometers
or 4.5 Hz geophones. The recording devices of the
portable stations included 1-component Reftek-125
recorders (80 units) and 3-component recorders (17
units) from the E6tvos Lorand Geophysical Institute
of Hungary. In addition, one Reftek 130 recorder was
used. The exact shot times were not known and thus
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the recording windows were longer than usually used
in active seismic experiments. Due to memory limi-
tations on most of the stations, the sampling rate was
set to 50 Hz.

4. Data Processing

Locations of the shots were measured using GPS
when possible. The locations of the 55 Hukkavaara
shots were defined by the military personnel with
GPS. These were situated within an area with a
diameter of <330 m. The locations of shots R and S,
of which there was not prior knowledge, and of shot
K in Kostomuksha could not be measured on site.
Origin time estimation for events with locations
measured with GPS was done using first P wave
onsets at the closest stations. The number of the
stations, which were used, depended on the quality of
the data recorded at the stations. The signal onsets
from the 3-5 closest stations to the shot point in both
directions along the line were picked. These signals
were also correlated with each other to refine the
picks. The resulting P wave arrival picks were used to
compute the near surface P wave velocity for the shot
point. The origin time was computed using distances
between the SP and the stations, the pick times and
the near surface P wave velocity.

Origin times and locations of the shots R, S and K
were defined using first P and S wave arrival picks
and a location routine. The explosions were located
by fixing the depth to zero. A weighted least squares
inversion algorithm for refracted P and S waves was
used for event location. Recordings of stations of the
Finnish permanent seismic network, Kuusamo net-
work and HUKKA 2007 profile were used to
compute locations. A 1D velocity model (Uski et al.
2012) was used in computing the locations. We uti-
lized data at epicentral distances <250 km, in order to
minimize errors resulting from the use of a 1D
velocity model and from the large variation of the
Moho depth. The diameter of the Kostomuksha
quarry area is about 8 km. The obtained locations for
SP K lie within this area.

The major source of inaccuracy in earthquake
locations in this case is the azimuthal gap in station
distribution since station event distances and signal
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qualities are comparable. The azimuthal gap should
be below 180° to yield accurate locations. For SP K it
is 189°, and for SP R and SP S it is 88° and 93°,
respectively. Uski1 ef al. (2012) concluded that loca-
tion accuracy in the Kuusamo region is 1-2 km if the
azimuthal gap is <160° and the epicentral distances
to stations used in the location are <250 km. The
location inaccuracy for SP R and SP S is estimated to
be similar or slightly better due to the larger amount
of stations within a short distance from the source.
For SP K, the location inaccuracy might be slightly
more than 1-2 km due to the larger azimuthal gap.

The field recordings were cut to a length of 100 s
starting at -5 s in reduced time and sorted into shot
gathers. The cut traces were trace-normalized to the
maximum amplitude of each trace. They were plotted
with a reduction velocity of 8 km s~!, which is the
upper mantle velocity commonly used for data visu-
alization in crustal/upper mantle studies. For plotting,
the seismic sections were cleaned from noisy traces.
Examples of the recorded wave fields are shown in
Figs. 4, 5,6, 7, 8, 9 and 10.

Data from shot point H were stacked in order to
improve the signal to noise ratio. The number of shots
which were stacked varied between stations because
limited memory capacity forced us to limit the
number and length of recording windows at many
stations. The average number of stacked shots was
20. Data quality was checked and data with excess
noise or other problems were weeded out before
stacking. The locations of the shots were known with
an accuracy of 5 m and the time errors between ori-
gin times were estimated to be less than one sample
by cross-correlating signals at the closest stations.
The stacked record section and five unstacked record
sections of SP H are shown in Fig. 5. The stacking
increased the signal to noise ratio especially at dis-
tances above 300 km, and it was easier to identify Pn
and Sn phases as well as reflected phases.

In shots P, T and Q and most probably also shots
R, S, and K a delayed shooting technique was used.
This affects the transfer of the energy into seismic
waves. The longer spread in initial shooting times
results in longer source time and signals. This leads to
lower resolution in the later seismic wave phases in
the recording sections.

5. P- and S-Wave Field

The data quality of the seismic records is variable
and depends on source type and size. Band-pass fil-
ters of 2—12 Hz for P-wave seismograms and 1-9 Hz
for both S-wave and P-wave and S-wave seismo-
grams have been applied to the data (Fig. 4a—c).
S-waves are detected on most vertical component
record sections (Fig. 4a—c). The best quality of data
was observed from shot points H—Hukkavaara, P—
Pahtavaara, T—Tohmo, Q—Kuusamo, and K—
Kostomuksha (two record sections). The record sec-
tion of shot point R—Ruka showed less energy and
shot point S—Suomussalmi was about 60 km off
line.

5.1. Pg and Sg Phases

The P-wave refracted from the crust that appears
as the first arrival (Pg) has rather consistently high
apparent velocities varying from ca. 6.25 to 6.7 km/s
at offsets from 60 to 150-220 km on the record
sections along the whole profile. The range of clear
Pg onsets depends strongly on the quality of the
record section, which, in turn, depends on charge and
“seismic quality” of the shot. Sometimes, the first
arrivals are possible to identify up to offsets of
60-70 km only, see for example, SP T (NW direc-
tion) (Fig. 9) or SP R (SE direction) (Fig. 6). For
larger offsets the first arrivals are not visible in the
background of noise, which is relatively high com-
pared to record sections from other DSS experiments
in Finland, e.g., SVEKA, POLAR, BALTIC and
other profiles. There can be several reasons for this.
Firstly, all the recordings were made during the day
time along the HUKKA 2007 profile and at night
time with other profiles. The second reason can be the
geometry of the blasting areas (wide areas, location
on the hill, etc.), which resulted in less effective
excitation of seismic energy. It could be also an
expression of existing ‘shadow zones’ as a result the
of occurrence of low velocity zones (LVZ) in the
crust. Apparent velocities slightly higher than 7 km/s
are seen on record sections of SP H and SP K
(7.0-7.05 km/s), at offsets from 205 up to 215 km
(Figs. 7, 10).
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crystalline crust, Poy, Soy overcritical reflections, PcP, ScS reflections from intra-crustal discontinuities, PmP, SmS reflections from the Moho,
Pn, Pnl, Sn refractions from the sub-Moho upper mantle, P!, §', S phases from the upper mantle. The reduction velocities are 8.0 km/s

It is usually difficult to separate the first S-wave
arrival (Sg) from the background noise and P-wave
coda. In our data it was possible to pick the Sg with
almost the same accuracy and similar offsets com-
pared to the Pg (e.g., at SP H (17, 18, 22, 27, 28)). An
apparent velocity (3.75 km/s) of the Sg for five shots
of SP H can be traced up to an offset of 100 km. After
that, a lower (ca. 3.5 km/s) apparent velocity is

observed up to 150 km offset (Fig. 5). Velocities of
3.6 km/s are observed on seismograms of SP P
(40 km to the North and 80 km to the South) (Fig. 8),
SP T (60 km to the North and 80 km to the South)
(Fig. 9) and SP R (60 km to both directions). The
higher apparent velocity (3.75 km/s) is observed at
offsets of 150—-160 km from SP Q to SW, and up to
220 km from SP K (Fig. 10).
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Figure 6
Examples of results derived using the SEIS83 ray-tracing techniquegfor selected parts of the upper crust of the SP H, SP P, SP R and SP Q
sections of the HUKKA 2007 profile. Amplitude-normalized seismic record section of P waves with selected theoretical travel times. The grey
dots present correlation of the first arrivals of P-wave and S-wave, PmP and SmS. The data have been filtered using the band-pass filter of
2-14 Hz and displayed using the reduction velocity of 6.0 km/s (upper diagrams). All examples were calculated for the model presented in
Fig. 11. HVB high velocity body; other abbreviations are as in Fig. 4

5.2. Crustal Phases in Later Arrivals, PmP and SmS
Phases

The P-wave and similar S-wave phases reflected
within the crust (PcP, ScS) are generally strong but
not always clear. Reflections from the upper crust, at
intervals up to 1.5 s from the first arrivals, can be

correlated on many of the record sections (e.g., at SP
H and SP Q) (Figs. 4, 7). In all the five record
sections from Hukkavaara hill shots there are several
intervals where the amplitudes of mid-crustal reflec-
tions are very strong, but clear correlation is not
possible. They can be seen from SP H up to the offset



Crustal Architecture of the Inverted Central Lapland

HUKKA 2007 profile, SP H

»
o
tD‘ &
X 3 i
s .
. e |
[H] ! |
E ’ |§ ;
= | |
3 I
& i ;
T
SECTION & TRAVELTIMES
w s B
® i 3
%
= i
© il
E (e
= ! i 1 H
H (e ]
1 | il
! ]j}‘; | j
SYNTHETIC SECTION
14 =
>‘§—B J
5 2o ||| | i
= 104 + T [ M | LT
Q S ) L riTI e
3 ,% J | #‘i H Lisseriaiy
Al |
o =1 (1] BePl| ]| 1L+
E 11| e || Ldbrit
- Ht 4] {1 ?L-lt
& F “"
# ! P H
. MODEL & RAYS
s — -
T A
10 : 7
E 20
£
= 5
=
% w0
2 -
Moho
50 <
80~ T | | T T T T
0 50 100 150 200 250 300 350
NW Distance along the profile [km ] SE

Figure 7
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S-waves and P-waves with theoretical travel times using the SEIS83 ray-tracing technique. For S-waves, we used the band pass filter of
1-6 Hz and reduction velocity of 4.62 km/s. P-wave data have been filtered using the band-pass filter of 2—14 Hz and displayed using the
reduction velocity of 8.0 km/s (second diagram). Synthetic seismograms (third) and ray diagram of selected rays (bottom) are shown for
P-waves. All examples were calculated for the model presented in Fig. 11. Other abbreviations are as in Fig. 4



T. Tiira et al. Pure Appl. Geophys.

SECTION & TRAVELTIMES HUKKA 2007 profile, SP P
— Hi T 1 17 TR LB | I .!; TT jpESTEIS. X
% i ) W is-wavel
— 20 - H
8 !
¥ 15
>
|_
o 10—
£
[
o 27
@
1
o_
14
WM
w 10
ol s
2 6
Foa-
s
e 24 |
i 4
B
o=
14 SYNTHETIC SECTION
| |7
o B { 7 ‘
— TAT Tidl :BT 3
10 — 13 PREE
Q ‘:_’I | s? ! [55] Pl I;_ 3 & s%ﬂ'—,.ﬁi—‘r
< ] Tt T11+EE | FETDS
= 8 "i":“ | | P
@ 4 11l gl 7 F.',..:‘ | 1
00 e e
g e‘ﬁg.tf]; %+ LT fff;.‘»;-"fjjl
i »__f,_‘ P
0= 7 T
£
x
£
[=%
@
=]

0 50 100 150 200 250 300 350
NW Distance along the profile [ km ] SE
Figure 8

Example of seismic modeling along the HUKKA 2007 profile, SP P; Seismic record sections (amplitude-normalized vertical component) of

S-waves and P-waves with theoretical travel times computed using the SEIS83 ray-tracing technique. For S-wave, we used the band-pass filter

of 1-6 Hz and reduction velocity of 4.62 km/s. P-wave data have been filtered using the band-pass filter of 2—14 Hz and displayed using the

reduction velocity of 8.0 km/s (second diagram). Synthetic seismograms (third diagram) and ray diagram of selected rays (bottom diagram)
are shown for P-waves. All examples were calculated for the model presented in Fig. 11. Other abbreviations are as in Fig. 4

of 150 km (Fig. 7) and at all offsets from SP P and 195 km from SP T (Fig. 9). Well-developed
(Fig. 8), where characteristics of ScS phases are very overcritical crustal phases (Pov, Sov) can be corre-
similar. Ca. 1 s after the first arrivals, strong, low lated by their envelope up to the offset of
frequency pulses are observed at offsets between 105 220-340 km from SP H (Figs. 5, 7), SP P (Fig. 8)
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Example of seismic modeling along the HUKKA 2007 profile, SP T% Seismic record sections (amplitude-normalized vertical component) of
S-waves and P-waves with theoretical travel times using the SEIS83 ray-tracing technique. For S-waves, we used the band-pass filter of
1-6 Hz and reduction velocity of 4.62 km/s. P-wave data have been filtered using the band-pass filter of 2—14 Hz and displayed using the
reduction velocity of 8.0 km/s (second diagram). Synthetic seismograms (third diagram) and ray diagram of selected rays (bottom diagram)
are shown for P-waves. All examples were calculated for the model presented in Fig. 11. Other abbreviations are as in Fig. 4

and SP Q (Fig. 4) or at even larger offsets of pulses with a 1 to 1.5 s long coda. Particularly strong
400-450 km from SP K (Fig. 10). arrivals of PcP can be observed ca. 0.5 s before the

Reflections from the lower crust and the upper arrivals of the P-wave reflected from the Moho
mantle can be recognized on the seismograms as boundary (PmP) at offsets up to 120 km on several
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Example of seismic modeling along the HUKKA 2007 profile, SP K; Seismic record sections (amplitude-normalized vertical component) of

S-waves and P-waves with theoretical travel times using the SEIS83 ray-tracing technique. For S-waves, we used the band-pass filter of

1-6 Hz and reduction velocity of 4.62 km/s. P-wave data have been filtered using the band-pass filter of 2—14 Hz and displayed using the

reduction velocity of 8.0 km/s (second diagram). Synthetic seismograms (third diagram) and ray diagram of selected rays (bottom diagram)
are shown for P-waves. All examples were calculated for the models presented in Fig. 11. Other abbreviations are as in Fig. 4

seismic sections (SP H, SP P and SP K) (Figs. 7, 8,
10), with comparable amplitudes. The PmP can be
detected as a sharp arrival in some of the record
sections, for example, in SP H at offsets of
90-215 km, SP P at offsets of 80-200 km and SP S
at offsets of 130-265 km. In the latter the PmP is

very clear, but it should be remembered that this shot
was located ca. 65 km off the line of the profile, and,
thus, this reflection could originate from different
crustal structure. In other record sections the PmP, if
seen, is not so clear and sharp. For example, in
seismograms of SP K (Fig. 10) it is visible at offset
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150-195 km, but in the background of high-ampli-
tude noise.

The recordings of S-waves demonstrate a slightly
better quality of reflections from the Moho boundary
(SmS) in the record sections, which also have good
quality PmP. Similar to PmP, the quality of the SmS
is also dependent on the offset. The SmS arrivals start
at shorter offsets in the record sections of shots in the
NW part of the profile. For example, the SmS arrivals
are visible at offsets of 85205 km from SP H, while
they are seen at offsets of 105-250 km from SP K
located in the SE part of the profile.

5.3. Pn, Sn and Reflected Lower Lithosphere Phases

The P-wave refracted beneath the Moho boundary
(Pn) is weak, and not clearly visible at large offsets in
the longest record sections (see Fig. 4). Some pulses
with apparent velocity of ca. 8.0 km/s are visible in
SP H (at offsets of 230-340 km), SP P (at offsets of
260-280 km) and SP K (at offsets of —255 to —
280 km). One cannot be sure, however, that these
pulses are the first arrivals. A similar situation is

observed for amplitudes of S-waves refracted beneath
the Moho boundary (Sn), but reliable determination
of arrivals of Sn is difficult, if possible at all, because
of the higher level of background noise (see Fig. 4a,
c). Apparent velocities of observed arrivals are
4.75 km/s or even more (SP H, and SP K) (see e.g.,
Figs. 7, 10).

Strong reflections with comparable amplitudes are
recorded just after PmP (0.6 s) and SmS (0.9 s after)
on some record sections (see SP H, SP S and SP Q).
Also, strong reflections from the upper mantle (P', S'
and S") are seen on the record sections of SP H and
SP K (see e.g., Figs. 4, 5).

6. Velocity Model for the HUKKA 2007 Profile

The velocity model (Fig. 11) was obtained using
the ray-tracing method. Arrivals were picked and
phases correlated from the record sections using the
ZPLOT program by ZgLt (1994) modified by Sropa
(1999). Reciprocal travel times between sections
from different shot points were used to ensure the
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P-wave velocity and Vp/Vs-ratio crustal model and lithological strip along the HUKKA 2007 profile. Thick, black lines represent major

velocity discontinuities (interfaces). Velocity values in km/s are shown in white boxes. The values in light blue rectangles show the values of

the Vp/Vs ratio. LVL locates a low velocity layer. Arrows show positions of shot points. Color code for the lithology is the same as in Fig. 2.

The model displays a partly buried paleorift. High velocity bodies are associated with mafic lithologies and lower velocities with sedimentary

and granitic material. Abbreviations CKC Central Karelian craton, CLGB Central Lapland greenstone belt, CLGC Central Lapland Granitoid

complex, KA Kittild allochthon, Ki Koillismaa layered intrusion complex, KSZ Kittilda Shear Zone, KuB Kuusamo belt, SC Suomu complex,
SG Savukoski Group
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correctness of the correlations. The ray-tracing and
the theoretical travel times (see Figs. 6, 7, 8, 9, 10)
were computed with the SEIS83 program package
(CERVENY and PSENnCik 1983). The trial and error
method was used to fit the theoretical travel times to
observed travel times. The model was gradually
changed between repeated computations of the the-
oretical travel times. The iteration was continued
until the difference between observed and theoretical
travel times was mostly <0.1 s. Model velocities
were fitted to observed travel times from top to bot-
tom. The gray dots on Figs. 6, 7, 8, 9, 10 present
correlation of the first arrivals of P-waves and
S-waves. Synthetic seismograms (see Figs. 7, 8, 9,
10) were computed with the SEIS83 program pack-
age for dynamic modeling. In dynamic modelling the
synthetic amplitudes were fitted to observed ampli-
tudes by visual inspection. This helped to define the
velocity contrasts between the layers. The final model
consists of a three layer model of the crust with
crustal reflectors, the Moho boundary, Pn velocity
and some reflectors in the upper mantle.

6.1. P-Wave Velocity Model

In the 4-20 km thick upper crust, the P-wave
velocity varies generally between 5.8 and 6.1 km/s.
In three high velocity zones (HVZ) the velocity is
about 6.3 km/s. A 4-7 km thick HVZ starts at
210 km and ends at 350 km profile distance. The
HVZs and some reflectors separate the upper crust
into two layers. The velocities in the upper layer are
between 5.78 and 6.0 km/s. In the lower layer the
velocities are between 6.0 and 6.1 km/s. The bottom
of the upper crust is at a depth of 20 km near the
southern end of the profile. Towards the north the
bottom of the upper crust rises reaching 9 km at
distances 120-140 km. At 110 km distance there is
an abrupt drop of 3 km towards the north in the
thickness of the upper crust. From 110 to 45 km the
thickness of the upper crust decreases to only about
4 km and then increases to about 7 km at the start of
the profile.

In the middle crust the P-wave velocity varies
between 6.2 and 6.75 km/s. In the northern part of the
profile the velocity of the middle crust is relatively
high, 6.5-6.6 km/s, excluding a 4 km thick low

Pure Appl. Geophys.

velocity layer (LVL) in the depth interval of
10-18 km dipping to the south and ending at a
distance of 110 km. The velocity in the LVL is
6.30-6.35 km/s. From 110 km to the southern end of
the profile, the velocities are rather stable,
6.25-6.30 km/s in the upper part of the middle crust.
In the lower part of the middle crust, the velocities
are between 6.5 and 6.6 km/s at distances of
0-110 km and between 6.45 and 6.5 km/s at dis-
tances of 110-210 km. From a distance of 210 km
towards the south these velocities gradually increase
reaching 6.7 km/s at a distance of 360 km . In the
southern part of the profile a strong reflector at a
depth of 19 at a distance of 220 km deepening to 25
at a distance of 355 km separates the upper and lower
parts of the middle crust. The velocity contrast at the
reflector is 0.20 km/s at a distance of 220 km and
0.45 km/s at a distance of 400 km . The boundary
between the middle crust and the lower crust is at a
depth of 38 km in the southern part of the profile
shallowing to 32 at a distance of 200 km . In the
northern part of the profile the boundary between the
middle crust and the lower crust undulates in the
depth range 28-36 km. In the lower crust the P-wave
velocity varies between 6.9 and 7.2 km/s with the
exception of velocities of 7.4-7.5 km/s in a high
velocity body above the Moho at the northern end of
the profile.

The Moho depth is 46 km beneath most of the
model. At distances from 60 to 120 km there is a
depression reaching a depth of 50 km at a distance of
92 km. The Pn velocity below the Moho is 8.15 km/s
in the central part of the model. At the north-western
end of the model the Pn velocity is probably higher,
about 8.35 km/s.

6.2. S-Wave Velocity Model and Vp/Vs Ratio

The S-wave velocity model was compiled using
the same layer structure as in the P-wave model. Only
the velocities were changed in the iteration process.
The Vp/Vs velocity ratios are presented in Fig. 11. In
the upper crust the Vp/Vs ratio varies between 1.63
and 1.78. The largest lateral variation is found near
the surface. The highest values are found in HVZs. At
the bottom of the upper crust the variation is
smoother. There the Vp/Vs values increase from
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1.64 in the southern part of the profile to 1.70 in the
northern part of the profile. In the middle crust the
Vp/Vs ratio varies between 1.68 and 1.75. The
highest values are seen in the first 110 km of the
profile above the LVL. Otherwise the variation is
rather smooth. In the uppermost part of the middle
crust south of 110 km distance, the Vp/Vs ratio is
almost constant at 1.68. In the lower part of the
middle crust, the Vp/Vs ratio is 1.73 along the whole
profile. In the lower crust, the Vp/Vs ratio is 1.75
except for the first 120 km of the model where
slightly lower values (1.73) are observed. Below the
Moho, the Vp/Vs ratio is 1.75.

6.3. Resolution Analysis for the Models Obtained
by the Ray-Tracing

The main sources of inaccuracy in the results are
errors in picking the observed travel-times, misfits in
fitting the observed and theoretical travel times, the
ray coverage and errors in interpretation of the
correlated observed travel times. Factors affecting
these causes of error are the signal-to-noise ratio
(SNR) and the spatial profile lay-out of the profile. In
the HUKKA 2007 profile data set day-time shooting
and delayed shooting in quarries deteriorates SNR but
the small amount of seismic noise originating from
human activity in this sparsely inhabited study area
improves SNR.

JANIK et al. (2002) found that in a study made with
the same methods, the uncertainties of velocity
determinations were lower than 0.2 km/s and that
uncertainty in the depths of intracrustal and Moho
reflectors were <2 km. The crustal structure in their
study is more complicated than in the model of the
HUKKA 2007 profile. On the other hand, the number
of shot points is smaller in our study and, thus, the ray
coverage is not as good and some of the shot points
reside offline, which brings more uncertainty to the
results. In general their accuracy estimation is
applicable to the current study.

6.4. Interpretation of the Model

The HUKKA 2007 profile runs NW-SE and
transects five terranes with different structural grains:
the KA, the CLGB, the eastern part of the CLGC, the

Kuusamo schist belt (KuB) and the Central Karelian
Craton (CKC) (Fig. 3). At the northeastern end, the
profile runs parallel to the thrust direction of the KA.
It enters obliquely into the basin structure of the
CLGB and within the CLGB it crosses at a very
oblique angle the KSZ. It then enters the CLGC
where it runs perpendicular to the thrust direction of
the CLGC and the SC. Further south the profile
transects obliquely the basin structure of the KuB.
Within the CKC, the shot points are considerably off-
line and, thus, structural control at the surface cannot
be used to constrain the interpretation.

Generally, we can distinguish three major layers
in the crust beneath the HUKKA 2007 profile. The
thickness of the upper crust varies from 15 km in the
southern part of the profile to 5 km in its northern
part. The upper crust is heterogeneous and major
geological units can be distinguished as variations in
Vp and Vp/Vs ratio. The middle crust extends down
to a depth of 30 km in the northern part of the profile
and to about 35 km in the southern part of the profile.
The lower crust is thin and rather homogeneous, with
velocities and Vp/Vs ratios typical for mafic granu-
lites (KERN et al. 1993, JaNiK et al. 2007, 2009).

The HUKKA 2007 profile images a layered crust
with heterogeneous upper crust. The crustal structure
of the northern half of the profile is symmetric in that
it displays low angle reflections dipping SE in the
northern part and NW in the southern part and sub-
horizontal in the middle. The northern change in the
apparent dip direction takes place around the KSZ,
associated with low velocities and low Vp/Vs ratios.
The velocity variations are similarly symmetric
showing high velocities in the northern and southern
parts and lower values in the middle. The upper crust
shows high velocity—high Vp/Vs ratio bodies
(Vp > 6.30 km/s, 1.76) that seem to be associated
with either mafic rocks of the Koillismaa layered
intrusion complex, the Kittild oceanic plateau or the
Savukoski Group of the Central Lapland Greenstone
belt (KA, SG, KI). The high velocity bodies are
embedded in the low velocity, low Vp/Vs ratio
background (Vp < 6.25 km/s, 1.63—1.70) consisting
of granitoids and clastic metasedimentary rocks. Note
that the thickest parts of the low velocity upper
crustal material are associated with either thick
sections of metasediment-rich rift sequences (CLGB)
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or granitoid and gneiss nappes (CLGC, SC) or
granite-migmatite-gneisses units (CKC). The lower
crust hosts a 10-20 km thick high velocity layer with
high Vp/Vs ratios (Vp > 7 km/s, Vp/Vs > 1.75)
indicating mafic compositions.

7. Discussion

The velocity distribution of the HUKKA 2007
profile is similar to other profiles crossing Lapland
and the Fennoscandian Shield.

The CLGC (Fig. 3) is a relatively large unit
stretching across the northern part of Finland and
transected also by the HUKKA 2007 profile. It has
been formed by Paleoproterozoic intrusions 2.1-
1.7 Ga years ago. The area is not well exposed, but
granites and pegmatites are major rock types in out-
crops (KorsmaN et al. 1997; LAHTINEN et al. 2005;
PaTison et al. 2006). Recently, SILVENNOINEN et al.
(2010) showed that one of the most pronounced
features in the western part of the CLGC is the high
velocity (up to 6.3 km/s), high density, reflective
body inside the Central Lapland Granitoid Complex.
The body is not exposed at the surface, and it is
limited from the top by a boundary at the depth of
2 km. This feature is not observed in the eastern part
of the CLGC crossed by the HUKKA 2007 profile,
where generally lower crustal velocities and Vp/Vs
ratios are seen down to the depth of 30 km (Fig. 11).
Generally, seismic velocities in the upper and middle
crust are similar to those beneath the Central Finland
Granitoid complex in southern Finland (c.f. JaNnik
et al. 2007). Also the high upper crustal velocities of
the Kittild and Savukoski groups are in good agree-
ment with those detected along the POLAR profile by
JANIK et al. (2009), who detected high values of Vp
(up to 6.5 km/s) in the uppermost crust.

Another interesting features of the velocity model
in Fig. 11 are low values of the Vp/Vs ratio in the
upper and middle crust beneath Central Karelian
craton in the southeastern part of the profile. The low
values could be explained by amphibole-rich and
biotite and muscovite poor tonalites, (Fig. 12, Si.-
VENNOINEN and KozrLovskaya 2006) typically found in
CKC and in other Archean gneiss terranes.

Pure Appl. Geophys.

7.5 -
+ Granite
+ Granodiorite
- T
E + Amphibolte
x Tonalite
E 6.5 1 = Reference "
o ints
o
E -
o 87 .
3 -
Q. 554
5 T T T T T T |
25 26 2.7 28 23 3 31 32
Density (g/cm3)
Figure 12

Density-seismic velocity diagrams for major rock types of Kuhmo
block calculated with the Monte Carlo method from modal
mineralogy using modal mineralogy analyzed by Lindberg and
Kukkonen (in ANTTILA et al. 1990) (Adopted from SILVENNOINEN
and KozLovskaya 2006). Reference velocity-density curve from
SoBoLEv and BABEYKO (1994) is shown by black dots. As can be
seen, the rocks have lower values of Vp than the reference curve,
which explains lower values of the Vp/Vs ratio

The most complex structure in the crust is seen
beneath the Kuusamo schist belt and the Central
Karelian craton. Recently, the crust in this area has
been investigated using P-wave receiver functions
(PRF) estimated from the recordings of teleseismic
events by the POLENET/LAPNET broadband array
(SILVENNOINEN ef al. 2012, submitted). The study
revealed a very complex crustal structure and a very
deep (about 60 km) Moho beneath these units. This
Moho depression appears to be the limit of the gen-
erally thin (about 44 km) crust of the Karelian craton
from the north, and a continuation of the Moho
depression detected in a previous study by KozLovs-
KAYA et al. (2008). A good compilation of Moho
depths from previous studies in this area can be found
in GraD et al. (2009). New features concerning Moho
depths found in this study are the slightly deeper
(2 km) Moho in the central part of the model and the
clearly deeper (4 km) depression at the model dis-
tance of 90 km. The tomographic velocity model of
HyvonNeN et al. (2007) covers the area of the HUKKA
2007 line for about 100 km south of SP Q. The
P-wave velocities in our model are about 0.2 km/s
higher at depths greater than 15 km. From O to 15 km
depths the average velocities are more similar.
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Similarly the average Vp/Vs values are 0.01-0.03
higher in our model compared to HYVONEN ef al.
(2007). The largest differences occur from 15 to
25 km depths. Uski ef al. (2012) compiled a P-wave
model which included the area of the HUKKA 2007
model. The model of Uski et al. (2012) was computed
using permanent stations and a very sparse data set.
Thus, the model lacks in detail. The main differences
between the models are an approximately 0.2 km/s
faster middle crust and an approximately 3 km dee-
per Moho boundary in the HUKKA 2007 model.

The HUKKA 2007 profile reveals that the crustal
structure of Central Lapland is dominated by an old
continental rift structure. The geometry of the central
part of the Lapland rift (Fig. 11, distances 0-350 km)
with its inward dipping structures and high velocity
lower crust resembles that of the East African and
Midcontinent rifts (BEHRENDT et al. 1988, Keranen
et al. 2004). The rift shoulders are characterized by
higher than average velocities (6.5 km/s) associated
with extended Neoarchean crust intruded by Paleo-
proterozoic mafic magmatism, whereas the center of
the rift is characterized by lower velocities and Pa-
leoproterozoic rift-related volcano-sedimentary rocks
(CLGB) and granitoid rocks (CLGC).

The CLGB comprises volcano-sedimentary rocks
found in a NE-SW elongated basin delineated by
shear zones. Similar rock associations are found on
both sides of the KSZ. On the southern side, the rift
related formations are covered by the allochthonous
CLGC (PaTisoN et al. 2006). On the HUKKA 2007
profile, the direction of the dip changes from domi-
nantly SE wards dipping to NW dipping where the
profile crosses the KSZ. We suggest here that the
KSZ is originally a transfer fault that separated two
basement units (Southern and Central Lapland), rif-
ting at a different velocity and having opposite dip
directions (conjugate pair) (Fig. 3; see LISTER ef al.
1986). This scenario indicates that the Lapland rift
was formed by the northwesterly movement of Cen-
tral and Southern Lapland away from the Western
and Central Karelia Craton.

The northwesterly direction of extension is also
supported by the opening of the Perdpohja and Kuu-
samo rift basins and the intrusion of layered mafic
intrusions on the rift shoulders (Fig. 3). A swarm of
NW-SE directed fracture zones (e.g., MSZ) cutting

the CFGC could also represent other transfer faults
within the southern Lapland block. The continental
rift may have developed into a passive margin in the
NE, from where the KA with an ophiolitic rim was
later obducted onto the CLGB during the Lapland-
Savo orogeny. The orogeny may also have caused the
slight thickening observed at the NE end of the profile.

Several authors (AMELIN et al. 1995; HEAMAN
1997; Hanski and Huuma 2005; MELEzHIK 20006;
LAHTINEN et al. 2008) have suggested that the layered
intrusions were triggered by the arrival of a plume
head beneath Lapland. We suggest that the arrival of
the plume not only initiated a continental spreading
centre or triple junction (Fig. 13; WKC, CKC + BP
and CL (=CLGC + CLGB)) but also resulted in large
scale mafic underplating of the crust. We interpret the
lowermost high velocity (Vp > 7 km/s), high vp/vs-
ratio (>1.73) to be composed of mafic material.
Similarly to the Midcontinent rift structure (BEHRENDT
et al. 1988), we interpret the undulating mafic, lower
crustal layer to image an underplated part of a failed
rift. The high velocity layer is observed in much of
the Karelian craton riddled with mafic dykes (Koria
et al. 1993). It is, however, missing below Lapland

R
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Layered mafic intrusion 2.4-2.0 Ga
Maijor shear zone

Paleoplate boundary

Extensional shear zone

Transfer fault

Direction of movement

Paleo triple junction
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Figure 13
The evolution of the Lapland triple junction. a Initiation of triple
junction above a mantle plume. b Development of the Lapland rift
in a plume environment. Abbreviations BP Belomorian Province,
CKC Central Karelian craton, CL Central Lapland, WKC Western
Karelian craton
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granulite belt (LGB; JaNik et al. 2009)—an alleged
backarc basin between two rifting margins (DALY
et al. 2006, LAHTINEN ef al. 2005). The interpretation
is also corroborated by the mantle origin of the
abundant mafic magmatism observed as mafic lay-
ered intrusions and dykes (Hanski and Huama 2005;
MELEzHIK 2006).

At around 2.5 Ga ago the Archean supercontinent
was placed above a mantle plume (Hanski and Huama
2005; MEeLEzHIK. 2006). In the Karelia-Belomorian
orogenic terrane it results in doming, initiation of in-
tracratonic volcano-sedimentary basins (PB, KuB,
KaB, CLGB) and the intrusion of mafic layered
intrusions and dykes. Layered mafic intrusions
(FIRE4) and thick sills (FIRE1) are found along the
contact between the basement and large basins (KuB,
PB, KaB; Fig. 3). Seismic surveys (FIRE1, FIRE4)
have revealed that the intrusions have intruded along
shear zones dipping towards the sedimentary basins
(Koria et al. 2006, PaTisoN et al. 2006). The contact
zones are here interpreted to be located on the rift
shoulders and to mark the zone of initial plate rupture
i.e., preliminary plate boundaries (Fig. 3). The rupture
zones form three rift arms that define a new triple
junction (here named the Lapland triple junction) and
new plates (WKC, CKC + BP and CL) spreading
away to the SW, S and NE from the junction (Fig. 13).
The dispersal of the supercontinent has begun.

The dispersal resulted in several rift zones with
varying success in developing into continental rifts,
failed rifts or ocean basins on the Fennoscandian
Shield (LAHTINEN et al. 2008). From the Lapland triple
junction three rift arms developed: the NE-SW
trending Perépohja aulacogen (PB; Huama et al. 1990),
the NS trending Kainuu rift that developed into an in-
tracratonic ocean basin by 1.97 Ga (Jormua ophiolite,
PELTONEN 2005; LAHTINEN ef al. 2005) and the Lapland
rift (Hanski and Huama 2005). Even the third arm may
have developed into an oceanic basin in its north-
western parts from where ophiolitic rocks bordering
oceanic plateau rocks have been documented (Nuttio
ophiolites surrounding KA, Hanskr and Huama 2005).

The spreading direction of the Lapland rift is
revealed by the major NW-SE trending strike-slip
shear zones and minor orthogonal shear zones and
tectonic contacts of the Archean—Paleoproterozoic
basin contacts within the CLGB (Figs. 3, 13b). The
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KSZ is a well-known crustal scale dextral shear zone
that runs NNW-SSE. On the FIRE4 deep seismic
reflection line, the shear zone could be followed at
least to the middle crust (PaTisoN et al. 2006). Based
on the change in large scale reflection patterns across
the boundary, PaTisoN et al. (2006) and later Koria
and HEeKkINEN (2008) suggested that it is a transform
fault that was acting during the Svecofennian orogen.
Although there are major disruptions in the litho-
logical formations across the shear zone, the tectonic
environment does not change radically and rift rela-
ted formations are found on the both sides of the
zone. It is thus possible that the KZS originated as a
large scale transfer fault within the Lapland rift. If it
is indeed a rift related transfer fault, it should be
accompanied by a set of parallel faults and shear
zones. Such faults could be, e.g., the Meltaus shear
zone (MSZ) and Ailanka fault (AF). The Ailanka
fault and its parallel counterparts in Russian Karelia
(CKC) have previously been associated with rift
related transcurrent faults by TurcHENKO (1992) and
AIro (1999). Seismic reflection data from the FIRE4
profile suggest that the Meltaus shear zone is a major
crustal scale boundary flooring a deeply buried gra-
ben to the SW. The orthogonal shear zones and
tectonic contacts are images of a shallow dipping to
sub-horizontal structures in the upper crust along the
FIRE4 profile that unfortunately traverses along the
dip or obliquely to the dip. In summary, the Lapland
rift is characterized by NW-SE trending transfer
faults and NE-SW directed low angle shears sug-
gesting spreading in the NW-SE direction.

The HUKKA 2007 profile transects the rift in
NW-SE direction. The strike direction of the HUKKA
profile has a cross-dip of 20° with the spreading
direction and, thus, it images a slightly oblique section
of the rift (Fig. 14). The dip directions of the crustal
structures changes from SE dipping to NW dipping
across the KSZ and back to SE dipping below the
KuB. Such a change could indicate a change from
lower plate to upper plate geometries in a simple shear
environment (Fig. 3; LISTER et al. 1986). A simple
shear deformation environment is also warranted by
the crustal scale low angle detachment (Kaukonen
Shear Zone) identified from the FIRE4 reflection data
set (PaTisoN et al. 2006). The simple shear model
predicts that oceanic crust could form in the extended
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Figure 14
Tectonic block model of the Central Lapland rift at 2.4-2.0 Ga
adopted after LISTER et al. (1986). This figure illustrates a tectonic
spreading environment at the beginning of continental rifting
(LisTER et al. 1986). The northwestern part of the HUKKA 2007
profile (dashed line and SP H, P and T) cross-cuts the center of the
rift nearly perpendicular to the strike. The profile is at 20° cross-
angles with the spreading direction and shows an oblique section of
the rift. Major strike slip faults KSZ and MSZ indicate the
spreading direction and the location of major structural changes.
Abbreviations are as in Fig. 2

edge of the lower plate. This suggests that the NW part
of the rift, where ophiolitic rocks have formed, has
acted as the lower plate during the advanced stages of
rifting. In the upper plate environment more sedi-
mentary filled half grabens are forming and mafic
magma may underplate the area. South of the KSZ an
abundance of clastic continental derived sediments
intruded by mantle derived mafic sills is found (Sod-
ankyld Group; Hanski and Huama 2005).

The present crustal structure of the paleorift was
finalized during the Svecofennian orogeny. The
crustal depression was filled by materials from the
nearby areas and by thin-skinned stacking of para-
autochtonous and allochthonous materials of the
thinned crust (PB, KuB, CLGC;, Fig. 3) as suggested
by FIRE4 (PaTisoN et al. 2006). Thermal maturation
of the thickened crust led to partial melting and
emplacement of the migmatites and granites with
inherited Archean zircons in the CLGC.

8. Conclusions

The HUKKA 2007 profile images a layered crust
with heterogeneous upper crust. The thickness of the

upper crust varies from 15 km in the south to 5 km in
the northern part. The upper crust is heterogeneous
and major geological units can be distinguished by
variations in Vp and Vp/Vs ratio values. The upper
crustal structure displays low angle reflections dip-
ping SE in the northern part, NW dipping reflections
in the central part and sub-horizontal reflections in
between. In the northwest, the change in the apparent
dip direction takes place around the KSZ associated
with low velocities and low Vp/Vs ratios. High
velocities are found in the northern part of the profile
and in the Kuusamo area whereas lower values are
found in the central parts and at the southeastern end.
In the upper crust, high velocity (Vp > 6.30 km/s)
and high Vp/Vs ratio (1.76) bodies are embedded in a
low velocity, low Vp/Vs ratio background
(Vp < 6.25 km/s, 1.63—1.70) consisting of granitoids
and clastic metasedimentary rocks.

The middle crust stretches down to a depth of
30 km in the NW and to about 35 km at the SE end of
the profile. Velocities in the middle crust vary
between 6.25 and 6.7 km/s. The highest velocities are
found in the SE part of the profile. The lower crust is
thin and rather homogeneous, with velocities
(6.95-7.45 km/s) and Vp/Vs ratios typical for mafic
granulites. At the NW end of the profile, the lower
crust has two layers that show both the lowest and
highest velocities in the lower crust. Upper mantle
velocities (Pn) are rather uniform (8.16 km/s) except
at the NW end of the profile where higher velocities
(8.34 km/s) are recorded.

In the eastern part of the CLGC, seismic velocities
in the upper and middle crust are similar to those
beneath the granitoid areas in central and southern
Finland (HYvoNeN er al. 2007). The most complex
structure in the crust is seen beneath the Kuusamo
schist belt and Central Karelian craton confirming the
previous studies of the area.

The Lapland rift was formed by the northwesterly
movement of Central and Southern Lapland away
from the Western and Central Karelia craton. The
arrival of a plume head beneath Lapland triggered the
formation of layered intrusions, initiated a continental
spreading centre or a triple junction (Fig. 13; WKC,
CKC + BPand CL (=CLGC + CLGB)) and resulted
in large scale mafic underplating of the crust. We
interpret the HUKKA 2007 profile to image a partly
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buried continental rift, which has been inverted dur-
ing the Svecofennian orogenic episodes. The inverted
paleo-rift structure is, however, the dominant crustal
structure. It has structural features typical of rifts:
inward dipping rift shoulders, undulating thickness of
the middle crust, high velocity lower crust and a
rather uniform crustal thickness of 48 km. The rift
shoulders are located south of SP P and below SP R.
Mafic layered intrusions are formed at the rift
shoulders. Metavolcanic and sedimentary rock for-
mations characterize the central part of the rift. We
conclude that the HUKKA 2007 profile images an
oblique cross-section of an asymmetric rift that has
formed via simple shear.
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