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A B S T R A C T   

Here, Karelian seismological network data were studied to reveal the architecture of the subcontinental litho
spheric mantle (SCLM). The receiver functions method was used, which is based on the identification of con
verted waves from teleseismic earthquakes and their joint inversion into a velocity model. Original one- 
dimensional (1D) velocity models for the continental lithosphere of the central Karelian Craton (KC) and the 
western Belomorian Mobile Belt (BMB; both part of the Archean segment of the Fennoscandian Shield) were 
presented, analysed and interpreted in geological and petrological terms. 

The obtained results reveal that the SCLM is >200 km thick both in the KC and the BMB. The mantle in both 
structures was shown to contain a well-defined, contrasting boundary with the crust. However, the boundary 
between the SCLM and the asthenosphere was not identified in this study. The SCLM was found to be stratified 
and divided into upper, middle and lower layers in both structures. The boundary between the upper and middle 
layers was identified at a depth near the upper line of the garnet stability limit in mantle peridotites; the 
boundary between the middle and lower layers corresponds to the graphite/diamond equilibrium line. 

The SCLM of the BMB was shown to exhibit a distinct lowered velocity zone in the middle layer. The 1D 
velocity model of the central KC was found to be in good agreement with the evidence for the SCLM stratigraphy, 
based on the study of mantle xenoliths and xenocrysts from kimberlites and lamproites from the area.   

1. Introduction 

A subcontinental lithospheric mantle (SCLM) – it is part of the lith
osphere under the crust. Being the main part of the lithosphere, the 
thickness, composition, and architecture of the SCLM consistently vary 
with time and are interrelated with crustal evolution (Griffin et al., 
2003). Studying the SCLM of Archean cratons is essential for better 
understanding the Earth's early evolution, which is one of the crucial 
and fundamental tasks in geosciences (Khain, 2003; NASEM (National 
Academies of Sciences, Engineering, and Medicine), 2020; Windley 
et al., 2021). 

Archean continental lithospheres have thicknesses of >200 km 
(Artemieva and Mooney, 2001). Archean lithospheric areas with thick
nesses >200 km are called lithospheric keels, and their diverse com
positions are controlled by several evolutionary factors (Artemieva, 
2011; Griffin and O'Reilly, 2019). Old lithosphere has typically been 
affected by active geodynamic processes such as mantle plumes or 
subduction activities and may have undergone significant restructuring, 

with examples including the North China and Indian shields (Xu, 2001; 
Shaikh et al., 2020). In these cases, the composition and structure of the 
mantle were altered, along with the characteristics of their geophysical 
fields. The Archean lithosphere of the eastern Fennoscandian Shield is 
one of the thickest and likely best preserved lithospheric areas world
wide (Artemieva, 2011), despite the multiple effects of active geo
dynamic processes that have influenced it following the Archean. The 
shield consists of an old core (Fig. 1) comprising the Archean Karelian 
Craton (КC) and the Archean–Proterozoic Belomorian Mobile Belt 
(BMB) (Slabunov et al., 2006aa, b). In both provinces, the SCLM and 
crust were primarily formed during the Archean; however, the BMB was 
altered as part of an orogeny that occurred during the Paleoproterozoic. 
Both provinces were repeatedly (in both the Proterozoic and the 
Paleozoic) affected by mantle plumes (Kulikov et al., 2017). 

The thickness and architecture of the lithosphere in the study area 
have been previously studied using seismic tomography (for example 
SVEKALAPKO, POLENET/LAPNET) (Sandoval et al., 2004; Hjelt et al., 
2006; Tsvetkova et al., 2010, 2019; Sharov, 2004; Silvennoinen et al., 
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2016), seismic geo-traverse data (Sharov, 2017), thermometry (Kukko
nen and Peltonen, 1999; Artemieva, 2006, 2009; Artemieva et al., 
2006), and mantle xenoliths and xenocrysts in kimberlite–lamproite 
(Peltonen et al., 2002; Lehtonen et al., 2004; O'Brain et al., 2005; Pel
tonen and Brűgmann, 2006; Lehtonen and O'Brien, 2009; Zozulya et al., 
2009). 

In total these data determine the stratification and thickness of the 
lithosphere within the Archean segment of 220–275 km. 

The lithosphere of the craton was studied in its western part, and 
data from the Karelian Seismological Network supplement the knowl
edge about the eastern part of the structure. 

Karelian Seismological Network stations KOS6 and KEMI (See 
Table 1), which have both been functioning since 2004 (Sharov, 2004), 
are located within the KC and BMB, respectively. The network was 
updated in 2014 (Lebedev and Meshcheryakova, 2014) to record tele
seismic earthquakes, and it uses the receiver function method to 
construct lithospheric velocity models (Vinnik, 1977, Vinnik, 1977, 

Farra and Vinnik, 2000) to a depth of up to 300 km. Previous researchers 
(Vinnik et al., 2007, Farra and Vinnik, 2000, Hjelt et al., 2006) studied 
the eastern side of the Paleoproterozoic Svecofennian belt and its border 
area with the Archean craton. Herein, new one-dimensional (1D) ve
locity models of the continental lithosphere for the central KC and 
western BMB were analysed to interpret available seismic data in terms 
of geology and petrology. 

2. Geology and deep structure of the Eastern Fennoscandian 
shield 

The eastern Fennoscandian Shield (Fig. 1) comprises the Archean 
Norrbotten, Karelian, and Murmansk cratons, as well as the Paleo
proterozoic Lapland–Kola collisional orogen, which includes the 
Archean Kola Province and BMB (Daly et al., 2006; Slabunov et al., 
2006a; Hölttä et al., 2014). The KC borders with the Paleoproterozoic 
Svecofennian accretionary orogen in the west (Lahtinen et al., 2008; 
Baltybaev, 2013) (Fig. 1). 

A rift system was formed in the Fennoscandian Shield during the 
Meso-Neoproterozoic (Baluev, 2016; Baluev et al., 2012), accompanied 
by kimberlite magmatism (Bogatikov et al., 2007). In the Paleozoic 
(Devonian), the lithosphere was affected by the Kola mantle plume, 
resulting as the Kola alkaline province (Fig. 1) with alkaline, carbo
natite, and kimberlite magmatism (Arzamastsev et al., 2009). Thus, the 
continental lithosphere of the KC and BMB was formed during the 
Archean and then modified by various tectono-thermal alterations in the 
Proterozoic and Phanerozoic. 

2.1. Geology and deep lithospheric structure of the KC 

The KC comprises mildly metamorphosed granite–greenstone com
plexes of Archean (3.5–2.7 Ga) containing the relicts of granulites 
(Rybakov et al., 1981; Glebovitsky, 2005; Slabunov et al., 2006a; Hölttä 
et al., 2012). During the Proterozoic, rift basins, mafic layered in
trusions, and a few generations of dikes, kimberlites, and lamproites 
were formed in the KC (Sokolov, 1987; O'Brain et al., 2005; Bogatikov 
et al., 2007; Glushanin et al., 2011; Gorkovets and Sharov, 2015; Kuli
kov et al., 2017). 

The velocity seismic tomography (Sandoval et al., 2004; Hjelt et al., 
2006 Tsvetkova et al., 2010, 2019; Sharov, 2004) for the central part of 
the craton has indicated that there are substantial lateral heterogene
ities, based on Pechenga–Kostomuksha profile and SVEKALAPKO 
experiment data. The KC crust varies in thickness from 35 to 60 km 
(Sharov, 2017); it is 38 km thick near Seismic Station KOS6 (Mitrofanov 
et al., 1998). This implies that there is a local decline in velocity at 
depths of 40–80 km in the area of Kostomuksha, passing eastward into a 
region of locally increased velocity at the same depth range (Zolotov 
et al., 2000; Sharov, 2017). But among 1-D model (station JOF) for 
western KC) there are two high-velocity layers (S-wave velocity + 4–6% 
relative to IASP91) from 40 to 80 km and from 120 to 250 km and lower- 
velocity layer between 80 and 120 km. 

Geothermic studies have revealed low heat flow in the KC (36–38 
mW⋅m− 2), and the thermal thickness of the lithosphere has been esti
mated to be 200–250 km (Artemieva, 2009, 2011). The analysis of a 
three-dimensional (3D) Р-velocity model (Tsvetkova et al., 2010, 2019) 
indicates that the lower boundary (the beginning of the lowered velocity 
zone) of the lithosphere in the central KC lies at a depth of 250–275 km. 

Fig. 1. Tectonic division of the Fennoscandian Shield (Baluev et al., 2012; 
Slabunov, 2008; Balagansky et al., 2015; O'Brain et al., 2005), distribution of 
seismic profiles and locations of KOS6 and KEMI seismic stations. 

Table 1 
Initial data.  

s/s Station coordinates Number of events N Mean distance, degrees Mean azimuth, degrees Depth, km Magnitude 

KOS6 Lat = 64.59 PRF 92 PRF 64.8 PRF 110.9 2–461 5.5–7.9 
Lon = 30.59 SRF 26 SRF 83.6 SRF 163.06 

KEMI Lat = 65.04 PRF 97 PRF 69.6 PRF 117.9 5–686 5.2–7.9 
Lon = 33.67 SRF 33 SRF 83.1 SRF 168.6  
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Studies conducted using Rayleigh wave inversions (Calcagnile, 
1991) have identified three velocity isolines at depths of 72, 97, and 122 
km with thicknesses of 60–85, 85–110, and 110–135 km, respectively 
(Mitrofanov and Sharov, 1998). Near the KOS6 Station, the velocities of 
8.2, 8.4, and 8.5 km⋅s− 1 have been recorded at these depths, respec
tively. Tomographic studies have identified the boundary of the me
chanically strong lithosphere at a depth of 130 km and asthenosphere at 
280 km (Sandoval et al., 2004; Hjelt et al., 2006). 

Data on mantle xenoliths and xenocrysts from Proterozoic (1200 and 
600 Ma) kimberlites and lamproites can be used to estimate lithospheric 
thickness, as well as to understand the composition and stratification of 
the lithosphere. The SCLM of the KC comprises spinel, spinel-garnet, and 
garnet peridotites; eclogite lenses have been observed infrequently 
among the latter two (Peltonen et al., 2002; Lehtonen et al., 2004; 
O'Brain et al., 2005; Peltonen and Brűgmann, 2006; Antonov and Ulia
nov, 2008; Lehtonen and O'Brien, 2009; Gor'kovets et al., 2013). In the 
western part of the craton, the lithosphere can be divided into three 
layers: upper - A, middle – B, and lower - C (O'Brain et al., 2005; Pel
tonen and Brűgmann, 2006). The A-layer comprises metasomatised fine- 
grained spinel, spinel-garnet, and garnet harzburgites and can be traced 
from the Mohorovičić discontinuity (Moho) to a depth of 110 km. The 
upper boundary of garnet-bearing peridotites in A-layer lies at a depth of 
75–80 km. The B-layer can be traced across a depth range of 130–180 
km and comprises coarse-grained garnet peridotites (lherzolites, harz
burgites, and wehrlites). In this layer, the graphite–diamond equilibrium 
line lies at a depth of 140 km. The C-layer can be traced across a depth 
range of 180–240 (275) km and comprises coarse-grained fertile garnet 
peridotites (lherzolites) that exhibit no signs of schistosity. Diamondif
erous lenses have been identified among them (Peltonen et al., 2002; 
Lehtonen et al., 2004; O'Brain et al., 2005). This three-layered stratifi
cation of the SCLM occurs in the western part of the KC close to its 
contact with the Svecofennian orogen. 

The Kostomuksha kimberlite–lamproite field is located in the central 
part of the craton, beneath the KOS6 Station (Gor'kovets et al., 2013; 
Kargin et al., 2014; Gorkovets and Sharov, 2015); the Kuhmo–Lentiira 
field lies 50 km to the west (Lehtonen and O'Brien, 2009) (Fig. 1). The 
Kostomuksha lamproites and kimberlites contain mantle xenoliths of 
spinel and garnet peridotites (lherzolites, harzburgites, and dunites). 
Low-Ca, Cr-rich pyropes of G10 type, which are typical of 
diamondiferous-facies harzburgites (according to the classification 
(Grűtter et al., 2004)), are dominant among the garnet xenocrysts of the 
Kostomuksha field (Antonov and Ulianov, 2008; Gor'kovets et al., 2013; 
Gorkovets and Sharov, 2015). Thermobarometric studies on garnet 
xenocrysts from the kimberlites of the Kuhmo–Lentery Group (Lehtonen 
and O'Brien, 2009) and on chrome-diopsides from the Kostomuksha 
lamproites (Antonov and Ulianov, 2008) have revealed that the litho
sphere of the central KC is 250–275 km thick. Compared with the 
western marginal zone of the KC, the SCLM structure is more homoge
neous, and the A-layer is absent. Most of the SCLM (up to 230 km) 
comprises depleted harzburgites and lherzolites typical of the B-layer. 
The С-layer lies at a depth of 230–280 km, and it is from these depths 
that high-Ti pyropes (G11-type) were transported, suggesting that the C- 
layer comprises metasomatised peridotites. 

2.2. Geology and deep lithospheric structure of the BMB 

The BMB comprises repeatedly (in both the Archean and the Paleo
proterozoic) highly metamorphosed Archean (2.9–2.7 Ga) granite 
gneisses, metavolcanic rocks, and metasediments. It also contains scarce 
tectonic slices of eclogite-bearing melange, as well as Paleoproterozoic 
gabbro with coronitic structures, granitoids, and pegmatites (Volo
dichev, 1990; Glebovitsky et al., 1996; Bibikova et al., 1999, 2004; Daly 
et al., 2006; Slabunov, 2008; Zozulya et al., 2009; Hölttä et al., 2014; 
Balagansky et al., 2015; Slabunov et al., 2021); it is characterized by an 
overlapped fold structure (Miller and Milkevich, 1995; Sharov et al., 
2010). A system of Meso-Neoproterozoic White Sea rifts extends across 

the BMB from SE to NW (Baluev, 2016; Zhuravlev, 2007; Baluev et al., 
2012). Devonian alkaline and kimberlite intrusions and dikes from Kola 
alkaline Province which marks Paleozoic plume activity exists in the 
northern part of the BMB (Fig. 1) (Arzamastsev et al., 2009; Zozulya 
et al., 2009). The foci of present high-magnitude earthquakes are in 
Kandalaksha Bay (Sharov, 2004), which emphasises the ongoing tec
tonic activity in this zone. 

The deep crustal structure of the BMB has been extensively studied 
using deep seismic sounding and common depth point methods (Fig. 1) 
(Sharov, 2001, 2017). Experiments have identified that its thickness 
varies from 37 to 40 km (Sharov et al., 2020). 

As outlined above, the structure of the upper mantle beneath the 
Fennoscandian Shield has been studied using the Rayleigh wave inver
sion method (Calcagnile, 1991); it contains three sections of velocity 
isolines at depths of 72, 97, and 122 km with thicknesses of 60–85, 
85–110, and 110–135 km, respectively (Mitrofanov and Sharov, 1998). 
The following velocity variations were observed for these isolines in the 
BMB near the KEMI Seismic Station: 8.4, 8.2, and 8.6 km⋅s− 1, respec
tively (Mitrofanov and Sharov, 1998). 

Thermometric data have revealed that the lithosphere in the south
ern BMB is 200–250 km thick, and that the BMB–KC boundary is absent 
(Arzamastsev and Glaznev, 2008; Artemieva, 2009, 2011). In the 
northern part, close to the region of Devonian intraplate plum magma
tism (Kola alkaline province), the heat flow increases to 38–46 mW⋅m− 2, 
and the thermal thickness of the lithosphere decreases to 200 km. Data 
on the composition of garnet xenocrysts from Devonian kimberlites 
(Yermakovskaya pipe) and lamproites also indicate that the lithospheric 
thickness decreases to 140 km (Zozulya et al., 2009). The lower 
boundary (the beginning of a lowered velocity zone) of the lithosphere 
in the BMB lies at a depth of approximately 300 km, based on a 3D P- 
velocity tomographic models (Sandoval et al., 2004; Tsvetkova et al., 
2019). 

3. Methods 

The modernised Karelian Seismological Network was used to study 
the crust, subcrustal lithosphere, and upper mantle using the receiver 
function method (Vinnik, 1977; Farra and Vinnik, 2000). This method is 
based on the identification of converted waves from teleseismic earth
quakes and their joint inversion forming a velocity model. The model 
identifies the crustal and upper mantle boundaries using P- and S-wave 
velocity variations. This method uses converted Ps and Sp waves from 
teleseismic earthquakes that are transformed from P to SV (PRF modi
fication) and from S to P (SRF modification) at seismic boundaries in the 
seismic station subarea. 

The algorithms for obtaining PRF and SRF have been comprehen
sively described in previous studies (Vinnik, 1977, Farra and Vinnik, 
2000). The major advantage of this method is that it can obtain 1D 
velocity models of Vp, Vs, and Vp/Vs distributions to a depth of 300 km 
based on the data from a single station. The present study regarding the 
lithospheric structure of the central Archean KC and western BMB was 
conducted using data from the KOS6 and KEMI seismic stations (Fig. 1). 

In the PRF technique, earthquakes were selected from distances of 35 
to 90◦. Earthquakes from distances of 70 to 90◦ were selected in SRF 
modification, because the wave forms of a group of S-waves can be used 
for separating them into phases. The epicenters of the earthquakes used 
for data processing are shown in Fig. 2. 

PRF and SRF are calculated using Seismic Handler software by Klaus 
Stammler (Seismic Handler, 2022) in the Linux operation system and the 
software programmes developed by the Laboratory of the Origin, In
ternal Structure and Dynamics of the Earth and Planets at Sсhmidt 
Institute of Physics of the Earth of the Russian Academy of Sciences. 

Reference three-component broadband records with impulse onsets 
of P and S phases are processed using the following algorithm 
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• Frequency filtration of original records: frequency filtration in PRF 
modification was performed initially using a Butterworth high-pass 
filter HP-30-4, followed by a Butterworth low-pass filter LP-2-2. 
Frequency filtration in SRF modification was performed initially 
using a high-pass filter HP-30-2, followed by a low-pass filter LP-8-2. 

• The rotation of the reference coordinate system for the best identi
fication of a converted wave signal: in PRF modification the Z, N, and 
E coordinate systems were transformed into a L, Q, and T coordinate 
systems. L-component was parallel to the principal direction of the 
particle motion in the wave propagation plane and described P- 
wave, Q-component was orthogonal to the main component in the 
same plane and was optimum for identifying Ps converted wave from 
the discontinuity at various depths, and Т was a tangential compo
nent containing the energy of SH-wave. In SRF modification Z, N, 
and E coordinate systems were transformed into L, A, and B coor
dinate systems. A-axis corresponded to the main direction of the 
movement of the S particles of the wave in the propagation plane, L- 
axis was perpendicular to А and was optimum for identifying Sp 
converted phases, and В-axis was perpendicular to L- and A-axes.  

• Standardization of the resulting components for removing the effect 
of various source mechanisms and magnitudes: in PRF modification, 
standardization was performed by applying a deconvolution filter to 
Q-component. The filter was formed on L-component at an interval 
containing an incident P-wave and its code. As a result of deconvo
lution, standardized L-, Q-, and T-components were formed. They 
were receiver functions unaffected by the source and characterized 

the ground in the substation region. L-component had a unit 
amplitude, whereas Q-component had, at best, an amplitude of a few 
percent of it. In SRF modification, fluctuation at L-component is 
standardized using a deconvolution filter forming on А-component 
in the interval containing S-wave and its code. As a result of 
deconvolution, standardized L-, A-, and B-components were formed. 

• Summing standardized P-receiver functions from several earth
quakes: it was performed with a time shift between the arrival time of 
a converted wave from each particular distance and arrival time of a 
converted wave from a reference distance of 67◦ and the corre
sponding slow velocity of 6.4 s/◦. In SRF modification, summing was 
preceded by weighing each S-receiver function regarding noise in
tensity on the corresponding L-pathway. S-receiver functions were 
summed with time delays obtained as the product of two values for 
each source. The first value called differential slow velocity was the 
difference in slow velocity between Sp converted wave and parent S. 
The second value called differential distance was the distance be
tween the distance of a particular earthquake and a reference dis
tance (e.g. the average distance of all available sources). P-receiver 
functions and S-receiver functions were obtained after summing. 
They comprised the structural features under the station, including 
the structural characteristics of the crust and upper mantle. 

Ps converted waves appeared on the record with a delay than P- 
wave. The zero mark coincided with the arrival time of P-wave. Ps 
converted waves from the boundaries manifested themselves as a 

Fig. 2. Map of earthquake epicenters used for data processing.  
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positive amplitude impulse. The delay time depended on the depth of 
the boundary at which the exchange took place. The delay times from 
Moho at KOS6 and KEMI seismic stations were 4.6 and 4.2 s, respec
tively. Sp converted waves arrived earlier than S-waves and were 
observed as an impulse of negative polarity with some advance relative 
to S-wave. 

3.1. Probabilistic joint inversion of P and S-receiver function 

To model Vp and Vs velocity distributions to a depth of 300 km, total 
PRF and SRF pathways shown in Fig. 3 с and f are used. 

Here, the short-period PRF complement the long-period SRF, so the 
joint inversion is efficient. The inversion methods were based on the 
Monte Carlo method (Kiselev et al., 2008; Vinnik et al., 2007) and are 
applied in the initial model comprising 10 horizontal layers lying on 
half-space including 4 layers in the crust and 6 layers in the mantle. This 
is sufficient based on our previous experience. Parameters in each layer 
were preset in the form of a wide range of values. Synthetic Q and L 
components for Ps and Sp waves, respectively, were calculated for each 
trial model and were compared with experimental curves. Synthetic 
functions were calculated using Thomson–Haskell's matrix method for 
flat waves and flat layers with corrections for the spherical shape of the 
Earth (Haskell, 1962). 

A misfit function, corresponding with the smallest difference be
tween synthetic and observed receiver functions, was calculated for each 
trial model. Minimization was performed using the simulated annealing 
method (Mosegaard & Vestergaard, 1991; Kiselev et al., 2008). This 
method constructs a sequence of models, converging to the misfit 
function minimum from four randomly selected starting points. A 
starting model was randomly selected within the assumed region of 
solutions, and each subsequent model was developed as the slight 

modification of the previous one. 100,000 models are calculated during 
inversion. The histogram of which is shown by a colour code. To assess 
the ambiguity of the result, 10,000 most suitable models are saved. We 
divide the parameter space of the model into cells, calculate the number 
of coincidences in each cell and present this histogram using a colour 
code. The colour legend shows the number of models (from 100 to 
10,000) in one or another cell. The orange and red colour shows the 
most reliable solutions based on the largest number of satisfying models. 
Less reliable solutions are shown in green and yellow. Fig. 4 shows the 1- 
D velocity models of the lithosphere of the central KC (below KOS6 
Station) and the western BMB (below KEMI Station), on which the ve
locity distribution is represented by a solid black line for comparing the 
velocities in the model IASP91. 

3.2. 1D velocity models of the lithosphere 

Seismic data were processed using the above method to construct 1D 
velocity models of the lithosphere for the central KC (beneath KOS6 
Station) and western BMB (beneath KEMI Station; (Fig. 4). 

4. Results 

4.1. KOS6 station in the KC 

It was difficult to determine the boundaries beneath KOS6 Seismic 
Station by analysing the variations in P wave velocity (Vp) with depth. 
The Vp values in the crust varied from 6.7 to 7 km⋅s− 1. The Moho, as 
identified by P-waves, was located at a depth of approximately 40 km. 
Despite the discontinuity of the velocity curve, the Vp value likely 
increased to 8.0 km⋅s− 1. 

The mantle only had one clear boundary, characterized by an 

Fig. 3. Vp and Vs velocity models under seismic stations a) KOS6 and b) KEMI, obtained by joint inversion of PRF and SRF. Velocity models are represented by the 
probability density of the velocity distribution from green (less reliable values) to orange (more reliable values). Black lines on the graph show velocity distribution in 
accordance with the IASP91 model. The red lines show the preset velocity range limiting minimum and maximum values. Dotted black lines are observed PRF and 
SRF. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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increase in Vp from 8.0 to 8.7 km⋅s− 1 at a depth of 130 km. This 
boundary was likely associated with the variations in the mantle 
composition. P wave velocity at a depth of 130–180 km reached a 
maximum of 8.7–8.8 km⋅s− 1. Vp gradually decreased from 8.5 km⋅s− 1 at 
a depth of 180 km and continued decreasing until a depth of 300 km 
(Fig. 5 а). This type of variation in the velocity parameters, with 
maximum values at a depth of 100–150 km followed by a gentle 
decrease, is typical for the lithosphere of many old cratons (Artemieva, 
2011). 

The shear waves (Vs) velocities in the crust were clear, while intra
crustal boundaries, as with the P wave velocity model (Vp), were diffi
cult to define (Fig. 4 а). The intracrustal boundaries for Vs were from 3.3 
to 3.5 km⋅s− 1 at a depth of 10 km and from 3.5 to 3.7 km⋅s− 1 in the depth 
range of 16–20 km. Vs increased rapidly from 3.7 to 4–4.1 km⋅s− 1 at a 
depth of 33–34 km, indicating the Moho. The transverse wave distri
bution velocity from the Moho to a depth of 72.5 km was 4–4.1 km⋅s− 1 

(Fig. 4 а). At a depth of 72.5 km, the Vs exhibited a sharp boundary, with 
an increase in velocity from 4.1 to 4.5 km⋅s− 1. The Vs value (4.5 km⋅s− 1) 
was the same for all mantle rocks across the depth interval of 72.5–109 
km. At depths of 109, 140, and 160 km, Vs values increased in a stepwise 
manner from 4.5 to 4.6–4.7 km⋅s− 1, from 4.7 to 4.75 km⋅s− 1, and from 
4.75 to 4.8 km⋅s− 1, respectively. Vs values remained in the 160–200 km 
range (maximum of 4.8 km⋅s− 1), and according to the velocity model, Vs 

values decreased from a depth of 200 km (Fig. 4а). 
The following stratification was determined based on the analysis of 

variations in P and S wave velocities in the lithosphere of the central KC 
(Fig. 4a):  

• 33–40 km thick crust; its boundary with the mantle (Moho) was 
marked by a rapid velocity change (Vp from 7.0 to 8.0 km⋅s− 1 and Vs 
from 3.7 to 4–4.1 km⋅s− 1), typical for the material composition 
change.  

• ~40 km thick layer in the upper mantle structure from the Мoho to 
72.5 km depth, as identified from the Vs model as having a velocity 
of 4–4.1 km⋅s− 1. The boundary at the bottom of this layer is sharp, 
likely associated with the changes in mantle composition.  

• 60–70 km thick layer in the mantle structure at a depth of 72.5–140 
(130) km, as identified by the changes in Vs (4.5–4.75 km⋅s− 1) and 
Vp (8.0 km⋅s− 1). The Vp model shows that at a depth of ~130 km, 
velocity increased rapidly from 8.0 to 8.7 km⋅s− 1, whereas a gradual 
increase in velocity was observed at a depth of ~140 km. This 
boundary is likely associated with phase transitions in mantle 
composition.  

• ~50–60 km thick layer in the depth range of (130) 140–(180) 200 
km. A zone of maximum Vs (4.8 km⋅s− 1) and Vp (8.7 km⋅s− 1) values 
was identified at a depth of 160–200 km. 

Fig. 4. Models of the SCLM for the central KC a) based on analysis of xenoliths and xenocrysts from kimberlites (Lehtonen and O'Brien, 2009), and 1-D velocity 
models of the lithosphere of b) the KC - KOS6 Seismic Station and c) the BMB - KEMI Seismic Station; b) and c) are based on data obtained using the receiving 
function method. 
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• Velocities began decreasing from a depth of 180–200 km, according 
to the IASP91 model values. 

The lithosphere–asthenosphere boundary (LAB) was undetermined. 

4.2. KEMI station in the BMB 

Vp values were estimated from the velocity model obtained (Fig. 4b) 
from a depth of 7 km: 6.8–6.9 km⋅s− 1. The velocity increased gradually 
in the crust: 12–13 km by 6.9–7.0 km⋅s− 1; 15 km by 7.1–7.2 km⋅s− 1, and 
25 km by 7.2–7.3 km⋅s− 1. The velocity remained constant from a depth 
of 25 km to the Moho (41 km) at approximately 7.3 km⋅s− 1. 

The Moho was clearly indicated by a rapid increase in Vp from 7.3 to 
8.3–8.4 km⋅s− 1 at a depth of 41–42 km. The Vp value (8.3–8.4 km⋅s− 1) 
remained constant from the Moho to a depth of 64 km. At a depth of 64 
to 97 km, the Vp ranged from 8.5 to 8.6 km⋅s− 1. Across the depth range 
of 97–142 km, the Vp value decreased to 8.3–8.4 km⋅s− 1 relative to the 
overlying and underlying horizons. Vp was determined to be unreliable 
at a depth of 142–190 km; however, Vp tended to increase relative to the 
overlying horizon. Over a depth of 190 km, Vp decreased to 8.0–7.9 
km⋅s− 1. The obtained velocity model was difficult to interpret because of 
the poorly defined Vp values. 

The Vs model at the KEMI Station (Fig. 4b) exhibited better-defined 
characteristics. Therefore, these data could be analysed more reliably. 
Vs was 3.5 km⋅s− 1 up to a depth of 11 km, where the first intracrustal 
boundary was detected, as indicated by a jump in Vs from 3.5 to 3.7 
km⋅s− 1. The next boundary in the crust was identified at a depth of 24 
km, as demonstrated by an increase in Vs to 3.9 km⋅s− 1. The Moho was 
identified by a rapid increase in velocity (to 4.3 km⋅s− 1) at a depth of 
39–40 km. In the upper mantle from the Мoho to 64 km, Vs was esti
mated to be 4.3 km⋅s− 1. At depth of 64 km, Vs increased rapidly to 
4.5–4.6 km⋅s− 1. These values (Vs 4.5–4.6 km⋅s− 1) remained constant in 
the depth range 64–141 km; in contrast to Vp, Vs gradually increased 
here. At a depth of 141 km, Vs increased sharply from 4.5 to 4.6 to 
4.9–5.0 km⋅s− 1. These Vs values are typical of a ~ 40 km thick layer (in 
the 141–180 km range), and they were the highest values calculated by 
the model. Vs decreased gradually from 4.9 to 5.0 to 4.9–4.75 km⋅s− 1 in 
the depth range of 180–200. From a depth of 200 km, Vs reached 
4.7–4.6 km⋅s− 1, based on the IASP91 model. 

The lithosphere of the western BMB was also stratified (Fig. 4b) and 
comprised the following:  

• 39–42 km thick crust. Its boundary with the mantle (Moho) was 
clearly indicated by a sharp change in velocity parameters (Vp from 
7.3 to 8.3–8.4 km⋅s− 1 and Vs from 3.9 to 4.3 km⋅s− 1). This was 
caused by the variations in rock composition at the Moho;  

• ~25 km layer in the upper mantle from the Moho to 64 km with 
velocity characteristics (Vp 8.3–8.4 km⋅s− 1, Vs – 4.3 km⋅s− 1) higher 
than those of the IASP91 model for Vp but lower for Vs. The 
boundary at the base of this layer was likely associated with the 
variations in mantle composition;  

• 30 km thick layer in the upper mantle in the depth range of 64–97 
km. Its velocity parameters (Vs 4.5–4.6 km⋅s− 1 and Vp 8.5–8.6 
km⋅s− 1) were higher than those of the IASP91 model; 

• 45 km thick layer in the depth range of 97–42 km with lower ve
locities for Vp (8.4–8.3 km⋅s− 1); this layer was associated with the 
observed variations in the velocity characteristics of the mantle and 
their anomalously low velocity values in this depth range (After 
Mitrofanov and Sharov, 1998);  

• 60 km thick layer in the depth range of 141–200 km with the highest 
Vp values (at least 8.3–8.5 km⋅s− 1). Within this layer, a layer 
(141–180 km) with highest Vs values of 4.9–5.0 km⋅s− 1 was delin
eated. At the base of this layer, at a depth of 180–200 km, a zone was 
detected where Vs and Vp decreased gradually from 4.9 to 5.0 to 
4.9–4.75 km⋅s− 1 and 8.3–8.5 to 8.0–7.9 km⋅s− 1, respectively. 

At depths over 200 km, the velocity characteristics of the mantle (Vp 
8.0 km⋅s− 1 and Vs 4.6 km⋅s− 1) were consistent with those predicted by 
the IASP91 model. A zone of lower velocity, which could have been 
interpreted as LAB, was not revealed. 

Thus, similar to the KC, the mantle beneath the BMB exhibited a clear 
upper boundary but no well-defined lower distinct stratification at the 
lower boundary. This was indicated by the variations in its velocity 
characteristics, for example, the maximum velocity values in the middle 
part of mantle. 

By generalising the description of the velocity models obtained for 
KOS6 and KEMI seismic stations, the lithospheric structure evidently 
comprised the crust and mantle, separated by the Moho. Consequently, 
the SCLM exhibited the following stratification:  

• An upper layer that is 40 and 25 km thick in the KC and BMB, 
respectively;  

• A middle layer that is 70 and 80 km thick in the KC and BMB. There 
also exists a 45 km thick decrease velocity zone in the BMB;  

• A lower layer that is ~60 km thick in both the KC and BMB;  
• A transitional layer (from a depth of 180–200 km in the KC and 

190–200 km in the BMB) from the SCLM to asthenosphere; its 
thickness is unknown;  

• A layer with maximum seismic velocity values (Vp and Vs) at a depth 
of 160–180 and 140–180 km in the KC and BMB, respectively. The 
velocity characteristics of lithospheric horizons of the same type in 
the two studied structures were different, likely due to the differ
ences in their composition and structure. 

5. Discussion 

The deep structure of Fennoscandian Shield by receiver functions 
technique was described in detail in a few previous studies (Hjelt et al., 
2006; Kozlovskaya et al., 2008). 1-D model for western KC in station JOF 
(Vinnik et al., 2007)) are different from central KC in station KOS6. 
There are high-velocity layers from 40 to 80 km in JOF, but decrease- 
velocity layers from 33 to 72.5 km in KOS6. Studies are also known a 
3-D model of shear velocities in the upper crust beneath northern 
Finland (Poli et al., 2013) that we can use for inversion in the future. 

Kuhmo–Lentiira (Lehtonen et al., 2004) and Kostomuksha (Antonov 
and Ulianov, 2008; Gor'kovets et al., 2013) kimberlites and lamproites 
are known to contain xenoliths of spinel peridotites (Lehtonen et al., 
2004; Lehtonen and O'Brien, 2009; Gor'kovets et al., 2013). According to 
thermometric research of Riphean (1.2 Ga) Kuhmo–Lentiira kimberlites 
and lamproites (Lehtonen et al., 2004), garnet phenocrysts were 
exhumed from a depth of 75–275 km. This implies that the lithosphere 
here has a thickness of at least 275 km. The shallow garnet xenocrysts in 
Kuhmo–Lentiira kimberlites were exhumed from a depth of 75–80 km 
and were found to be in equilibrium with garnet–spinel-facies lherzolites 
(Lehtonen et al., 2004). This suggests that the upper (35–72.5 km range) 
craton mantle layer, with Vs of 4.0–4.1 km⋅s− 1 and Vp of 8.0 km⋅s− 1, 
comprises spinel peridotites. Moreover, the rapid change in velocity 
values observed at a depth of 72.5 km in the KC is associated with their 
transition to garnet–spinel facies. 

Garnet samples from Kuhmo–Lentiira kimberlites from a depth of 
<110 km are only associated with garnets exhibiting G9 type equilib
rium with lherzolites. Garnets from a depth of over 100 km are associ
ated with G9 and G10 types. G10 type is an indicator of harzburgite 
mantle composition. 

The velocity increase at a depth of 110 km observed in the KOS6 
velocity model could be associated with a change in mantle composi
tion, such as a transition from a lherzolitic mantle to a lherzolitic mantle 
with harzburgite lenses; thus, a 115 km thick layer composed of garnet 
peridotites (lherzolites and harzburgites) may be present in the 
110–225 km depth. This layer exhibited a graphite–diamond transition 
boundary at a depth of approximately 140 km. Garnet xenocrysts from 
these depths contained high-Ti pyrope varieties (G11 type), marking Ti- 
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metasomatism. Apparently, the boundary at a depth of 130–140 km, 
where both Vs and Vp were increasing, could be associated with the 
onset of metasomatic alterations in the composition of mantle perido
tites and a graphite–diamond phase transition (Figs. 3 and 4). 

The proportion of garnets from metasomatically altered peridotites 
(G11 type) among the xenocrysts of lherzolitic (G9) and harzburgitic 
(G10) garnets were increased rapidly from a depth of 175–180 km. The 
garnets of G1 type (Low-Cr, Fe-Ti-enriched megacrysts) were also 
observed. A decrease in Vp and Vs in the 180–200 km range was asso
ciated with an increase in the proportion of metasomatically altered 
peridotite and a decrease in its magnesium content. The lower part of the 
mantle, at a depth of 225–275 km, comprised metasomatised mantle 
peridotites, as indicated by high-Ti pyrope xenocrysts (G11 type) from 
Lentiira kimberlites exhumed from these depths. 

Thus, here the 1D velocity model of the lithosphere in the central 
part of the KC was correlated with its stratification based on the 
compositional analysis of garnet xenocrysts and mantle xenoliths from 
the Kuhmo–Lentiira kimberlites sampled in the Kostomuksha and Kaa
va–Kuopio areas. 

The comparison of deep velocity models of the SCLM in the BMB and 
KC revealed the following similarities:  

• The lithosphere of both structures was at least 200 km thick;  
• The lithosphere was stratified (with distinct upper, middle, and 

lower layers);  
• The lithosphere velocity models of the BMB and KC also exhibited 

similar velocity variations: Vp in the BMB varied from 8.3 to 8.5 
km⋅s− 1, whereas that in the KC varied from 8.0 to 8.7 km⋅s− 1; Vs in 
the BMB varied from 4.3 to 5.0 km⋅s− 1, whereas that in the KC it 
varied from 4.0 to 4.8 km⋅s− 1;  

• The layers with maximum velocity occurred at depths of 160–180 
and 140–180 (190) km in the KC and BMB, respectively;  

• The Moho in both structures exhibited a roughly equal contrast, as 
indicated by an increase in Vp and Vs by 1 and 0.4 km⋅s− 1, 
respectively. 

However, the two areas exhibited some essential structural 
differences:  

• The thickness of the BMB crust was slightly greater (39–42 km) than 
that of the investigated part of the KC (33–40 km). The depth of the 
Moho predicted by the KOS6 Vs model differed from that of the KOS6 
Vp model and previous studies (Sollogub, 1987; Mitrofanov and 
Sharov, 1998; Gorkovets and Sharov, 2015);  

• The lower crust of the BMB was characterized by a considerably 
greater velocity (Vp values in the BMB and KC were 7.2–7.3 and <
7.0 km⋅s− 1, respectively; Vs values in the BMB and KC were 3.8–3.9 
and 3.63–3.68 km⋅s− 1, respectively);  

• The upper layer of the mantle in BMB was thinner and had higher 
velocities (Vs = 4.3 km⋅s− 1 and Vp = 8.3–8.4 km⋅s− 1 compared to 
4.0–4.1 and 8.0 km⋅s− 1, respectively) than the KC. This high mantle 
velocity indicated that the spinel peridotites in the BMB had higher 
magnesium contents than those in the KC;  

• The BMB mantle contained a ~ 45 km thick layer with lower Vp 
velocities (it is not manifested in the Vs values) at a depth of 97–142 
km. A decrease in velocity at a depth of 97–122 km was also observed 
in a previous study conducted using the Rayleigh wave inversion 
method (Calcagnile, 1991). This could be associate with the tectonic 
layering of the mantle's garnet peridotites, leading to anisotropy 
resulting from the preferential orientation of olivine and pyroxene. 
(Babushka, 1984; Artemieva, 2011). The discussed lowered velocity 
zone could be associated with mantle deformations that occurred 
during Palaeoproterozoic collisions, which are well-defined in the 
crustal complexes of BMB. 

Thus, the lithospheric thicknesses of the Archean KC and 

Precambrian BMB are both 200 km (Tsvetkova et al., 2010, 2019) (and 
even 275 km, based on data from mantle xenoliths and xenocrysts). This 
thickness is a distinctive feature of Archean structures (Artemieva, 
2011). 

Notably, during Paleoproterozoic collisional processes, the Archean 
SCLM of the BMB was not destroyed, similar to Precambrian mobile 
belts (e.g. Limpopo and Anabara) (Rosen et al., 2005; Artemieva, 2009; 
Pedersen et al., 2006). Moreover, the lithosphere of BMB was not 
destroyed during the formation of the Riphean rift-related structure of 
the White Sea. The Paleozoic Kola mantle plume activity only destroyed 
the northern part of the BMB lithosphere (Zozulya et al., 2009). 

1D velocity models of the lithosphere in the central part of the KC 
and western BMB is different with velocity models of the Kaapvaal, 
Zimbabwe Cratons and Limpopo Mobile Belt (Fig. 6). The upper part of 
the SCLM in South African cratons (50–100 km) has higher velocities, 
the central part of the KC and western BMB at the same depth has 
decrease velocities. 

The velocity in the 1-D models central part of the KC and western 
BMB is higher in the depth range of 150–180 km than those of the in 
South African cratons models (Li and Burke, 2006; Pedersen et al., 
2006). 

However, the history of formation for the above Precambrian 
structures is the same (Lubnina and Slabunov, 2011). They formed in the 
Archean, has been activities in the the Paleoproterozoic and mantle 
plumes in the Fanerozoic. Thus, similarity of formation history does not 
imply similarity in structure SCLM. 

The 1D velocity models of the Archean segment of the Fenno
scandian Shield lithosphere (Fig. 5) revealed a thickness of at least 200 
km, whereas data from mantle xenoliths suggested no <250–275 km 
thickness. As discussed above, such a thick SCLM is the characteristic of 
Archean cratons and associated mobile belts and is corresponding with 
the definition of a mantle keel. 

6. Conclusions 

Here, seismic research into the lithosphere of the eastern Fenno
scandian Shield, conducted using the receiver functions method, 
determined that the thicknesses of the central KC and western BMB are 
both at least 200 km, as similar research (Tsvetkova et al., 2010, 2019). 
The lithospheric mantle exhibited a distinct contrasting upper boundary 
with the crust in both structures, but its boundary with the astheno
sphere was not identified in this study. For both structures, The SCLM 

Fig. 5. One-dimensional shear wave velocity in central KC (KOS6) and BMB 
(KEMI). Shear wave profiles in the Kaapvaal, Zimbabwe Cratons and Limpopo 
Mobile Belt are plotted for comparison (Li and Burke, 2006). 
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was found to consist of upper, middle and lower layers. The boundary 
between the upper and middle layers lies at a depth near the upper line 
of garnet stability limit in mantle peridotites, and the boundary between 
the middle and lower layers corresponds to the graphite/diamond 
equilibrium line. 

The SCLM of the BMB was shown to exhibit a distinctive zone of 
lower velocity within in the middle layer. The 1D velocity model of the 
central KC was found to be in good agreement with the evidence for the 
SCLM stratigraphy obtained by analysing mantle xenoliths and xen
ocrysts from kimberlites and lamproites from this area. 

a - initial three-component records with P-phase arrival, b - indi
vidual P-receiver functions of an individual earthquake, c - total P- 
receiver functions of several earthquakes, d - initial three-component 
records with S-phase arrival, e - individual S-receiver functions of an 
individual earthquake, f - total S-receiver functions of several 
earthquakes. 
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