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Abstract—The Kokkola–Kymi Deep Seismic Sounding profile

crosses the Fennoscandian Shield in northwest-southeast (NW–SE)

direction from Bothnian belt to Wiborg rapakivi batholith through

Central Finland granitoid complex (CFGC). The 490-km refraction

seismic line is perpendicular to the orogenic strike in Central

Finland and entirely based on data from quarry blasts and road

construction sites in years 2012 and 2013. The campaign resulted in

63 usable seismic record sections. The average perpendicular dis-

tance between these and the profile was 14 km. Tomographic

velocity models were computed with JIVE3D program. The

velocity fields of the tomographic models were used as starting

points in the ray tracing modelling. Based on collected seismic

sections a layer-cake model was prepared with the ray tracing

package SEIS83. Along the profile, upper crust has an average

thickness of 22 km average, and P-wave velocities (Vp) of

5.9–6.2 km/s near the surface, increasing downward to

6.25–6.40 km/s. The thickness of middle crust is 14 km below

CFGC, 20 km in SE and 25 km in NW, but Vp ranges from 6.6 to

6.9 km/s in all parts. Lower crust has Vp values of 7.35–7.4 km/s

and lithospheric mantle 8.2–8.25 km/s. Moho depth is 54 km in

NW part, 63 km in the middle and 43 km in SW, yet a 55-km long

section in the middle does not reveal an obvious Moho reflection.

S-wave velocities vary from 3.4 km/s near the surface to 4.85 km/s

in upper mantle, consistently with P-wave velocity variations.

Results confirm the previously assumed high-velocity lower crust

and depression of Moho in central Finland.

Keywords: Seismology, reflection, tomography, Moho,

Fennoscandia, Precambrian.

1. Introduction

The Precambrian nucleus of Europe, the

Fennoscandian Shield (Fig. 1), has been well studied

for its deep structure (Grad et al. 2009) with long-

ranging DSS (Deep Seismic Sounding) profiles, deep

reflection profiles as well as tomographic experiments

(Luosto et al. 1984, 1990, 1994; Grad and Luosto

1987; BABEL Working Group 1991; FENNIA

Working Group 1998; Heikkinen and Luosto 2000;

Hyvönen et al. 2007). Already the first experiments

documented five fundamental properties: three crustal

layers, high crustal velocities, high velocity lower

crust, above-average continental crust thicknesses,

and well-reflective crustal and Moho boundaries

(Luosto 1984; Luosto et al. 1984). Compilations of

the data sets have been presented as maps of the

depth to the Moho, thickness of the upper crust and

depth to the lower crust, 3D-tomographic models, etc.

(Korja et al. 1993; Luosto 1997; Hyvönen et al.

2007). These compilations indicate that although the

crust seismically shows a layered structure, horizon-

tal velocity variations point to the crust being

assembled of several subblocks, resulting in highly

three-dimensional regional crustal structure.

Although the data coverage for large-scale crustal

studies is rather good in Fennoscandia, sampling is

uneven because most of the experiments have been

along NE–SW to N–S directed lines. At the time of

the data collection, it was believed that the lines were

directed across the general orogenic strike. Only after

the large-scale deep seismic reflection experiment

FIRE (Finnish Reflection Experiment; Kukkonen and

Lahtinen 2006; Korja and Heikkinen 2008), it

became evident that the orogenic strike may have

1 Department of Geosciences and Geography, University of

Helsinki, PO. Box 68, 00014 Helsinki, Finland. E-mail:

timo.tiira@helsinki.fi
2 Institute of Geophysics, Polish Academy of Sciences, Ks.

Janusza 64, 01-452 Warsaw, Poland.

Pure Appl. Geophys. 177 (2020), 3775–3795

� 2020 The Author(s)

https://doi.org/10.1007/s00024-020-02459-3 Pure and Applied Geophysics

http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-020-02459-3&amp;domain=pdf
https://doi.org/10.1007/s00024-020-02459-3


varied during the accretionary process and that in

central Finland the main strike direction is actually

NE–SW. Thus, most of the previous surveys have

been conducted along rather than across the strike.

This implication is also supported by the regional-

scale tomographic model that shows large-scale

horizontal variations in NW–SE direction (Hyvönen

et al. 2007). To improve the quality of the crustal

layer interpolations and tomographic models, DSS

lines in NW–SE direction are needed.

General tectonic and geological framework of

southern and central Finland was formed in the

multiphase Paleoproterozoic (1.92–1.79 Ga) accre-

tionary Svecofennian orogeny (e.g. Lahtinen et al.

2009). The Svecofennian bedrock was amalgamated

from several Paleoproterozoic micro-continental

blocks, island arcs, and associated basins that were

accreted to the margin of the Karelian continent in

several phases. The accretionary stage was followed

by phases of orogenic collapse, lithospheric exten-

sion, and cratonic stabilization, which largely

overprinted the previously generated collisional

structures. Roughly 100 million years after the ces-

sation of plate tectonic activity, the Svecofennian

tectonic province was perturbed by a series of at least

seemingly anorogenic magmatic events at ca.

1.65–1.53 Ga, which generated large volumes of

rapakivi granites and related rock types such as

gabbros and anorthosites, which sharply cross-cut the

regional orogenic fabric in Southern Finland (e.g.

Rämö and Haapala 2005; Heinonen et al. 2017).

The 490 km long Kokkola–Kymi seismic reflec-

tion line (KOKKY profile) runs in NW–SE direction

and transects the Western and Southern Finland arc

complexes that form the Western (WFS) and South-

ern Finland subprovinces (SFS) of the Svecofennian

tectonic regime (Nironen 2017). It also transects the

major Proterozoic crustal units identified on a tomo-

graphic velocity model (Hyvönen et al. 2007) and the

most prominent crustal thickness anomalies identified

on a Moho depth map (Grad et al. 2009). KOKKY

line was designed to run perpendicular to the oro-

genic strike in WFS and the suture between WFS and

SFS, to connect and transect existing DSS lines

SVEKA81, BALTIC (Luosto et al. 1990), FIRE1 and

FIRE2 and to be partly parallel to FIRE3A (Kukko-

nen and Lahtinen 2006). The furthest shots that could

reliably be located came from near Vyborg, and there

were no receivers on the Russian side. The purpose of

the line was to study the regional-scale velocity

variation in central and southern Finland and its

association with paleosutures and terrane boundaries.

For this purpose we verified the horizontal velocity

anomalies in NW–SE direction indicated by the

tomographic interpolations. We studied possible

velocity anisotropy to compare the velocity variations

with the reflection properties of the FIRE3A. The part

where KOKKY and FIRE3A are parallel is 210 km in
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Figure 1
Location of KOKKY line within the simplified geological framework of Europe. Craton map modified after Bogdanova (1993)
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length, including parts of Bothnian belt and Central

Finland granitoid complex (Fig. 2).

Controlled source seismology (e.g. Malinowski

2013; Spada et al. 2013) is one of the main tools used

in Earth imaging, especially when aiming towards the

middle and lower crust structures, Moho topography

and velocities in the lithospheric mantle. Data for

such studies are acquired during campaigns on wide-

angle reflection and refraction (WARR) profiles (also

called deep seismic soundings, or DSS profiles),

which are hundreds of kilometres long and require

strong explosive sources such as TNT. Given the cost

of such experiments, difficult logistics, and the strict

regulation on experiments involving explosives in the

ground, a more cost-efficient approach was used in

this study. Therefore, sources of signals in this study

are blasts from quarries and road construction sites

along the predetermined profile. This is convenient

because quarries require tons of explosive material

each week and their functionality in seismic experi-

ments had been previously successfully tested in

association with the HUKKA2007 project (Tiira et al.

2013).

2. Geological and Geophysical Background

The NW–SE oriented KOKKY profile studies the

crustal structure of the Paleoproterozoic Svecofen-

nian province and crosses over from the WFS to the

Southern Savo nappe system. Possibly it also goes

across the suture between WFS and SFS (Nironen

2017) at a high angle. The profile images the Both-

nian belt (BB) and Central Finland granitoid complex

(CFGC) of the WFS and the Southern Savo nappe

and Saimaa area of the SFS (see Nironen 2017 for

nomenclature) as well as the Wiborg rapakivi bath-

olith (WRB; Fig. 2).

The Bothnian belt represents an accretionary

prism of an arc complex. It is composed of metape-

lites and metagreywackes and minor mafic

metavolcanic units that have been deformed and

metamorphosed under high temperature–low pressure

conditions. It consists of schists, black schists,

gneisses, migmatites, and granitoid plutons (e.g.

Mäkitie et al. 1999; Suikkanen et al. 2014; Kotilainen

et al. 2016a, b; Hölttä and Heilimo 2017). FIRE3A

reflection seismic profile (Sorjonen-Ward 2006)

Figure 2
A map of the bedrock geology and main upper crustal tectonic units along KOKKY profile (purple line). Shot points used for ray tracing are

shown with numbered stars. Thin blue lines indicate locations of BALTIC and SVEKA81 profiles (Luosto et al. 1990) and thick gray lines

show locations of FIRE profiles (Kukkonen and Lahtinen 2006; Korja and Heikkinen 2008). SVEKA91 profile (Luosto et al. 1994), a southern

continuation of SVEKA81, crosses SVEKA81 but it does not cross KOKKY. Color codes of geological units in the Russian territory (the

eastern end of the profile) are similar to those on the Finnish side but fault lines are shown on the Finnish side only. BB Bothnian belt, BZ

boundary zone, CFGC Central Finland granitoid complex, HB Häme belt, SA Saimaa area, WRB Wiborg rapakivi batholith. For numeric

values of all shot locations, including those unused for ray tracing, see Table 1
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parallel to the KOKKY line revealed east–southeast

dipping reflectors that have been correlated with the

contacts of the supracrustal units on the surface.

These reflectors transect the present-day middle crust

and are interpreted as marking the contacts of the

Bothnian belt blocks with each other and the asso-

ciated Pirttikylä block towards CFGC. Tectonic

interpretations based on field observations suggest the

reflectors to be thrusts or stacking surfaces (Sorjonen-

Ward, 2006) and analogue modelling suggests them

to be thick-skin stacking structures that reactivated as

large normal faults during extensional collapse

(Nikkilä et al. 2015).

CFGC is a large upper crustal granitoid batholith

(Elliott 2003; Nironen 2017) intruded into a deformed

and metamorphosed arc complex. It consists mainly

of granitoid plutons together with minor amounts of

gabbroic plutons and mafic dykes, and less promi-

nently of volcano-sedimentary units (Nironen 2017).

Nikkilä et al. (2016) suggested that the batholith was

formed in three stages involving mafic underplating,

differentiation, partial melting, and granitoid forma-

tion. By using FIRE1 and FIRE3A transect data and

analogue modelling techniques, Nikkilä et al. (2015)

interpreted that the orogenic crust has laterally

extended by 50% and thinned by maximum of 20%

via westward gravitational spreading. The current

erosional level of the orogen is 15–20 km and

metamorphic degree is high (Hölttä and Heilimo

2017). Based on the more juvenile isotopic character

of the granitic rocks and the presence of larger

amount of mafic rocks, Lahtinen et al. (2016) also

defined a separate boundary zone (BZ) on the

northwestern flank of CFGC between BB and the

bulk of CFGC (Fig. 2).

Southern Savo nappe system is a late allochtonous

unit partly thrust on WFS (Nironen 2017) and thus

covers the suture between WFS and SFS. The Saimaa

area of SFS is composed of metasedimentary rocks

with highly varying passive margin to island arc geo-

chemical character (Lahtinen et al. 2010). Towards the

south, the metasediments have been strongly migma-

tized at 1.84–1.81 Ga (Kähkönen 2005) and they form

large intrusions of migmatitic granites belonging to the

Southern Finland granite suite.

The Wiborg suite granites belong to the largest

rapakivi intrusion of southern Finland, the Wiborg

batholith that intruded SFP and the Saimaa area at

around 1.63 Ga (Rämö and Haapala 2005; Heinonen

et al. 2016, 2017). The majority of the batholith com-

prises massive and rather monotonous alkali feldspar

megacrystic (wiborgitic) rapakivi granites but the

northeastern part on the Finnish side of the border is

more heterogeneous and consists of both diverse types

of rapakivi granites and heterogeneous blocks of the

country rocks included in the rapakivi granite as

megaxenoliths (Vorma 1975; Rämö and Haapala 2005;

Harju et al. 2010). Previous seismic interpretations on

the upper crustal structures beneath the Wiborg bath-

olith suggest that the granites are underlain by a layer of

more mafic material at the depths of ca. 15–25 km,

potentially consisting of anorthositic rocks (Elo and

Korja 1993; Rämö and Haapala 2005).

3. Data Acquisition

KOKKY line was designed as a test environment

for low-cost lithospheric studies and relies purely on

industrial blasts. It crosses pre-existing SVEKA81

(Luosto et al. 1984), BALTIC (Luosto et al. 1990)

and FIRE1 profiles and is partially parallel to deep

reflection profile FIRE3A (Kukkonen and Lahtinen

2006). The profile starts on the coast of Bothnian Bay

and runs NW–SE for nearly 500 km southeast

towards eastern end of the Gulf of Finland (see

Figs. 1, 2 for location). Its acquisition program was

split into two summer campaigns. In year 2012, the

Kokkola–Äänekoski (NW) transect was surveyed,

followed by Karstula–Nuijamaa (SE) transect in

2013. The overlap between deployments was 60 km.

In the first campaign, 49 portable seismic stations

were deployed, and in the second campaign, 74 sta-

tions were deployed. The type of all temporary

seismic equipment was Trimble Ref Tek 125

Table 1

Velocity model used at Institute of Seismology, University of

Helsinki

Vp Vs Depth range

6.19 3.60 0–15 km

6.70 3.84 15–40 km

8.03 4.64 40 km ?
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Table 2

Details of shots used to construct KOKKY profile

Shot number Latitude (�) Longitude (�) Distance from

beginning of line (km)

Offset from

line (km)

Date Time in UTC

1 22.7153 63.7134 6.61 22.77 12.7.2012 14:31:14:27

2 22.716 63.7102 6.88 23 27.6.2012 17:03:17.64

3* 23.5097 63.973 13.21 25.43 13.8.2012 15:34:15.24

4* 23.1585 63.8036 14.76 0.11 10.5.2013 09:48:13.31

5 22.9246 63.6538 18.61 20.06 13.8.2012 12:32:43.42

6 22.9248 63.6538 18.62 20.05 20.7.2012 10:33:50.03

7 23.3152 63.8172 19.05 6.48 4.6.2013 11:08:31.73

8 23.3153 63.817 19.07 6.47 28.5.2013 15:06:26.96

9* 23.3158 63.8168 19.11 6.47 13.6.2013 08:01:24.23

10 23.0735 63.6922 20.71 11.79 27.6.2012 14:46:13.65

11* 23.9012 63.5737 58.72 8.57 3.7.2012 14:33:37.00

12 23.8791 63.2102 87.3 20.19 10.7.2012 09:41:58.70

13* 24.9436 62.7025 165.54 19.46 28.6.2012 08:44:47.35

14* 25.1148 62.7685 166.05 8.04 15.5.2013 09:57:53.73

15* 25.7511 62.6818 195.08 9.57 2.8.2012 09:59:59.88

16* 25.5628 62.5443 199.99 7.88 31.7.2012 11:32:36.63

17* 25.7552 62.3832 219.97 12.52 24.5.2013 08:15:58.06

18 25.6736 62.2995 224.08 21.9 23.5.2013 10:12:39.42

19* 25.6736 62.2982 224.19 22 8.5.2013 09:32:10.82

20 25.7893 62.3089 227.31 16.74 9.7.2012 10:42:16.30

21* 25.7891 62.3076 227.42 16.85 27.6.2012 10:24:47.09

22* 25.8878 62.307 230.88 13.08 7.6.2013 06:22:20.48

23* 25.8864 62.3062 230.9 13.19 20.7.2012 08:48:21.58

24 25.9735 62.2178 241.26 16.38 8.5.2013 08:32:21.40

25* 26.0648 62.2447 242.18 10.84 15.5.2013 07:26:28.83

26* 26.8873 62.2584 269.25 22.27 13.6.2013 10:25:56.26

27* 27.8414 61.4325 371.87 0.66 21.5.2013 09:02:51.90

28 28.1829 61.0339 417.7 13.81 15.5.2013 10:33:11.67

29 28.1833 61.0289 418.15 14.15 29.5.2013 10:33:17.10

30* 29.0484 60.9699 452.97 17.84 7.8.2012 08:06:32.30

31 29.0484 60.9699 452.97 17.84 8.8.2012 10:23:43.84

32 29.0504 60.9691 453.11 17.87 1.8.2012 08:25:26.10

33* 29.0554 60.9707 453.14 18.19 15.5.2013 09:32:57.90

34 29.1634 60.9522 458.42 21.44 17.5.2013 10:32:56.40

35 29.1654 60.9514 458.56 21.47 24.5.2013 07:59:38.61

36 29.1687 60.9498 458.81 21.49 31.5.2013 08:35:06.95

37 29.1694 60.9487 458.93 21.45 29.5.2013 11:53:33.63

38 29.1743 60.9484 459.12 21.63 28.6.2012 10:02:40.50

39* 29.1795 60.9483 459.31 21.84 5.6.2013 09:37:50.71

40 29.1795 60.9475 459.38 21.79 17.5.2013 10:07:55.60

41 29.1832 60.947 459.55 21.91 30.5.2013 07:59:28.68

42 29.1859 60.9478 459.57 22.08 16.5.2013 11:49:13.42

43 29.182 60.9462 459.58 21.8 28.5.2013 13:15:02.53

44 29.183 60.9444 459.77 21.72 8.5.2013 09:33:20.71

45 28.9724 60.8443 461.23 5.81 29.5.2013 08:05:34.66

46* 28.988 60.843 461.88 6.37 15.5.2013 09:21:13.42

47 29.2724 60.9303 464.04 24.51 22.5.2013 11:01:38.00

48 29.2746 60.9304 464.1 24.61 14.6.2013 09:07:47.09

49* 28.8335 60.7475 464.81 6.88 24.5.2013 10:28:54.83

50* 28.8362 60.745 465.12 6.94 8.5.2013 10:26:19.36

51* 28.8355 60.7445 465.14 7 14.6.2013 10:11:16.01

52 28.8391 60.7432 465.38 6.94 29.5.2013 09:49:42.24

53 29.0743 60.5998 485.89 7.06 4.7.2012 11:14:08.80

54* 29.0731 60.597 486.09 7.31 15.5.2013 09:50:34.17
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(Texan). Data from permanent stations (MEF, NUR,

PVF and VJF) and one Kouvola temporary network

station (KV1) were used as well.

In total, 63 shots from quarry blasts and other

explosions were recorded. The initially unknown

locations of shots were resolved from the data of the

temporary deployment and data of the Finnish

National Seismic Network (FNSN; https://doi.org/10.

14470/ur044600y). With minimum off-the-line shot

distance as small as 110 m and maximum of 25.4 km,

average perpendicular offset was 14 km. The events

were preliminarily located using an ordinary least-

squares method included in the HYP locator of Sei-

sAn software (Havskov and Ottemoller 1999).

Known locations of quarries and mines, aerial

orthomosaics of the National Land Survey of Finland,

as well as other digital maps and satellite images

were used for verification of shot locations. Events

close to any open quarry, mine or construction site

were associated with the known location. In most

cases the location accuracy was better than 1 km and

therefore several shots could be reliably associated

with the same site. Finnish shot locations from same

sites include shots 1–2 (Alholmen, Pietarsaari), 5–6

(Stormossen, Vaasa), 7–9 (Runtujärvi, Kokkola),

20–21 (Kaakkovuori, Jyväskylä), and 28–29 (Iha-

lainen, Lappeenranta). On the Russian side the

accuracy was typically lower simply due to station

geometry—all stations were on the Finnish territory.

Therefore, we selected a relatively large number of

Russian shots for initial analysis, with the expectation

that only the few most reliable ones can be retained.

The most prominent Russian shot locations were

western Kamennogorsk (shots 32–33), eastern

Kamennogorsk (34–44), Vozrozhdenie (45–46),

north of Vyborg (49–52), and Gavrilovo (53–63).

The origin times were estimated by extrapolating

station arrivals backwards in time using the predicted

traveltimes to temporary and permanent stations and the

velocity model used in the daily analysis of seismic

events at the Institute of Seismology, University of

Helsinki (Table 1). This three-layer model consists of

mainly granitic layer (0–15 km), mainly basaltic layer

(15–40 km) and mantle. For each source, the mean

origin time was estimated by subtracting the travel times

derived from ISUH standard travel time tables from the

arrivals of each seismic phase and calculating the

average and standard error of the mean (r/HN) for the

resulting origin time estimates. However, several

explosions at a quarry may take place within a time-

frame of seconds, and we only took the picks related to

the first explosion into account. Geotool software of

CTBTO (https://www.ctbto.org) was used for manual

phase picking. The origin time was accepted if its

standard error of the mean was less than 50 ms and if at

least 5–6 phases had been used for location. This left us

with 25 events as seen in Fig. 2. Location and event

times of all shots are listed in Table 2.

4. Seismic Data

The seismic record sections show good quality both

for P- and S-waves. Examples of record sections for

Table 2 continued

Shot number Latitude (�) Longitude (�) Distance from

beginning of line (km)

Offset from

line (km)

Date Time in UTC

55 29.078 60.597 486.26 7.1 22.5.2013 08:08:36.06

56 29.0836 60.5992 486.27 6.7 29.5.2013 15:10:51.97

57 29.0784 60.597 486.28 7.08 17.5.2013 16:08:05.23

58* 29.078 60.5968 486.28 7.11 11.6.2013 11:41:00.14

59 29.0781 60.5967 486.29 7.11 14.6.2013 08:15:19.96

60 29.0925 60.5956 486.89 6.58 22.5.2013 09:03:11.52

61 29.0704 60.5769 487.74 8.83 7.6.2013 08:07:33.63

62 29.0696 60.5765 487.75 8.89 10.8.2012 08:11:58.40

63 29.0695 60.5762 487.77 8.92 6.7.2012 08:15:02.80

Not all shots have been used for calculation of models, but only the most reliable ones denoted by asterisks (*) after the shot number

For locations of these shots, see Fig. 1. For locations of shots on a map, see Fig. 1
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P-wave and S-wave are shown in Fig. 3. Only basic

bandpass filtering (Butterworth filter) was applied to the

data before picking, 2–10 Hz for P-wave seismic sec-

tions and 1–6 Hz for S-wave.

Figure 3
Recorded seismic sections for P-wave (left, with reduced velocity 8 km/s, filtered 2–12 Hz) and S-wave (right, with reduced velocity 4.25 km/

s, filtered 1–6 Hz). Bothnian belt, Central Finland granitoid complex and Saimaa area are illustrated in separate subplots and locations of shots

16, 14, 25, and 46 are also shown
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4.1. P-Wave Arrivals

Seismic phases corresponding to the first direct

arrivals (Pg) with apparent velocities ranging from

5.9 km/s in northwestern part, to 6.0–6.1 km/s in

central part, and up to 6.2 km/s in the southeast end

are consistent with the expected lithologies in the

upper crust (granites and schists) and can be picked at

over 210 km long offsets. At far offsets, there is

evidence for a high velocity lower crust with apparent

velocity[ 7 km/s—see Fig. 3. Mantle propagating

waves, refraction under Moho (Pn), are present with

apparent velocity 8.2–8.3 km/s.

The Moho reflections (PMP) are strong and easy to

interpret. Several mid-crustal reflections (PCP) are

distinguishable. Complex reflection pattern is visible

in southeastern part of the profile at about 8 s in reduced

time (8 km/s) where Moho and upper boundary of the

lower crust are only a few kilometers apart (Fig. 4).

Figure 4
Examples of traveltime modelling, for P- (left) and S-wave (right) arrivals

3782 T. Tiira et al. Pure Appl. Geophys.



4.2. S-Wave Arrivals

The quality of the S-wave record sections is only

slightly inferior compared to P-wave sections. The

strongest shots generated Sg signals visible for over

300 km. Again, lowest apparent upper crust velocities,

3.4–3.45 km/s, correspond to BB area. Central part of

the profile is characterized by upper crust velocities

of * 3.5 km/s, whereas in SE near-surface velocities

reach up to 3.6 km/s. Location of mid-crustal S-wave

reflections complies with their distribution for P-wave.

Moho shape is relatively well retrieved using SMS and

some details about S-wave velocity distribution in the

upper mantle can be resolved using Sn which has

apparent velocity of 4.8–4.85 km/s.

5. Seismic Modelling

5.1. Tomography Modelling

Separate P- and S-wave tomographic velocity

models were computed using JIVE3D program

(Hobro et al. 2003). The program is based on the

2D inversion algorithm by McCaughey and Singh

(1997). A non-linear problem is approximated in a

sequence of linear steps. An iterative inversion path is

used with regularized least-square solution and

conjugate gradient method for optimization (e.g.

Press et al. 1992) between steps. A linearized,

regularized velocity modelgrid is inverted by opti-

mizing travel times calculated with the model to fit

the measured travel time data. Tomographic
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inversion (Hobro et al. 2003) results in smooth

velocity models by automatically adjusting seismic

velocities in a regular grid. Inverted models typically

have minimal structures since adjustments are grad-

ual and the algorithms cannot by default

accommodate big shifts in velocities.

Only refracted crustal turning waves were used in

this study. The models were solved in 50 km wide,

492 km long and 80 km deep 3D corridor and the

number of used shot records was 25. Some shots were

disregarded since there were multiple shots at the

same quarry. Number of P-wave picks was 1875 and

that of S-wave picks 963. The maximum source–

receiver distance for rays to reach the target receivers

was less than 300 km, meaning that the use of flat

earth assumption and the Cartesian coordinate system

was sufficient (Ollikainen and Ollikainen 2004).

Figure 5 shows 2D models from 3D corridor along

the main KOKKY profile line. The velocity fields of

the tomographic models were used as starting points

in the ray tracing modelling. The method alone was

not sensitive enough to provide information on

inhomogeneities across (perpendicular to) the 3D

corridor.

5.2. Ray tracing modelling

The SEIS83 package (Červený and Pšenčı́k 1984)

and graphical interfaces MODEL (Komminaho 1998)

and ZPLOT (Zelt 1994) were used for forward

traveltime modeling. The SEIS83 package was used

to calculate ray paths, traveltimes, and synthetic

seismograms seen in Figs. 3, 4, 6, 7, and 8. The final

models were compiled using trial-and-error forward

modeling guided by a priori knowledge of source

locations. In iterative process, traveltimes calculated

for current velocity model were compared with

observed, and corrected towards misfit minimization.

Due to preferential horizontal propagation of rays,

velocities were typically averaged laterally. Synthetic

seismograms were calculated for qualitative control

over modeled and observed amplitudes. Additionally,

the input model was supplemented by the data from

partially parallel FIRE3 profile and information from

crossing profiles SVEKA81, BALTIC and FENNIA

(Janik et al. 2007; Janik 2010; Kukkonen and

Lahtinen 2006). The two-dimensional forward mod-

eling with ray tracing method resulted in P-wave

velocity distribution model shown in Fig. 9a. Fig-

ure 4 provides general overview of modeling

including ray-paths, synthetics and overall fit to

experimental data. Figure 6 provides another insight

into modeling results for three different seismic

record sections (shots 4, 16, and 30), supplemented

by joint rays diagram on the final model.

Starting with general geophysical assumptions,

P-wave velocity model was converted into the

S-wave model based on average Vp/Vs ratios (H3)

for corresponding individual layers in the crossing

profiles. Then, the velocity modeling was performed

iteratively, constraining the boundaries from P-wave

model, until the least misfit of S-wave. Figure 7 gives

the overview of the S-wave modeling, the way Fig. 6

does for P-wave. Final S-wave velocity model is

shown in Fig. 9b.

By dividing the modelled Vp by Vs models it was

possible to obtain the distribution of crustal Vp/Vs

ratio along KOKKY line (Fig. 9c). The P-wave and

S-wave models in Fig. 9 display only those parts of

crustal discontinuities, which were the source of

clearly reflected rays. The Vp/Vs ratio model has

both P-wave and S-wave model boundaries marked.

5.2.1 P-Wave Velocity Model

The uppermost crust is characterized by velocities

ranging from 6.05 to 6.20 km/s. BB, hosting schists

and gneisses, has slightly slower velocities of

5.92 km/s than CFGC, hosting mostly granitoid

plutons, where higher surface velocities of

6.0–6.1 km/s are observed. Further southeast, both

the Häme migmatite belt and Wiborg rapakivi

batholith appear to be undistinguishable based on

bFigure 9

Final two-dimensional seismic models of P-wave velocity Vp,

S-wave velocity Vs, and distribution of Vp/Vs ratio. Confirmed

boundaries are displayed with solid black lines. Numbered triangles

indicate shot numbers. Crossing points of FIRE1, SVEKA and

BALTIC profiles are also shown. In its western part, KOKKY is

parallel and close to FIRE3A at a distance of 210 km as shown by a

solid gray line. BB Bothnian belt, CFGC Central Finland granitoid

complex, HVLC high velocity lower crust, SA Saimaa area, V.E.

vertical exaggeration
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Vp values, which grow gradually from 6.15 up to

6.2 km/s. Deeper upper crust may be divided into

three parts: NW, central, and SE. Central part has the

slowest P-wave velocities of 6.15–6.25 km/s,

whereas NW part shows velocities from 6.2 to

6.3 km/s. SE part has the fastest lower upper crust

with Vp from 6.2 to 6.4 km/s.

Middle crust is thickening and shallowing towards

BB, where it starts at 13 km depth. It gradually

deepens towards the center of the profile and reaches

about 21 km depth. After 350 km of the profile the

middle crust begins to thicken again up to 16 km at

the SE end of the profile. After 450 km it is unknown

whether middle crust deepens significantly or only

undulates locally due to lack of stations. Although the

shape of the middle crust is symmetrical, the velocity

distribution is slightly different in eastern lower parts,

being over 0.15 km/s faster than average 6.7–6.8

km/s in most of the line.
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with the estimated velocity of 7.35 km/s and for changes of ± 0.1 km/s. Red dots with size 0.1 s show our picked travel times
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The high velocity lower crust with homogeneous

velocity, ranging 7.35–7.4 km/s, is well documented

on a few earlier seismic sections. Figure 10 shows the

results of PHVLC modelling for in opposite directions

travel times of SP09 and SP33. The top diagram of

the Fig. 10 presents results of the accuracy test of our

model for PHVLC for both record sections. The arrival

time of the PHVLC wave was calculated with the

estimated velocity of 7.35 km/s, as well as with

velocity modified by ± 0.1 km/s. Red dots show the

picks. It is clear from the figure that the uncertainties

of velocity determinations are lower than ± 0.1 km/

s. Top of HVLC is at an average depth of * 38 km,

with the shallowest point at * 36 km in the central

part of the profile and the deepest at * 39 km, at

both ends of the modelled boundary. The thickness of

the high velocity lower crust varies significantly.

Layer is thickening from 4 km in SE part of the

profile, below the Wiborg batholith, reaching 18 km

in its central part corresponding to lower crust of

CFGC, and then thinning again to about 12 km in

NW part, below BB.

Moho depth varies significantly, from 54 km near

the Gulf of Bothnia to 63 km in the middle of the

profile, and up to 43 km in Saimaa area. Between

areas of deepest Moho, a 55-km section exists where

Moho is poorly resolved. However, the maximum

depth exceeds the depth range of Grad et al. (2009).

Upper mantle in easternmost part is characterized by

velocities of * 8.17 km/s, which are growing

towards the west. In the area of the deepest boundary,

velocities underneath the Moho are as high as *
8.27 km/s. Below BB the uppermost mantle veloc-

ities are about * 8.22 km/s.

5.2.2 S-Wave Velocity Model and Vp/Vs Ratio

Upper crustal S-wave velocity variations follow

distribution pattern of the P-wave velocities near

the surface, showing velocities of 3.4 km/s for NW

part of the profile, 3.5 km/s for central part and

3.6 km/s for SE part. Upper crust has velocities

between 3.55 km/s and 3.65 in NW part, from

3.5 km/s to 3.6 km/s in central part and around

3.65 km/s in SE part of the profile. Vertical velocity

variation is less distinct in subsequent layers. The

deepest upper crust, set in the central part of the

profile, is also the slowest one.

In the S-wave velocity field, the sharp contrast

between velocities of upper and middle crust occurs

only in the central part of KOKKY profile. There, the

layers are separated with the Vs contrast of 0.2 km/s,

while for the rest of the line the transition is smooth.

The less distinguishable middle crust is characterized

by velocities from 3.70 to 3.85 km/s in the NW end,

just above the 3.7 km/s in the SE end and reaching

3.8 km/s to 3.9 km/s in the central part. Middle crust

underneath the Saimaa area is the zone of the greatest

Vp/Vs ratio, where its value exceeds 1.80, while it

generally remains closer to the range of 1.73–1.76

(see Fig. 9c). Lower crust appears as less uniform

with velocities 4.22–4.25 km/s in central and SE part

of the line, while NW part is distinctly slower with

average velocity 4.17 km/s.

The high velocity lower crust is much less

uniform in the S-wave velocity distribution if com-

pared to P-wave model. Its top has the lowest S-wave

velocity of 4.17 (may be[ 4.15) km/s in the NW

part, around 4.2 km/s in the central part and increases

up to 4.25 km/s towards the SE end of the profile.

This pattern is followed with Vp/Vs ratio, which is

the highest in BB area with 1.77, varied in the middle

with average ratio of 1.74 and 1.73 in the east. At the

bottom of the high velocity lower crust the S-wave

velocity increases from 4.2 km/s in the NW part to

4.25 km/s in the SE part.

The shallowest/uppermost upper mantle, present

locally at 43 km, is characterized by veloci-

ties[ 4.75 km/s. It’s velocities are growing

uniformly at rate * 0.05 km/s per 20 km, giving

average velocity of[ 4.8 km/s in the deepest central

part of KOKKY profile and 4.81 in BB, where it

reaches depths of 54 km. Upper mantle in character-

ized by the constant Vp/Vs ratio what gives Vs in

between 4.80 and 4.85 km/s, depending on the depth.

The high Vp/Vs at SE corresponds to the Wiborg

rapakivi area, where Luosto et al. (1990), Hyvönen

et al. (2007) and Janik (2010) also found large values

in his analysis of BALTIC profile. Also, our obser-

vation of lower velocity ratio in the Bothnian schist

belt is in agreement with that of Hyvönen et al.

(2007) who built a 3D tomographic model for

700 9 800 km2 of central Fennoscandian shield,

3790 T. Tiira et al. Pure Appl. Geophys.



using data from SVEKA81, BALTIC, SVEKA91,

and FENNIA DSS profiles. The DSS data with dense

station spacing had stronger influence than SVEKA-

LAPKO data set on the results near the DSS profiles.

This explains the similarity between the tomography

model and DSS profile Moho depths in Fig. 11. Thus,

Fig. 11 of Moho depth from different studies high-

lights new information brought by the KOKKY

profile.

6. Discussion

The KOKKY seismic profile begins at 63.90� N,

22.95� E in Bothnian belt and ends at 60.61� N,

29.25� E near the eastern edge of Wiborg batholith.

The use of a large number of portable seismometers

reduced the timing uncertainty and allowed us to

reliably assign blasts to known explosion sites within

the geographic limits of those sites. Even though the

largest time residuals in individual phase picks were

ca. 0.2 s, 25 out of 63 events fulfilled the condition

that at 5–6 phases could be used with a standard error

of mean being less than 50 ms. Results are in

agreement with those obtained in FIRE project in

western Finland, but they also provide new infor-

mation on crustal structure in the central part of the

country. In general, the CFGC area is characterized

by high velocity lower crust (Fig. 9) as already

pointed out by Korja et al. (1993).

Nikkilä et al. (2016) suggested that the high

velocity lower crust is formed by both crustal

differentiation process after three granitic melting

stages and by mafic underplating during the latest

magmatic event. CFGC is represented by overall

thicker crust (63 km) and a thicker (high velocity)

lower crustal layer (18 km) compared to the supra-

crustal Bothnian and Häme belts on its margins with

overall crustal thicknesses of 54 and 43 km and lower

crustal layer thicknesses of 12 km and 4 km,

respectively. The upper crust in the western part of

CFGC features slightly higher velocities than in the

east. This may support the previously suggested

hypothesis of higher amount of mafic and supra-

crustal rocks on the northwestern flank of CFGC

(Lahtinen et al. 2016). Korja et al. (1993) interpreted

the thin lower crustal layer below the Wiborg bath-

olith area (SA) to result from the up-doming of

mantle during extensional event forming the bimodal

rapakivi magmatism (* 1.63 Ga), but some of it

may associated with partial melting of lower crust at

late orogenic stages (* 1.83 Ga). BB has previously

been suggested to represent supracrustal margins of

a * 1.86 Ga metamorphic core complex (Suikkanen

et al. 2014; Kotilainen et al. 2016a, b).

One of the most important results of this investi-

gation is confirmation of the existence of high

velocity lower crust (HVLC) with a thickness of up to

19 km and determination of its velocity. Velocities

7.35–7.4 km/s obtained for HVLC are only slightly

different from those obtained on almost perpendicular

profile SVEKA’81, 7.3–7.35 km/s (Grad and Luosto

1987), and similar values, 7.35–7.42 km/s on the

reinterpreted common transect of SVEKA’91 &

Figure 11
Comparison of the Moho depths from DSS profiles parallel to or crossing KOKKY and Moho depth from tomographic model of Hyvönen

et al. (2007). In the FIRE3A section parallel to KOKKY, Moho reflection is evident only in the westernmost 40 km part
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SVEKA’81 profiles (Janik et al. 2007). When com-

paring these values, it should be noted that such

discrepancies are within the method’s accuracy lim-

its. In this situation, it is also difficult to evaluate

possible anisotropy. Another important research

result is the extension of information about the region

characterized by the deepest Moho in Europe, below

CFGC.

Ray tracing analysis results from KOKKY profile

can be conveniently added to the original dataset used

to compute the European Moho depth map (Grad

et al. 2009). The Moho depth in central and southern

Finland extracted from Grad et al. (2009) was com-

pared with new calculation with included data from

the KOKKY profile, and difference of the resulting

maps was also illustrated (Fig. 12). The KOKKY

model provides new information at central part of the

profile where Moho is 1–5 km deeper than known

from previous reflection and refraction studies. The

greatest difference is between old DSS profiles

BALTIC (Luosto et al. 1990) and SVEKA81 (Luosto

et al. 1984) which cross the KOKKY profile. How-

ever, on the reinterpreted common transect of

SVEKA’91 and SVEKA’81 (Janik et al. 2007) the

Moho depth seems to be similar. This result also

replicates the observation of deepest Moho below

CFGC around the city of Jyväskylä (Kozlovskaya

et al. 2008) rather than below SA near the town of

Heinävesi (Grad et al. 2009).

In Bouguer anomaly map of Finland, values

increase gradually from Bothnian belt (BB) to Sai-

maa area (SA) and decrease from Saimaa area SA to

Wiborg rapakivi batholith WRB along the line. Elo

(1997) found out that large granitoid batholiths,

rapakivi granites in particular, are characterized by

local gravity minima, while mafic rocks and expo-

sures of middle crust are often associated with gravity

maxima. Elo and Korja (1993) modeled that the

Wiborg batholith is associated with a Bouguer

anomaly minima surrounded by a maxima rising from

the uplifted mantle. Central Finland granitoid com-

plex is, however, not associated with a Bouguer

minima, but rather appears to image side effects of

minima associated with Bothnian belt and its granitic

core and Wiborg rapakivi batholith. This supports the

Kozlovskaya et al. (2004) idea that the CFGC is an

upper crustal body, the crust below is thick and that

Moho topography variations are compensated with

thickness changes of the lower high-velocity lower

crust and mafic intrusions within the upper parts.

Mass anomalies observed at surface, however, are

generally compensated with mass distribution within

the crust. It is not possible to solve a unique mass

distribution from measured gravity values, but

velocity data from seismic profiles are helpful in

giving additional constraints for the Fennoscandian

lithospheric structure. For example, Kuusisto et al.

(2006) used mixtures of rock types with different Vp

values to model crustal structure in the central part of

shield, comparing data from FIRE1, FIRE3A, and

SVEKA profiles. They found continuation of a bright

reflector from FIRE1 to the nearby SVEKA profile,

and the presence of three distinct layers and the

transition from felsic to mafic lithology with depth

also appeared evident in their results. The analysis of

Finnish and Swedish earthquakes (Veikkolainen et al.

Figure 12
Moho depth maps of south-central Finland. a Map computed from data set of Grad et al. (2009) after adding Moho depth from the KOKKY

ray tracing model into the original database. b Map after Grad et al. (2009) without new data. c Difference between the two Moho depth maps

3792 T. Tiira et al. Pure Appl. Geophys.



2017) resulted in the Fennoscandian seismic cut-off

depth constraint 28 ± 4 km, which is also close to

the boundary of upper and middle crust in Fig. 9.

7. Conclusions

The KOKKY profile crosses several other deep

seismic sounding lines (FIRE1, SVEKA, and BAL-

TIC). The line runs within less than 10 km distance

from FIRE3A line, and these lines are parallel at a

distance equivalent to 43% of entire length of

KOKKY, 210 out of 490 km. This corresponds to

FIRE3A common mid-points (CMPs) 12,000–18,000,

an interval where the boundary of upper and middle

crust dips at a greater depth in transition from

Bothnian belt to CFGC. In FIRE3A, Moho can be

clearly discerned only in the western end, corre-

sponding to 40 km between CMPs 16,700–17,800. A

strong reflector showing the boundary of upper and

middle crust is visible in FIRE1 between line points

16,500–18,000, a section, which crosses KOKKY.

The intersection of KOKKY and SVEKA is also

close to this section, yet unlike in SVEKA, no shal-

low high velocity anomaly is visible in KOKKY. The

Moho depth at the intersections of KOKKY line with

reinterpreted common transect of SVEKA’91 and

SVEKA’81 profiles (Janik et al. 2007) in CFGC, and

with BALTIC profile, in SA (Janik 2010) seems to be

similar. Comparison between earlier Moho depth

map and the map updated with KOKKY results

confirms clues about a depression in Moho boundary

in central Finland, thus contributing to the interpre-

tation of the SVEKALAPKO experiment

(Kozlovskaya et al. 2008). The higher reflectivity of

upper crust compared to middle and lower crust is

most likely due to the actual crustal differentiation

rather than a methodological bias (Kukkonen and

Lahtinen 2006; Kuusisto et al. 2006). The uneven

spatial distribution of shot points causes largest

uncertainty to results in the boundary zone of BB and

CFGC, where the distance between projected loca-

tions of shot points 12 and 13 is 78 km, and in eastern

CFGC/western SA, where the distance between pro-

jected locations of shot points 26 and 27 is 103 km

(Fig. 1, Table 2). Despite these deficiencies, the

coverage of ray paths appears sufficient in all parts of

the profile (Figs. 6, 7, 8). The outcome of KOKKY is

therefore encouraging for future plans to implement

seismic profiling in similar manner in Finland and

elsewhere, yet further analysis of accuracy and

uncertainty of data in this kind of projects is also

needed.
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