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Complicated Quaternary sediment strata have been preserved within the ice-divide zone of 
northern Finland because of weak glacial erosion. Geographic Information System (GIS) 
databases, 3D modelling and ground penetrating radar surveys were used to construct the 
3D structure of unconsolidated sediments and bedrock topography for Kersilö, Sodankylä, 
to provide information for freshwater management and environmental studies in the min-
eral exploration area. The model was created using a combination of explicit and implicit 
modelling covering an area of 10.5 km2. The surficial deposits in the study area are a few 
metres thicker than their average thickness in northern Finland. They include three till units 
and four sandy or gravelly units. Fluvial action has repeatedly deposited sorted sediments 
in the channel valley of the Kitinen river. Basins in the bedrock have preserved thick sedi-
ment packages (> 15 m), indicating that the bedrock topography controls the sedimentary 
features. Aquifers in the area are small and disconnected, and perched aquifers exist due to 
the low hydraulic conductivity of interlayered tills.

Introduction

It has long been known that Quaternary deposits 
in central Lapland represent complicated strata 
displaying a variety of geological events and 
phenomena. Studies of their characteristic fea-
tures also have a long history. The first recorded 
observations on weathered bedrock in Finnish 
Lapland date back to the beginning of the 20th 
century (Rosberg 1908). The complicated glacial 
history was evidenced by discoveries of multiple 
till sections all over central Lapland that were 
reported, for example, in studies by Kujansuu 
(1967), Korpela (1969), Hirvas et al. (1977), 

Hirvas (1991) and Sarala et al. (2015). A very 
active research phase took place in the 1970s, 
when the Geological Survey of Finland (GTK) 
started extensive field campaigns for ore pros-
pecting, including targeted geochemical sam-
pling and systematic test pit examinations; about 
1400 test pits were dug and studied (Hirvas et al. 
1977, Pulkkinen 1983).

During the last glaciation, the Weichselian, 
central Lapland was most of the time part of a 
continental ice-divide zone characterized by fro-
zen-bed conditions (Kleman and Glasser 2007), 
weak glacial erosion (Penttilä 1963, Kujan-
suu 1967) and deposition by meltout processes 
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(Johansson et al. 2011). This led to the preser-
vation of geological features such as abundant 
weathered bedrock, relict landscapes, numerous 
till units and interbedded unconsolidated sorted 
sediments comprising gravels, sands, silts and 
even organic sediments [e.g. Helmens et al. 
(2000), Hättestrand and Stroeven (2002), Hel-
mens et al. (2007), Sarala et al. (2016)].

Overall, on average the unconsolidated sedi-
ments that lie above the solid crystallised bed-
rock in Finnish Lapland are very thin, and typi-
cally < 6 m (Maijanen et al. 2008). Tills were 
mostly deposited during the Weichselian glacia-
tion, but a few till units have been proposed to 
be correlated with the Saalian glaciation (Hirvas 
1991). More than half of the interglacial-type 
subtill sediment sites found in Finnish Lapland 
are located within the municipality of Sodankylä 
(Hirvas 1991), where our study area was located.

Recent studies indicate that the Weichselian 
glaciation in northern Finland consisted of at 
least four glaciation events interrupted by ice-
free interstadials (Johansson et al. 2011, Salonen 
et al. 2014, Lunkka et al. 2015). The most 
notable ice-free depositions in central Lapland 
are located at Naakenavaara and Tepsankumpu 
in Kittilä (Hirvas 1991), Rautuvaara in Kolari 
(Lunkka et al. 2015) and Sokli in Savukoski 
(Helmens et al. 2000, Helmens et al. 2007) 
(Fig. 1). Naakenavaara has been interpreted to 
represent the Holsteinian interglacial or even an 
older ice-free event (Hirvas 1991, Aalto et al. 
1992, Saarnisto and Salonen 1995), and the Rau-
tuvaara site was previously known as a type sec-
tion for the northern Fennoscandian late Middle 
and Late Pleistocene deposition (Hirvas 1991). 
However, it has recently been denoted as a 
Weichselian site (Lunkka et al. 2015).

A systematic analysis of GIS-formatted data-
bases can be used to interpret geological struc-
tures and can be applied to investigate large-
scale sedimentary systems (Wycisk et al. 2009, 
Johnson et al. 2015, Sarala et al. 2015). The 3D 
shape and continuity of geological structures 
can be accurately studied by combining modern 
computer programs, LiDAR (Light Detection 
and Ranging) elevation models and geophysi-
cal information, such as ground penetrating 
radar (GPR) data, with more traditional mapping 
methods. This makes it possible to calculate the 

volumes of sediments and apply the information 
in groundwater studies (e.g. Wycisk et al. 2009).

In Finland, shallow glacial drift aquifers pro-
vide the majority (ca. 70%) of the public water 
supply. Since groundwater flow is dependent 
upon the thickness and internal structure of the 
sediments and the topography of the underlying 
bedrock, 3D geological modelling [e.g. Ross 
et al. (2005), Skyttä et al. (2015)] has been 
used to characterize the subsurface architecture 
and complexity of aquifers for hydrogeological 
modelling and water management. Moreover, 
there is an ongoing general re-evaluation of 
aquifers in Finland based on a new aquifer clas-
sification (Act on Water Resources Management 
1263/2014).

Our study site in Sodankylä (northern Fin-
land) is the target area of intensive explora-
tion activity due its ore potential. A Cu-Ni sul-
phide deposit named Sakatti (Brownscombe et 
al. 2015) has been discovered. Therefore, new, 
additional drilling data were available and there 
was also interest in studying the water resources 
prior to possible mining activities.

Bearing all this in mind, the first aim of this 
study was to apply a combination of tools to 
depict and visualize the complicated sediment 
architecture and associated sedimentary envi-
ronments within the ice-divide zone of Finnish 
Lapland. This combination of a new 3D model 
and a GIS database enabled new interpretations 
of sediment thicknesses, sedimentary basins and 
the distribution of sediments. Another goal was 
to evaluate the applicability of large, old target 
geochemical sampling data in the present 3D 
modelling approach. The more specific objective 
of this study was to examine how 3D model-
ling can be applied to construct the complicated 
sediment package that has been deposited in the 
Sodankylä study area, and how this model can 
be introduced into aquifer characterization and 
classification, as well as freshwater management 
in the area.

Study area and geological setting

The Kersilö study area in the municipality of 
Sodankylä (northern Finland) covers an area 
of 20 km by 18 km (X: 482 000–500 000, 
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Fig. 1. (A) Location of the study area. Stratigraphical sites mentioned in the text are marked with yellow stars. 
(Sources: rivers (EU water formations) © Finnish Environment Institute (SYKE), modified and reproduced with 
permission from the copyright owner; administrative borders © National Land Survey of Finland, modified and repro-
duced with permission from the copyright owner). The ice divide zone is modified after Johansson et al. (2011) and 
Hirvas (1991). (B) The study area and 3D detailed model area. (Source: terrain elements (1:100 000/1:250 000) 
© National Land Survey of Finland, reproduced with permission from the copyright owner). (C) A bedrock map of 
the Kersilö area. (Source: bedrock map (1:200 000) © Geological Survey of Finland, modified and reproduced with 
permission from the copyright owner). (D) The topography and ancient shorelines of the Kersilö area. Shorelines: 
Phases 1 (207 m) and 5 (195 m) of Moskujärvi ice lake, Ancylus Lake 186 m (Johansson and Kujansuu 2005). 
(Sources: terrain elements (1:100 000/1:250 000) © National Land Survey of Finland, reproduced with permission 
from the copyright owner; LiDAR DEM © National Land Survey of Finland, modified and reproduced with permission 
from the copyright owner.

Y: 7 500 000–7 480 000 in EUREF-FIN TM35 
coordinate system; see Fig. 1). The study area 
is a relatively flat undulating peneplain at an 

altitude of 180–200 m above sea level (a.s.l.), 
but a few higher hilltops dominate the north-
ernmost part: Vanttioselkä (314 m), Venevaara 
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(273 m) and Särkivaara (286 m) (Fig. 1B). The 
mean elevation is 192 m a.s.l. and in most of 
the area (~93%) it is less than 210 m a.s.l.. The 
Kitinen river runs through the terrain from north 
to south. The lowest areas, below 180 m, are 
located in the Kitinen valley in the SW corner of 
the study area.

Surficial deposits

The whole of the study area has been mapped 
for its Quaternary deposits. The first mapping 

was conducted by Kujansuu (1966) at the scale 
of 1:400 000. Since then, two updated maps 
have been compiled for the Sodankylä region. 
Väisänen and Maunu (2004) prepared a map of 
surficial deposits at the scale of 1:20 000, and 
Räisänen (2014) updated the most recent Qua-
ternary map, applying the advantages of LiDAR 
DEM (digital elevation model generated with 
LiDAR), at the scale of 1:25 000.

Surficial deposits in the study area consist 
mainly of till, sand, gravel and peat. Extensive 
sand and gravel deposits cover the Kitinen river 
valley and the Kärväsniemi area (Fig. 2). The 

Fig. 2. The coverage of 
the Kersilö database on a 
map of surficial deposits 
(1:20 000 and 1:200 000; 
source © Geological 
Survey of Finland, modi-
fied and reproduced with 
permission from the cop-
yright owner). The refer-
ence for each original 
database is mentioned in 
Table 1. The Paloseljänoja 
site was used as a ref-
erence for preliminary 
stratigraphy. Test sites 
TS-1/2015 and TS-2/2015 
were studied during a field 
campaign in 2015. *Full 
profiles in the targeting 
till geochemistry data-
base. (Sources: contours 
(1:100 000) © National 
Land Survey of Finland, 
reproduced with permis-
sion from the copyright 
owner; targeting till geo-
chemistry and National 
drill core archive © Geo-
logical Survey of Finland, 
Modified and reproduced 
with permission from the 
copyright owner).
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hills Vanttioselkä, Venevaara and Särkivaara are 
covered by till (Fig. 2). Bedrock outcrops are 
common, especially in the northern part of the 
study area on the slopes of the hills. Another 
distinctive feature is the abundance of weathered 
bedrock sites in the area (Hirvas et al. 1977, 
Gustavsson et al. 1979).

Peat extensively covers the flat floodplains 
outside the river valley (Lappalainen 1970). The 
average peat thickness is 2.3 m (max. 5.7 m). 
Peatlands lie at altitudes of 180–200 m a.s.l., and 
rarely reach the altitude of 207 m, which was the 
highest level of the Moskujärvi ice lake (Johans-
son and Kujansuu 2005) (see Fig. 1D).

Bedrock

The bedrock of the study area had been mapped 
by Mikkola (1937) at the scale of 1:400 000, 
and later at the scale of 1:100 000 by Tyrväinen 
(1983), and at the 1:200 000 scale (digital map) 
by the Geological Survey of Finland (Fig. 1C). 
The bedrock of the study area is Precambrian 
and mainly consists of rocks belonging to the 
Karelian supergroup (Simonen 1980, Hanski and 
Huhma 2005), which are a part of the Palaeo-
proterozoic Central Lapland Greenstone Belt. 
Mafic and ultramafic volcanic rocks dominate 
the western and northwestern parts of the Kersilö 
area (Fig. 1C). The belt also includes quartzites, 
micashists, peridotites and gabbros. A notable 
structural feature of the bedrock is the almost 
west-to-east lineation in fractures and foliation 
(Tyrväinen 1980, Räsänen 2008), which is also 
visible in aeromagnetic anomaly maps of the 
area (Peltoniemi 1988, Airo 2005).

Glaciation history of the Sodankylä area

Recent studies suggest that the Scandinavian Ice 
Sheet (SIS) covered the study region at least two 
and perhaps even four times during the Weich-
selian glaciation (Johansson et al. 2011, Lunkka 
et al. 2015). New optically stimulated lumi-
nescence (OSL) age determinations by Sarala 
et al. (2015) indicate that SIS reached the area 
during the Early Weichselian, as indicated by 
a delta-like landform deposited on the western 

side of the rivers Kitinen and Sattanen. However, 
no confirmed evidence of Middle Weichselian 
deposits was found in the Sodankylä region 
(Hirvas 1991, Sarala et al. 2015).

Indications of at least two ice-free events 
have been detected in Sodankylä, both inter-
preted to be of Eemian age. The Paloseljänoja 
site (Hirvas 1991, Eriksson 1993) is located 
close to the village of Kersilö and hosts an inter-
glacial gyttja layer underlain by a thin silt layer 
and two till units. The gyttja was deposited in 
situ and its pollen content suggests a late Eemian 
origin (Hirvas 1991). The pollen stratigraphy of 
the Paloseljänoja gyttja correlates with the Tep-
sankumpu interglacial (Hirvas 1991). Another 
site with interglacial-type subtill gyttja layers has 
been observed in the northern part of the Viianki-
aapa mire (Fig. 1B) (Hirvas 1991).

According to Hirvas (1991), most interglacial 
deposits in Lapland are located within the bor-
ders of Sodankylä municipality (see Fig. 1), and 
interglacial deposits are often deposited at lower 
altitudes than interstadial deposits. In addition, 
the average thickness of interglacial deposits is 
greater than that of interstadial deposits. Being 
older, the interglacial deposits often lie much 
deeper than the interstadial deposits.

Deglaciation

Deglaciation of the Sodankylä region was 
described by Johansson and Kujansuu (2005). 
They determined that the Sodankylä area, 
including the Viiankiaapa mire, was a part of 
Moskujärvi ice lake (Fig. 1D), which covered an 
area of over 400 km2 approximately 10 400 years 
ago. The ice lake was at its maximum level at 
207 m a.s.l. as the ice margin withdrew from the 
present Viiankiaapa basin. In its oldest phase, the 
Moskujärvi ice lake drained towards the Luiro 
valley in the east. Later, as a result of glacier 
melting, the drainage direction turned south-
wards through Hirviäkuru gorge (8 km south of 
the study area), and the ice lake level lowered to 
195 m. This is indicated by the level of the Mata-
rakoski delta, which was deposited ca. 10 300 
years ago (Johansson and Kujansuu 2005).

Later, after the glacier had melted from the 
study area, Viiankiaapa became connected to 
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Ancylus Lake ca. 10 300–10 200 years ago. The 
highest shoreline at that time was at 186 m 
(Johansson and Kujansuu 2005).

Material and model input data

Two types of input data were used for this study: 
(1) two GIS databases: the Kersilö database cre-
ated as a part of this study and containing avail-
able percussion and auger drilling data from the 
study area (see Table 1), and the BOT (base of 
till) database courtesy of AA Sakatti Mining Oy 
which included unconsolidated sediment thick-
ness information; and (2) data from a ground-
penetrating radar (GPR) survey.

Altogether, 45 km of GPR survey profiles 
were acquired during this study. In addition to 
the Kersilö database, four new study sections, 
TS-1, TS-2, TS-3 and TS-4, were excavated 
during the field campaign in August 2015. TS-1 
and TS-2 are located in a gravel intake area in 
Kärväsniemi (Fig. 2). The other two test pits are 
located in near Kotavaara. Descriptions of their 
lithology were included in the Kersilö database.

Ground penetrating radar (GPR) 
measurements

A GPR survey was performed within the current 
study to evaluate the continuity of the sediment 
layers and the bedrock surface. Acquisitions 
were conducted during field campaigns in spring 
and autumn 2015. GPR survey lines were located 
in the central part of the study area (Fig. 3: 
profiles used in modelling are indicated with 
pink and violet lines), and most of the profiles 
were measured along unpaved forest roads. The 
GPR surveys were performed by MALÅ Ramac 
ProEx, with 50 MHz and 100 MHz unshielded 
rough-terrain antennas. A GPS attached to a 
backpack for carrying the MALÅ control unit 
was used for positioning. The heights corre-
sponding to the GPS coordinates were extracted 
from the LiDAR DEM elevation model. Before 
interpretation, the GPR data were processed 
with a conventional processing sequence that 
included amplitude, time-zero and topographic 
corrections, as well as various filtering steps. 
Velocities of 0.1 and 0.075 m ns–1 were used for 
time-to-depth correction. These velocities were 

Table 1. The Kersilö database and BOT (base of till; source: AA Sakatti Mining Oy) data points (Fig. 2) that include 
all previous information on surficial deposits and the bedrock surface located within the area X: 482 000–500 000 
and Y: 7 500 000–7 480 000.

	 Observations	 Data points1	 Profiles	 Source

Targeting till geochemistry	 1936	 3906	 608	 Gustavsson et al. 1979
Stratigraphic sites	 2	 11	 2	 Hirvas 1991
Auger drillings	 22	 60	 22	 Leskelä 1971
Auger drillings	 12	 20	 12	 Salminen 1972
Test pits GTK	 12	 27	 12	 Hirvas et al. 1977
Test sites 2015	 4	 18	 4	 This study
Groundwater wells	 24	 69	 24	 Golder Associates Oy
Groundwater wells (HERTTA database)2	 38	 38	 1	 HERTTA database3

Groundwater wells Moskuvaara2	 12	 27	 12	 Lapin ELY-keskus
Peat investigations 1965	 311	 311		  Lappalainen 1970)
Peat investigations 1975	 91	 91		  Lappalainen and Pajunen 1980
Overburden thickness 	 161	 161		  AA Sakatti Mining Oy
Percussion drillings 1998	 49	 152	 49	 Lapin ympäristökeskus
Percussion drillings 1986–1987	 20	 39	 20	 Lapin vesi- ja ympäristöpiiri
National drill core archive 1979–1996	 36	 36		  Geological Survey of Finland
BOT observations	 2181	 2263		  AA Sakatti Mining Oy
Total	 4911	 7229	 766	

1 Total sample (data point) count.
2 Four wells are located outside the study area.
3 http://www.syke.fi/fi-FI/Avoin_tieto/Ymparistotietojarjestelmat [in Finnish].
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Fig. 3. The 3D model area 
with topography. GPR 
lines are marked with 
pink and violet lines. An 
explanation of the data 
points is provided in Fig. 
2. (Sources: waterbod-
ies (1:100 000) and roads 
(1:20 000) © National 
Land Survey of Finland, 
reproduced with permis-
sion from the copyright 
owner; conservation area 
and mire (1:100 000) and 
LiDAR DEM © National 
Land Survey of Finland, 
modified and reproduced 
with permission from the 
copyright owner.

determined using reference information from the 
drill cores located along the GPR profiles. For 
this study, the GPR data were used to interpret 
the bedrock surface and to verify the lateral dis-
tribution of stratigraphical units and their contact 
surfaces observed in the test sections and drill 
cores. For example, survey profile GPR1000 
(Fig. 4) had a distinct signal of the bedrock sur-
face and groundwater table, but it also indicated 
sedimentary features such as foresets.

Modelling methods

Leapfrog modelling

Two models with different distributions were 
generated in this study. The first was a full 3D 
model that included sediment units that exist 
in the vicinity of Kersilö, the bedrock surface 
and a model of the Kitinen river. This model 
(3 ¥ 3.5 km; see Figs. 1 and 2) was generated 
with the software Leapfrog Geo® (ARANZ Geo). 

The second model was a GIS-based model of the 
bedrock surface and sediment thickness that was 
generated in a larger distribution (13.4 ¥ 18 km).

Here, Leapfrog modelling was performed 
with a combination of explicit (traditional 
manual method of wire framing and digitis-
ing) and implicit modelling. Leapfrog Geo is an 
implicit model software package and is aimed at 
faster implicit modelling. Leapfrog uses geologi-
cal data from drillings. These data are used to 
create contact surfaces that define the outlines of 
modelled units (see Lemon and Jones (2003) for 
further information). Leapfrog Geo uses the Fas-
tRBF™ (ARANZ Geo) interpolation method, in 
which the linear interpolant was chosen for inter-
polation of the contact surfaces. However, due to 
the uneven distribution of the data points in the 
Kersilö database within the Leapfrog model area 
and missing sediment information for over half 
of the data points, explicit modelling was used 
to enforce the modelling. Explicit modelling is 
used in software such as CAD (computer-aided 
design), where the modeller has to manually 
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draw outlines for the modelled units. Combining 
the advantages of both styles, it was possible to 
generate a model of the surficial deposits and the 
bedrock surface in the Leapfrog model area.

For the purpose of Leapfrog modelling, the 
content of the Kersilö database was modified 
to some extent. The altitude of drilling from the 
ground surface was calculated from the LiDAR 
DEM. Some combinations and simplifications 
were made during the process. In some cases, 
information from two sub-databases of the Ker-
silö database were combined. The locations of 
the auger drilling data from Salminen (1972) 
are based on a targeting till geochemistry study, 
so their information was combined for Leap-
frog modelling. If data points sharing the same 
location contained contradicting information, the 
location having more detailed sediment informa-
tion or deeper drilling was chosen for the model-
ling. Due to the requirement for information on 
the bedrock in the modelling, a 1-m extra layer 
of bedrock was added to overburden thickness 
data as well as to the BOT drilling data (see 
Table 1) that included information on confirmed 
bedrock.

The area with the densest network of obser-
vations was chosen for the 3D modelling. The 
modelled area was 3 km by 3.5 km (10.5 km2) 
and located within the coordinates X: 487 500–
491 000 and Y: 7 491 000–7 494 000 (EUREF-
FIN coordinate system). The model has a 10-m 
horizontal resolution. LiDAR elevation data 
from the National Land Survey of Finland were 
used to simulate a complete surface of the mod-
elled area with a 2-m resolution. Overall, 2600 
observations were used in modelling, of which 
half did not contain any sediment information 
and could only be used for bedrock surface mod-
elling.

The sediment units chosen for the model 
were based on field observations from Kärväs-
niemi gravel pit sites TS-2/2015 and TS-1/2015 
and the Paloseljänoja site from Hirvas (1991). 
As the geological data originated from different 
periods and multiple studies with various objec-
tives and levels of detail, some generalization of 
the sediment stratigraphy was necessary. Sand 
and gravel units were always combined as sorted 
sediment layers. The top deposits included fines, 
sands, gravels and cobbles that overlie till layers. 

Fig. 4. An example of interpretation of GPR (above) and raw data (below) along profile GPR1000 (its location 
is shown in Fig. 3). The contact marked with a red line was used for bedrock surface modelling and the contact 
marked with a lime green line was used to model a contact of the sediment units ‘middle sorted’ and ‘lowest sands 
and gravels’.
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Each of the subtill sand and gravel layers flanked 
by the same two till units were combined into 
one. Bedrock, peat and the Kitinen river were 
represented as single units in the 3D model. 
For modelling purposes, weathered bedrock was 
added to sediment units.

The units of the Leapfrog model and their rel-
ative chronology from the youngest to the oldest 
were as follows: Kitinen river, peat, top deposits, 
upper till, middle sorted deposits, middle till, 
lower sorted deposits, lower till assemblage, 
lowest sands and gravels, weathered bedrock, 
and bedrock.

The Leapfrog model was created in four 
steps. The bedrock surface model was generated 
as the first step, followed by the creation of surfi-
cial deposits, peat and Kitinen river models.

Leapfrog has two suitable contact types for 
modelling unconsolidated sediment units: the 
deposit type contact and erosion type contact. 
The erosion type (cuts an older contact) was used 
to model the bedrock surface and the bottom of 
the Kitinen river. All other contacts were created 
with the deposit type contact, which does not 
intersect the contact below.

The bedrock surface was generated using the 
Kersilö and BOT databases as input data com-
bined with bedrock surface information derived 
from the GPR survey. Explicit modelling (manu-
ally drawn polylines) was used to cover the 
areas where topography or drilling data, with no 
confirmed bedrock observation, might indicate 
rough topography of bedrock. Manually edited 
areas are an estimation of the possible altitude 
of the bedrock, hence they should be treated as 
uncertainties in the model. Since the landscape 
often slightly follows the depressions of the solid 
rock, areas lacking drilling data were estimated 
using the shapes of the ground level (DEM) 
combined with information on bedrock surface 
interpretations from GPR lines. The bedrock 
surface from the Leapfrog model and the thick-
ness of surficial deposits are shown as DEM in 
Figs. 5 and 6.

The next step was the generation of surfi-
cial deposit models. Altogether, three till layers 
(upper till, middle till and lower till assem-
blage) and four different sorted sediment layers 
(top deposits, middle sorted deposits, lower 

sorted deposits and lowest sands and gravels) 
and weathered bedrock were modelled. Explicit 
modelling was mainly used to depict all the 
modelled units. The Kersilö database was used 
as a reference in drawing the polylines reflecting 
the contacts between different sediment units. 
The most informative GPR profiles, such as 
line GPR1000, were also used as a reference in 
modelling the thickness of the sediment layers 
(Fig. 4).

The peat model was generated as a uniform 
organic deposit without any internal structures. 
Peat was modelled with two distributions: one 
for the Leapfrog model and another was the 
whole peat model of Viiankiaapa (Fig. 7A and 
K). First, manually drawn contours were gen-
erated with ArcMap covering the Viiankiaapa 
mire. These contours were used as an input 
for the natural neighbour interpolation method 
(Sibson 1981), and after this, the resulting raster 
was subtracted from the surface DEM to obtain 
altitudes of lower contact of peat instead of 
depths. Simultaneously, N–S direction polylines 
were generated to model the 3D peat deposit in 
Leapfrog. The interpolated raster surface that 
represented the lower contact of peat was used 
as a layer onto which the N–S direction polylines 
were set to obtain their elevation in Leapfrog. 
The final editing was manually conducted by 
extending the polylines in the western part of the 
Leapfrog model area where peat is presented in 
the surficial deposits map of GTK (base map of 
Fig. 2). The final surface of the lower peat con-
tact was generated with FastRBF™ interpolation 
of Leapfrog from the edited polylines.

The Kitinen river was included in the model. 
A cross-section of the Kitinen river from an 
unpublished dataset courtesy of Kemijoki Oy 
was used to model the bottom of the river chan-
nel, and it was combined with the mapped edges 
of the river. The river bottom was also used as 
an additional reference for the bedrock surface 
in the vicinity of former rapids, which had dis-
appeared due to regulation and damming of the 
river.

After the generation of sediment contact sur-
faces, the lower peat contact, the bedrock surface 
and the Kitinen river model were combined to 
form the final Leapfrog model.
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Natural neighbour model of the 
unconsolidated sediment thickness and 
bedrock surface

In addition to the Leapfrog-based 3D model, an 
ArcMap-based unconsolidated sediment thick-
ness model was generated to cover the whole 
study area (13.4 ¥ 18 km, 241.2 km2) (Fig. 1). 
The model coverage was limited to Y: 7 486 600 
due to scarcity of data from the southern part 
of the study area. The natural neighbour (NN) 
method (Sibson 1981) was used to estimate 
the thickness of unconsolidated sediments in 
ArcMap. The NN model was generated using the 
Kersilö and BOT databases only to provide an 
overview of the unconsolidated sediment thick-
ness. It was subtracted from the LiDAR DEM to 

obtain the bedrock surface elevation model for 
the whole study area.

Results

Bedrock surface DEMs

The altitude of bedrock topography varies from 
190 to 148 m (mean = 177.5 m) in the detailed 
Leapfrog model area (Fig. 5). The highest alti-
tudes are in the NW part in Sahankangas and 
on the hills (Kiimakuusikko and Tihiämaa). The 
lowest elevations are in Kärväsniemi, Pahanlaak-
sonmaa and in the middle parts of the modelled 
area. They form a visible depression that domi-
nates the bedrock topography and is connected 

Fig. 5. The Leapfrog-mod-
elled bedrock surface rep-
resented as DEM (above) 
and expanded NN interpo-
lated bedrock surface map 
(below). The NN bedrock 
surface altitude was cal-
culated by subtracting the 
NN sediment thickness 
model (see Fig. 6) from 
the LiDAR DEM. In the 
lower picture, the Leap-
frog model lies atop the 
NN model. Cross-section 
A–A’ is shown in Fig. 8. 
(Sources: waterbodies 
(1:20 000) and main roads 
(1:100 000) © National 
Land Survey of Finland, 
Reproduced with permis-
sion from the copyright 
owner).
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Fig. 6. Leapfrog-modelled 
sediment thickness map 
(above) and expanded 
NN interpolated sediment 
thickness map (below). 
The input data of the NN 
model were from the Ker-
silö database, excluding 
the peat thickness (see 
Table 1 for references). 
The drilling depth was 
assumed to correspond to 
the bedrock surface. In the 
lower picture, the Leapfrog 
model lies atop the NN 
model. (Source: water-
bodies (1:20 000) and 
main roads (1:100 000) 
© National Land Survey of 
Finland, reproduced with 
permission from the copy-
right owner).

to the river valley, where the altitude is 178 m 
or less. A visible N-shaped depression is located 
beneath the eastern corner of Sahankangas. A 
depression around Pahanlaaksonmaa is visible in 
the model and it continues towards the Kitinen 
river (Fig. 5). The dominant W–E lineation of 
the bedrock (Tyrväinen 1983), which could be 
seen as W–E orientation of elevated areas, is not 
evident in the Leapfrog bedrock model due to 

the small size of the selected area (10.5 km2).
In the NN model area, the topography of 

bedrock surface varies between 142 and 300 m 
(mean = 190 m). The W–E lineation is clearer 
in the NN model, which is indicated as lower 
altitudes in the middle parts and as the shape of 
the hill tops such as Särkivaara and Kuusivaara, 
which are elongated in a W–E direction (Fig. 5).

Table 2. Unconsolidated sediment thickness (m) from the Kersilö database and BOT within two distributions based 
on the drilling depth. Abbreviations: n = number of observations.

Distribution	 n	 Mean	 Mode	 SD	 Range

NN model	 4868	 6.99	 6.7	 4.3	 0–45
Leapfrog model	 2561	 8.95	 9	 4	 0–45
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Sediment thickness distribution

The thickness of the sedimentary package, 
including unconsolidated sediments and peat 
(see Table 2), was calculated using both models, 
and with two databases (Kersilö and BOT data-
base) combined with two distributions (Leapfrog 
model and NN model). In the Leapfrog model, 
the thickness of the sedimentary package vary 
between 0 and 41 m (mean = 9.1 m, SD = 
4.2 m). The sedimentary package is the thickest 
(41 m) in the surroundings of Pahanlaakson-
maa (Fig. 6). The sedimentary package is the 
thinnest in the river channel, where it is often 
absent, and on the till-covered hills Tihiämaa 
and Kiimakuusikko, where it is generally < 4 m. 
The preliminary thickness distribution of deposi-
tional units is shown in Fig. 7.

The mean sediment thickness calculated 
using the NN model was 4.9 m (SD = 3.0 m). 
The unconsolidated sediment thickness of the 
flat mire-covered plains varies from a few to 
ten metres. The thickest areas are in the valleys 
of the Kitinen river and the Välijoki and in the 
western part covered by the Viiankiaapa mire. In 
the NNW–SSE-oriented depression near Ropisi-
jankuru there is also a notably thick (up to 33 m) 
package of sands (Fig. 6). The thinnest sediment 
layers are on the till-covered hills of Vantti-
oselkä, Venevaara, Särkivaara and Kuusivaara, 
being generally < 2 m.

According to the Kersilö and BOT databases, 
from which the southern part of the study area 
(south of Y: 7 486 600) was excluded due to 
scarcity of data, the average thickness the sedi-
mentary package is 7 m. Within the distribution 
of the Leapfrog area, the average thickness is 9 
m (Table 2), which corresponds to the average 
thickness obtained from the Leapfrog model. 
The thicknesses of 2 m and 9 m are most fre-
quent in the databases (Table 2).

The unconsolidated sediments of the Leap-
frog model include recent top deposits (three till 
layers and three subtill sorted sediment layers; see 
Fig. 7). According to the model, the volume of the 
unconsolidated sediment is 0.096 km3 of surficial 
deposits within a 10.5 km2 area (Leapfrog model), 
of which 59% of the volume is till and is 32% is 
sorted sediment; and the volume of peat is 0.0083 
km3 (9% of the volume). According to the NN 

model, the volume of surficial deposits in the 
241.2 km2 area is 1.2 km3. The volume of Viianki-
aapa peat (0.0603 km3) in the NN modelled peat 
layer is an underestimation as compared with the 
value of 0.0907 km3 given by Lappalainen and 
Pajunen (1980) who calculated the volume of the 
Viiankiaapa mire using the same data (from the 
years 1965 and 1975) as those used in our study.

The distribution of unconsolidated sediments 
in the Kersilö area is uneven. The SE and E parts 
of the modelled area are covered by peat. Top 
deposits, which consist of sands and gravels, 
cover almost the whole model area (75% cover-
age) (Fig. 7B), but the eastern part is overlain 
by peat of the Viiankiaapa mire. Upper till is 
distributed almost everywhere (84% coverage; 
Fig. 7C), and it is partly exposed through top 
deposits. Middle sorted deposits (Fig. 7D) exist 
in the Kärväsniemi foreland and the Kärväs-
niemi gravel intake area, as well as on the 
eastern side of the Kitinen river between the 
river and till-covered Kiimakuusikko. In gen-
eral, middle till and lower sorted deposits have 
a similar N–S-oriented distribution (Fig. 7E and 
F) measured in the Kärväsniemi foreland and 
Kärväsniemi gravel intake area, but lower sorted 
deposits are thicker and have a wider distribu-
tion. They both also continue towards the south 
to Pahanlaaksonmaa, but are absent from the 
eastern part of the model area. Lowest sands and 
gravels (Fig. 7H) are distributed in the Kärväs-
niemi gravel intake area, but also along the east-
ern flank of the Kitinen river. The most widely 
distributed layers are top deposits and the lower 
till assemblage (Figs. 7G, 8 and 9).

Weathered bedrock is scattered, and five 
main areas can be identified from the model 
(Fig. 7I). Altogether, the study area includes 208 
weathered bedrock observations and 81 observa-
tions that contain information on subtill sedi-
ments (91 samples in total).

Discussion

Reliability of the Leapfrog model 
regarding bedrock surface and 
sediment thickness

The reliability of the Leapfrog model was evalu-
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Fig. 7. The thickness of modelled units modelled with Leapfrog Geo: (A) peat, (B) top deposits, (C) upper till, (D) 
middle sorted deposits, (E) middle till, (F) lower sorted deposits, (G) lower till assemblage, (H) lowest sands and 
gravels, (I) weathered bedrock, (J) Kitinen, and (K) peat (whole Viiankiaapa). The peat model (A and K) was gener-
ated with two extents. The peat thickness of the Viiankiaapa mire was modelled with manually drawn depth con-
tours and with NN interpolation from the contours (K). Unpublished peat investigations by the Geological Survey of 
Finland from 1965 and 1975 were used as a reference. The Leapfrog peat model (A) was modelled with polylines in 
Leapfrog Geo and the ArcMap-modelled peat layer (K) served as basis for the editing polylines. (Source: waterbod-
ies (1:100 000) © National Land Survey of Finland, reproduced with permission from the copyright owner).
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ated using reliability classes. The input data 
for the model were subjectively classified into 
six reliability classes concerning the model of 
bedrock altitude and surficial sediment thick-
ness (Fig. 10 and Table 3). The most reliable 
drillings are those reaching bedrock, hence they 
were placed in reliability class 1. The most reli-
able GPR profiles were placed in class 2, and 
the GPR profiles with more uncertainties were 
placed in class 3. The data from drilling that did 
not extend to the bedrock surface were placed in 
class 4. The peat investigations of 1975 and 1965 
were used to estimate the bedrock topography. 
They were placed in class 5, as they provide an 
indication of the rough bedrock topography only. 
The Kersilö database points that had missing 
depth information were placed in class 6 and 
they were not used in the modelling.

The classified Kersilö database points, BOT 
database points and GPR lines were interpolated 
with the NN method to visualize the reliability 
of the bedrock model (Fig. 10). The reliability 
of the model was highest near class 1 drillings. 
The interpolated surface of reliability classes 
(Fig. 10) indicates that the most reliable parts of 
the model are located in the Kärväsniemi gravel 
intake area, in the middle of Pahanlaaksonmaa 
and in the western corner of the Viiankiaapa 
mire. The class 2 GPR survey lines represent 
the topography of the bedrock surface well. 

Along these lines, the contact to bedrock was 
interpretable as a clear reflected signal. The 
velocities for time-to-depth conversion of the 
GPR profiles were determined using reference 
information from the drill holes located along 
the GPR profiles. The GPR profiles of class 3 did 
not contain as clear a reflected signal from the 
bedrock contact as the profiles in class 2 (i.e., the 
interpretation is to be considered less certain). 
Most of the model area, however, is included in 
reliability class 4, in which the bedrock altitude 
is less reliable.

The highest uncertainties recorded are in 
the NE corner of the detailed model area, where 
drilling data are scarce and the model probably 
overestimates the altitude of the bedrock surface 
north of the N-shaped depression due to the lack 
of reference data there.

The reliability surface (Fig. 10) does not 
consider the fact that the morphology of surficial 
deposits somewhat follows the rough topogra-
phy of the bedrock, which generally improves 
the reliability of the model.

The bedrock surface model was constructed 
with an assumption that the depths of the drill-
ings represent the bedrock surface or are close 
to it. Thus, the bedrock surface model repre-
sents the minimum thickness of surficial depos-
its. However, the high density drilling areas 
and GPR survey lines indicate high diversity 
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in the thickness of surficial deposits over short 
distances (< 20 m), leading to the fact that the 
interpolation in Leapfrog may also overestimate 
the thickness of surficial deposits in some parts.

Bedrock surface features

The topography of the modelled bedrock sur-
faces (Leapfrog and NN) shows certain dis-
tinct features that can be connected to the geol-
ogy of the area. The modelled bedrock surfaces 
were compared with bedrock map of GTK and 
the aeromagnetic map. Some interpretations of 
basins and eminences were made (Fig. 11) based 
on the altitude of the bedrock surfaces. There 
is an east–west trend in structural elements of 

the bedrock (Tyrväinen 1980, 1983), which is 
also visible in large-scale features of the LiDAR 
DEM (Fig. 1D). The west to east lineation is 
visible in the bedrock surface models as the dis-
tribution of lowland area with altitudes < 186 m 
a.s.l. (Fig. 11). The models also indicate that 
the lineation of bedrock changes its direction 
to north–south in the vicinity of the Välijoki 
(Fig. 11). The elevated areas relate to gabbroic 
rocks in the north and to intermediate volcanic 
rocks in the south, which are more resistant to 
glacial erosion than black shales and peridotitic 
rocks occupying the central parts of the area.

It can also be noted that the river valley of 
Kitinen cuts through the area (Fig. 11, river 
influence area), and it appears to have caused 
overdeepening of the erosion level, especially 

Fig. 9. A 3D Leapfrog 
model (below) with sedi-
ment units discussed in 
the text and an exploded 
view of the model (above). 
The location of the model 
area is shown in Fig. 1.
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Fig. 10. Reliability of the databases used in modelling 
presented as an NN interpolation surface. Observa-
tion points of the Kersilö database and GPR survey 
are indicated with circles. BOT data points used in the 
analyses are not visible. Class 6 was not used in the 
interpolation. The reliability classes are explained in the 
text and in Table 3.

Fig. 11. The Leapfrog-
modelled bedrock surface 
and NN bedrock surface 
model. Interpretations of 
bedrock surface features 
are based on compar-
ing the distribution of the 
altitudes of the models 
with the bedrock map 
(1:200 000) and aero-
magnetic data of Finland. 
Basin areas mentioned in 
the text are marked with 
initials. (Source: bedrock 
map (1:200 000) © Geo-
logical Survey of Finland, 
modified and reproduced 
with permission from the 
copyright owner).

in the central-western part of the area, where the 
bedrock surface is at its lowest level.

The basin from Pahanlaaksonmaa towards 
the Kitinen river (Fig. 11) indicates a weakness 
area in the bedrock that may be related to bed-
rock fracture zones.

Sediment thickness

The sediment thickness generally varies within 
0–15 m. It is more than 15 m in 4% of observa-
tions within the NN model distribution (Kersilö 
and BOT databases) and in 6% of observa-
tions within the Leapfrog model distribution. 
The thick sediment package (> 15 m) in the 
Leapfrog model corresponds to fracture zones 
or depressions in the bedrock (altitudes < 172 m 
a.s.l.). The sediment thicknesses of less than 
6 m also correspond to higher altitudes of the 
bedrock surface (> 182 m a.s.l.), except for the 
basin of the Kitinen river. The average thickness 
of the Leapfrog model area (9.1 m) is deposited 
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at altitudes of 172–180 m. In the NN model, 
sediment thicknesses of less than 6 m are depos-
ited at altitudes of about 182 m a.s.l. and above. 
There is a higher frequency of < 5 m thicknesses 
in the whole database as compared with that 
in the database distributed within the Leapfrog 
model area. This is due to the drilling method 
used for targeting till geochemistry samples, but 
also indicates thinner sediment packages in the 
surroundings of the Leapfrog model area.

The measured sediment thickness of the sedi-
ment thickness models is 1–3 m greater in this 
study than the average (6 m) reported in Lapland 
(Maijanen et al. 2008). In the Leapfrog model 
area, the average thickness is greater than in the 
whole study area. This is also visible in the map 
of superficial deposit thickness in Finland at the 
scale of 1:1 000 000 by GTK, in which the thick-
ness is 30 m. The range in that map is 1–30 m, 
which is close to the range obtained from this 
study, but the lateral distribution of sediment 
thickness is different. This is probably because 
the GTK map has a coarser grid size (50 ¥ 
50 m) compared to that used in current study 
(10 ¥ 10 m). The distribution of thick sediments 
(> 10 m) in the GTK map corresponds to areas 
with a bedrock altitude smaller than 180 m a.s.l.

The gravelly areas in the map of Sarala et al. 
(2015) correspond to the thick sediment deposits 
and often are 10 m thick, except in the Kärväs-
niemi gravel intake area, where the sediments 
have been partly excavated. The sand-covered 
areas in the river valleys (Kitinen, Välijoki and 
Sattanen) correspond to a thicker overburden. 

This is also evident in other valleys in Lapland, 
which usually have a preglacial origin and are 
filled with multiple layers of till and fluvial 
sediments (Korpela 1969, Lappalainen 2004). 
Exceptionally, some sections of the Kitinen river 
have eroded the valley down to the bedrock 
close to rapids. Similarly, sediments deposited 
prior to the late Weichselian are preserved in the 
Kemijoki valley (Korpela 1969).

The thickness of sediments reflects the fact 
that the Kersilö area is covered by sediments 
from many successive depositional events. The 
surficial sand and gravels (Sarala et al. 2015) 
are underlain by alternating glacial and fluvial 
sediments. The distribution of thick sediment 
packages corresponds to observed depressions in 
the bedrock topography. This indicates that the 
lower parts in the bedrock relief have sheltered 
sediments from erosion.

The calculated volumes of tills (59%) and 
sorted sediments (32%) and of surficial sedi-
ments are close to the proportions of sediment 
samples calculated from the Kersilö database, 
of which 60% are till and 26% are sorted sedi-
ments. Within the Leapfrog model distribution, 
the sediment samples consist of 45% till and 
36% sorted sediments. This indicates that there 
might be more sorted sediments in the model 
area than the Leapfrog model represents. How-
ever, there is possibly a lack of some sediment 
types in the Kersilö database, which reflects the 
uneven distribution of drilling data.

The NN peat thickness model (Fig. 7K) of 
Viiankiaapa underestimates the volume of peat 

Table 3. Explanation of the reliability classes.

Class	 Reliability	 Use	 Altitude error	 Notes

1	 Good	 Real altitude	 < 1m	 Drillings that reach the bedrock or
				    confirmed bedrock
2	 Good	 Real altitude	 ±1–3 m	 GPR profiles with a good bedrock
				    surface reference
3	 Average	 Real altitude	 ±1–5 m up to 9 m	 GPR profiles with a bedrock surface
				    reference, less reliable
4	 Average	 Rough bedrock	 More than 1 m to unknown	 Drillings that did not reach
		  topography		  the bedrock
5	 Poor	 Rough bedrock	 More than 1 m to unknown	 Used as a reference for relief, but
		  topography		  indicate poor estimation of
				    the bedrock surface altitude
6	 Not evaluated	 Not used		  Not used in the model
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(0.06 km3) as compared with the estimation of 
0.09 km3 by Lappalainen and Pajunen (1980). 
The average thickness of peat in the NN model 
(Fig. 7K) is 1.3 m (SD = 1.1 m), while according 
to Lappalainen and Pajunen (1980) the average 
thickness of peat in Viiankiaapa is 2.7 m. The 
difference in the volumes and average thick-
nesses indicates that the distribution areas of 
< 1 m were modelled too extensively during 
manual contour generation. Furthermore, the 
actual distribution of Viiankiaapa mire continues 
about 2 km southwards from the NN peat model 
limit, which also reduces the overall volume.

Depositional elements

Our modelling demonstrates that the distribu-
tion of mires is determined by the topography 
of the underlying sediments and bedrock. In 
the Viiankiaapa mire, the thickest peat layers 
(≥ 4 m) are oriented in a SW–NE direction 
(Fig. 7). This would indicate the continuum of 
the basin from Pahanlaaksonmaa towards the 
middle parts of the mire. Another thick peat area 
(> 4 m) also exists in the northern corner of the 
mire west of Moskuvaara. A thinner peat cover 
(≤ 1 m) occupies the southern half of the mire, 
except for the southernmost areas with thicker 
(2–4 m) peat layers.

The thickness of sorted deposits varies 
between 0 and 16 m. The average thickness of 
top deposits is 2.6 m (SD = 1.9 m) and it appears 
to increase southwards, where there is a bedrock 
basin. The average thickness of top deposits in 
the Leapfrog model may be too great, since the 
field studies in Kärväsniemi indicate that they 
are thinner (< 1 m). The average thickness of the 
subtill deposits (middle sorted deposits, lower 
sorted deposits and lowest sands and gravels) 
is 2.5 m (SD = 2.1 m). The thickest subtill 
sorted deposits (reaching over 10 m) are located 
in Pahanlaaksonmaa and Sahankangas (Fig. 7D 
and F) and in the western part of Viiankiaapa 
(Fig. 7H).

Top deposits — varying from 1–5 m in thick-
ness — are represented by glaciofluvial sands 
and gravels forming outwash plains on both 
sides of the Kitinen river (Fig. 7B). The out-
wash plains are visible in the LiDAR DEM, 

which also indicates the typical braided river 
topography. Possible older fluvial deposits exist 
beneath the upper till unit, and were exposed 
in the Kärväsniemi gravel pit area, where they 
are modelled as middle sorted deposits (Fig. 7). 
The three subtill sorted sediment units (middle 
sorted deposits, lower sorted deposits and lowest 
sands and gravels) were deposited near the river, 
which indicates that they are fluvial in origin. 
Sorted deposits also occur beneath the Viian-
kiaapa mire.

The thickness of till units varies between 0 
and 37 m. The thickest till unit according to the 
Leapfrog model is the lower till assemblage, 
which represents the basal till in the model. The 
mean thickness of the lower till assemblage is 
3.5 m, with a standard deviation of 2.5. The 
thickest till deposits are in the Pahanlaaksonmaa 
area, where they are over 15 m thick. There are 
also at least 10-m-thick till deposits in bedrock 
depressions. The basal till unit named as the 
lower till assemblage is assumed to correspond 
to till bed III in Hirvas (1991), which is found 
in the Paloseljänoja site. The lowest part of the 
lower till assemblage is massive and dense and 
can therefore be compared to massive grey till in 
Keivitsa (Hirvas et al. 1994). The grey till is the 
lowermost of two basal till beds deposited in the 
area (Hirvas et al. 1994). The uppermost till unit, 
upper till (mean thickness = 2.4 m, SD = 1.8 m), 
is the thickest on the eastern flank of the Kitinen 
river, reaching over 10 m. The model may over-
estimate the thickness of upper till on the flanks 
of the Kitinen river, since the thicknesses found 
at the test sites of this study were < 1 m. Accord-
ing the Leapfrog model, the mean thickness of 
middle till is 1.0 m (SD = 1.0 m) which is prob-
ably an overestimate due to a bulge in the model 
of the middle till in Pahanlaaksonmaa (Fig. 7L).

The till geochemistry data can be used for 
constructing 3D models and evaluating ground-
water reservoirs. The 22 observations with 110 
sediment samples within the Leapfrog model 
area offered information on the stratigraphic 
order of sediment units. The rest of the till 
geochemistry data offered information on sedi-
ments at the bottom of the drilling. Within the 
Leapfrog model area, the data were obtained 
from drilling with a Cobra percussion borer and 
auger drilling. The drillings located parallel to 
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the Sodankylä–Ivalo road (see location in Fig. 3) 
were drilled with the auger drilling method, the 
rest being percussion drillings. The auger drill-
ings are reliable for identifying the sediment, but 
the exact contact of the units may be uncertain. 
Sediment samples cored with percussion drill-
ing were small, but observations with multiple 
samples were usable for investigation of the 
sediment structure.

Evaluation of aquifers in the study area

Ongoing evaluation of groundwater reservoirs 
in Finland is based on a new aquifer clas-
sification (Act on Water Resources Manage-
ment 1263/2014). The previous classification by 
Britschgi et al. (1996) contained three classes 
of aquifers (I–III) following their importance 
for water supply management and protection. 
The new assessment of the aquifers contains 
three classes: 1, 2 and E. Aquifers in class 1 are 
important for water supply, those in class 2 are 
suitable for water supply, and class E aquifers 
support valuable terrestrial or surface water eco-
systems (Act on Water Resources Management 
1263/2014). Previously mapped class III will 
be reassessed and either removed from the clas-
sification or updated to class 1, 2 or E. Most of 
the aquifers within the study area belong to class 
III, and as such require an evaluation. We incor-
porated the aquifer information into our deposi-
tional model in order to evaluate the geological 
setting connected to the particular aquifers.

There are six classified aquifers within the 
study area (Fig. 12, the outdated classification 
(Britschgi et al. 1996) is in parentheses): Mosku-
vaara (III), Kersilönkangas (III), Ahvenjärven-
kangas (II), Pahanlaaksonmaa (III), Hietakangas 
(III) and Myllymaa (II). This study suggests that 
most of the aquifers are not uniform groundwa-
ter reservoirs, and perched groundwater exists on 
top of the (upper) till bed due to its relatively low 
hydraulic conductivity. The classified aquifers 
Pahanlaaksonmaa and Kersilönkangas consist of 
alternating till and sorted sediment units, which 
makes their hydraulic conductivity heterogene-
ous and relatively low. The Kärväsniemi gravel 
intake area also has a low hydraulic conductivity 
due to the alternating till and sand/gravel units. 

Ahvenjärvenkangas is an outwash plain covered 
with sand (Sarala et al. 2015). According to our 
3D model, the topmost sandy layer of Ahven-
järvenkangas may form a uniform groundwater 
reservoir due to its thickness and continuity, but 
the continuum of the sediment structures needs 
further research. Hietakangas has thick sedi-
ment deposits reaching over 20 m in its eastern 
part. The structure in the GPR survey indicates 
that the groundwater reservoir is connected to 
the thick sandy and gravelly layers. However, 
the Kersilö database and GPR survey indicate 
that there are thick till deposits (reaching 8 m) 
in the middle part of the reservoir. This makes 
Hietakangas a less uniform reservoir and lowers 
the hydraulic conductivity of the reservoir. Myl-
lymaa has a simpler structure. It has a sandy 
cover (around 2–11 m thick) and basal till under 
it, which allows a reasoned definition of the 
aquifer. The Moskuvaara groundwater reservoir 
is mainly till. Around 200 m from the border of 
the reservoir is a complex structure of alternating 
till and gravel according to sediment data in the 
targeting till geochemistry database (Table 1). 
If this sediment structure continues towards the 

Fig. 12. Administrative groundwater areas in Sodankylä 
near Kersilö village. (Sources: administrative ground-
water areas (II and III) © Finnish Environment Institute 
(SYKE), modified and reproduced with permission from 
the copyright owner; terrain elements © National Land 
Survey of Finland, modified and reproduced with per-
mission from the copyright owner).
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Moskuvaara reservoir, it indicates that Mosku-
vaara contains poorly connected water lenses. 
Our study indicates that Myllymaa and Saha-
kangas would be placed in class 2. Hietakangas 
may also remain in class 2. Moskuvaara may be 
omitted from the new classification. Pahanlaak-
sonmaa and Kersilökangas may also be omitted 
from the new classification due to unfavourable 
internal structures of sorted sediments.

Conclusions

The conclusions of this study and interpretations 
of the 3D detailed model of Kersilö can be sum-
marized as follows:

•	 In the Kersilö area, the locations of the 
thickest sediments (> 15 m) correspond to 
sites with a deepened bedrock surface. This 
indicates that the depressions in the bedrock 
have affected sedimentation and sheltered the 
sediments from glacial erosion.

•	 At least three till units and four sorted sedi-
ment units were deposited within the Kersilö 
area during the latest glaciation. The sedi-
ment package commonly consists of recent 
top deposits, two till units and two interbed-
ded sorted sediment units. All interpreted 
units were observed together only in the 
Kärväsniemi gravel intake area of Sodanky-
län Sora Oy. The eastern side of the Kitinen 
river has three or four sediment units consist-
ing of a thin subpeat sand layer and one or 
two till units underlain by it.

•	 Due to the heterogeneity of sediment units, 
aquifers are poorly connected and complex in 
the Kersilö area. Till units with low hydraulic 
conductivities conceal perched aquifers.

•	 Aquifers in the Kersilö area were evaluated 
on the basis of the 3D structure of sediments, 
and their classification was adjusted to cor-
respond to a new aquifer classification intro-
duced in Finland.

•	 Knowledge of the 3D structure of sediments 
helps to better understand the hydrogeologi-
cal settings and it can be applied in 3D 
hydrogeological modelling, as well as in 
planning possible mining activities at the 
study site.

•	 The old target geochemical sampling data 
represent a valuable dataset in the present 3D 
modelling approach. However, our 3D simu-
lation of the Leapfrog model area underesti-
mates surficial deposit thickness and bedrock 
surface altitude. On the contrary, in the areas 
with sparse geological data, the interpolation 
overestimates the thickness due to the uneven 
lateral distribution of the input data and high 
variability in the sediment thickness and bed-
rock surface altitude within short distances.

•	 The Leapfrog model could be imported into 
the groundwater flow model in order to char-
acterize the inner structure and heterogeneity 
of the aquifer. Our modelling methods can be 
applied in the mapping of freshwater supplies 
within the Nordic countries and other glaci-
ated areas.
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