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Abstract

Urban development along the Baltic Sea coast requires high-resolution subsurface information to support effective plan-
ning and construction. This study presents a 3D geological model of the subsurface in the City of Turku, SW Finland,
based on selected geotechnical investigations, Quaternary superficial deposit maps and LiDAR data. The model comprises
three components essential for engineering geological assessments: a digital elevation model of the bedrock surface, the
distribution and thickness of coarse grained glacial sediments, and the overlying fine-grained clay deposits.

A major part of the analysis focuses on the bedrock surface, which shows a complex and heterogeneous topography
shaped by several sets of deformation zones. These structures form linear valley-like depressions that strongly influence
the geometry of sedimentary basins and the thickness patterns of both coarse- and fine-grained deposits. The integrated
model reveals previously undescribed deformation-zone geometries, including a continuous NE-SW-trending system and
subsidiary structures, providing new insights into the brittle architecture of the Turku bedrock.

The result show how bedrock-controlled depressions have guided sediment accumulation and produced characteristic
basin-fills relevant for engineering evaluations. In addition to characterizing the deformation zone framework, the 3D
model provides region-wide outputs, including bedrock elevation variations, sediment thickness patterns and the spatial
distribution of superficial deposits. These results demonstrate that existing geotechnical investigations, when carefully
selected, can effectively support high-resolution subsurface modelling in dense urban environments. When data coverage
is limited, additional geotechnical investigations and geophysical surveys are recommended to improve model reliability.

Keywords 3D geological modelling - Bedrock surface - Deformation zone - Quaternary deposits - Fennoscandian
shield - Finland

Introduction

Land use in urban areas requires understanding of diverse
geological constraints, including the properties of uncon-
solidated sedimentary deposits and the underlying bedrock,
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and their contribution to the engineering conditions. With
specific reference to cities along the Baltic Sea coast, land
use and underground development has shifted into areas
with less favourable ground conditions and thicker depos-
its of fine-grained unconsolidated sediments, which places
challenges upon planning and construction. The need to
understand and anticipate the behaviour of the ground under
loading conditions has become increasingly important in
these areas (Fookes 1997; Ojala et al. 2021; Saresma et
al. 2021). Within this context, detailed thickness maps and
3D models of bedrock surface and the overlying sediments
provide a practical framework in making realistic assump-
tions about the properties and the 3D arrangement of the
involved geological materials (Fookes 1997; e.g. Culshaw
2005; Devleeschouwer and Pouriel 2009; El May et al.
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2010; Collon et al. 2015; Wang et al. 2018). Moreover, 3D
geological models and associated information on geological
materials deliver value to land use and infrastructure proj-
ects through risk assessment and reduction, planning and
efficiency savings, and timely decision-making processes.

Regional-scale 3D geological modelling essentially
comprises surface and subsurface datasets such as digital
elevation models (DEM), seismic reflection profiling, and
geological maps of bedrock and Quaternary deposits (e.g.
Artimo et al. 2003; Heinonen et al. 2012), whereas data use-
ful for more detailed locale-scale subsurface modelling are
more limited in terms of spatial density, spatial coverage
and consistency. For the latter case, geotechnical investi-
gations (including drillings and penetration tests) form the
primary source of subsurface data; however, despite the
high density of investigation points, their spatial coverage
is often uneven and discontinuous, and limited to specific
areas. In urban areas geotechnical investigations are typi-
cally spatially clustered at the sites of large construction or
along infrastructure routes such as railway or highway cor-
ridors, or a site of large construction. Moreover, the bulk of
data often comprises input from different types of investi-
gations and data storage methods acquired during extended
time periods (up to several decades), and consequently, the
data contains errors in the quality and in the variable docu-
mentation. For the reasons above, geotechnical investiga-
tion datasets often remain scattered and unorganized, and
only a share of the available data is directly usable for com-
piling comprehensive subsurface geological 3D models that
extend beyond specific target areas.

The present study showcases a 3D modelling approach
comprising a systematic review and filtering of originally
heterogeneous geotechnical datasets, their merging with
light detection and ranging (LiDAR)-derived DEMs and
compilation of integrated high-resolution geological 3D
models. Part of this work builds upon a project conducted
for the City of Turku, during which two MSc theses were
completed (Ahlqvist 2023; Anttila 2023). The project pro-
duced 3D models of the bedrock surface and overlying
sediments for urban planning purposes and to improve
understanding of local subsurface conditions. These earlier
models provided input for the data integration workflow and
the conceptual framework applied here.

The resulting 3D models provide seamless representa-
tions of the bedrock surface and the overlying glacial and
postglacial sediments in the City of Turku, SW coast of
Finland. Specifically, the present study characterizes (i) the
topography of the partially exposed surface of the glacially
eroded crystalline bedrock, (ii) the areas of occurrence and
thickness variation of coarse-grained cohesionless glacial
sediments (diamicton, gravel, sand) occurring predomi-
nantly within the topographic lows upon bedrock surface,
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and (iii) the overlying fine-grained and cohesive clayey
sediments forming extensive fills within depositional basins
of diverse sizes and shapes. The bedrock surface and the
stratigraphic contacts between the sedimentary units define
a conceptual geological 3D model of the ground (compris-
ing bedrock and sediments), which allow realistic construc-
tion of integrated 3D models of the data.

As a primary component of the subsurface, bedrock forms
the depositional basement for the overlying sediments and
controls on the deposition processes and thicknesses of gla-
cial and postglacial sediments. The primary control over the
bedrock surface morphology within formerly glaciated ter-
rains occurring in areas of crystalline bedrock is attributed
to selective glacial erosion, where the intensely fractured
deformation zones have experienced enhanced erosion and
appear as elongate topographic depressions (Krabbendam
and Bradwell 2014; Skyttd et al. 2015). This relationship
between deformation zones and their associated structural
elements, such as joints, extension fractures, shear frac-
tures and fault-related damage zone fracturing, is particu-
larly evident in areas with exposed bedrock (Skyttéd et al.
2023). In contrast, the detailed morphology of the bedrock
surface within depressions characterized by thick sedimen-
tary deposits is much more uncertain, because in such areas
the presence and geometry of the underlying deformation
zones must be inferred indirectly e.g. from geophysical
data (Skyttd et al. 2015; Malinowski et al. 2023; Ruuska
et al. 2023). Within the present study area, the highly vari-
able bedrock surface morphology is attributed to two sets
of deformation zones: one that is linear and continuous and
typically oriented NE-SW, and another that is shorter and
more irregular in character, and represents intersections or
branches of this dominant orientation (Niemeld et al. 1987).
The large-scale geometry and continuity of these defor-
mation zones have not been described in detail. However,
Viisdnen and Holttd (1999) have described that these zones
are associated with directly observed deformation structures
such as subvertical shear zones with mylonitic foliation and
pseudotachylyte, S—C fabrics and asymmetric porphyro-
clasts, demonstrating localized strain. Furthermore, accord-
ing to previous work by Niemeld et al. (1987) the thickest
successions of coarse-grained sediments, with up to 40 m
thickness, occur within these fracture-controlled bedrock
depressions, which also host the thickest deposits of clay
(up to 50 m). However, the extent and thickness variation of
diverse sedimentary deposits, and the shapes of the clayey
basins are thus far largely unknown.

In southern Finland, according to Bjorck (1995) and
Ojala (2011) the ground behaviour and engineering-geo-
logical properties of the subaqueously deposited Baltic Sea
Basin (BSB) sediments depend on the composition of clays
and sedimentary environment in which they were initially
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deposited (Gardemeister 1973; Ojala et al. 2018). Ojala et
al. (2018) used an allostratigraphic approach to spatially
constrain two main types of the late- and postglacial fine-
grained sediment units with different characteristics and
engineering-geological properties along the southern coast
of Finland. These lithologies are separated by an erosional
unconformity in a form of a sand layer (Virtasalo et al.
2014). The underlying part is composed of glaciolacustrine
varved clay/silt-sand and postglacial weakly layered lacus-
trine silty clay. The overlying part is composed of brackish
water organic-rich muds that are often softer (greater plas-
ticity index and liquid limits), bioturbated, and contain natu-
rally elevated concentrations of sulphide bearing minerals
(Fe-monosulphide) (Ojala et al. 2018). The significance of
the two-fold division from land use and construction per-
spective relates to the higher abundance of sulphide miner-
als, low strength and unfavourable consolidation properties
of the upper unit, potentially resulting in the development of
acid sulphate soils and ground instability (Edén et al. 2023;
Ojala et al. 2021).

This study documents the first comprehensive 3D models
of bedrock surface topography and the overlying glacial and
postglacial deposits (clayey basins) in and around the City of
Turku. Construction and analysis of the 3D models aimed at
(i) developing new understanding about which approaches
and work-flows should be implemented for optimal use of
geotechnical investigation datasets in 3D geological model-
ling, (ii) providing new insight into the deformation zones
within the bedrock, including their geometry, topology and
surface morphology through selective glacial erosion, (iii)
evaluating how bedrock surface topography controlled the
successive basin infills during the progressive phases of the
BSB development, and the resulting total sedimentary thick-
ness, and (iv) characterizing different types of sedimentary
environments and basin geometries during the BSB phases
using Benthic Terrain Modeler (BTM). We expect that the
approaches and experiences from the present study will pro-
vide guidance for 3D geological modelling in other regions
of similar geology.

Geological setting

The present study area in Turku, SW coastal area of Fin-
land displays a combination of Precambrian bedrock and
Quaternary glacial and postglacial deposits, with bedrock
outcrops covering 35% and fine-grained (clay) deposits
40% of the terrestrial land surface (Fig. 1). The geological
settings are essentially similar to those along the south-
ern coast of Finland described by Ojala et al. (2021) and
Saresma et al. (2021). The present study area is located
within the Southern Svecofennian domain of Finland,

which is characterized by high-grade metamorphism and
polyphase structural evolution during the prolonged Sve-
cofennian orogenesis at 1.9-1.8 Ga (Ga=billion years ago;
giga-annum) (Véisdnen and Holttd 1999; Lahtinen et al.
2005; Skyttd and Manttdri 2008). According to Viisdnen
and Holttd (1999) the crustal evolution comprises an early
thrust-related stage with development of the main rock
fabric and synchronous emplacement of sheeted tonalite
intrusions into the supracrustal successions at 1.89-1.87
Ga. Another main episode followed at 1.84—1.83 Ga, com-
prising refolding of earlier fabrics, generation of doubly
plunging folds with sheared ENE-WSW trending limbs,
intense migmatization and emplacement of granite dykes
along fold axial surfaces. As a result, the bedrock struc-
tures and the lithological units define an overall NE-SW
to ENE-WSW trend, shaped by intense late-orogenic
deformation and associated ductile shear zones located at
fold limbs. This structural trend is locally cut by subverti-
cal N-S to NNE-SSW trending late-orogenic semi-brittle
shear zones that Véisdnen and Holtta (1999) attributed to a
stage of regional uplift.

The study area was beneath the Fennoscandian Ice Sheet
(FIS) during the last glacial maximum (LGM) at around
20-22 ka (ka=thousand years; kilo-annum) ago, and prior
to that it has been covered by a continental ice sheet sev-
eral times during the Late Pleistocene (e.g. Donner 1995;
Palacios et al. 2022). At the time of LGM the FIS covered
all of Fennoscandia and northern Germany in the south and
had advanced over the present study area from the NNW
(340-350°) direction (Palacios et al. 2022). During the late
Weichselian deglaciation the FIS had retreated to Salpaus-
selkd zone in southern Finland at around 12 700 cal BP (cal
BP=calibrated years before present, where “present” = AD
1950) and by that time was organized into lobate ice flow
sectors and sub-sectors (Boulton et al. 2001; Stroeven et al.
2016). Ice sheet re-advance in lobate flow form during the
Younger Dryas forming the Salpausselké ice-marginal com-
plexes (Donner 1995). The study area is in the Baltic Sea
Ice Lobe sector, which is characterised by the three major
Salpausselkéd ice-marginal formations (I, IT and III Salpaus-
selkés). The present study area lies about 40 km up-ice from
the IIT Salpausselkd ice-margin position. Deglaciation of
the study occurred around 10 700 cal BP during the Yoldia
Sea phase in the Baltic Sea basin history (Stroeven et al.
2016). At the time of deglaciation, a proglacial sea level was
130 m above the present-day sea level (m a.s.1.) in the Turku
area (Gliickert 1976; Ojala et al. 2013). The highest hills
(60-80 m a.s.l.) in Turku were isolated from the BSB dur-
ing the Ancylus Lake to Litorina Sea transition at around
8000-9000 cal BP, but most parts of Turku were still under
the BSB at 4000 cal BP (Fig. 2). The isolation of the pres-
ent study area from the BSB has mostly occurred during the
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Fig. 1 (A) Geological overview of the Fennoscandian Shield and (B)
Lithological map of Southern Svecofennia, modified after Koistinen et
al. (2001). The dashed line marks the northern boundary of the South-
ern Svecofennian domain. (C) Bedrock lithology, shear zones, folia-
tion (stereoplot) and structural observations of the study area, modified
after Lindberg et al. (1994), Viisdnen and Holttd (1999) and Viisdnen
(2007). (D) Superficial deposits of the study area (Superficial deposits

last two millennia, with the present isostatic glacial uplift of
5 mm per year.

Stratigraphic studies by Hirvas and Nenonen (1987) and
Bouchard et al. (1990), among others, indicate that glacial
erosion across southern Finland was significant during each
glacial phase and the majority of pre-Late Weichselian gla-
cial sediments were transported towards the south (Patton et
al. 2022). Only scattered remains of pre-Late Weichselian
deposits are known in southern Finland (e.g. Hirvas et al.
1995) so the landscape is nowadays dominated by bedrock
outcrops and landforms and sediments deposited during the
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meltwater corridors modified after Niemela et al. (1987). The present
study area in the City of Turku is given with black solid line. Mul-
tidirectional hillshading was generated using digital elevation model
(Elevation model 2 m, 2024 @ National Land Survey of Finland; here-
after NLS)

Late Weichselian and postglacial BSB phases (Fig. 1D).
Due to the glacial history, till layers in the study area are
generally thin (0.5-2 m), however, Niemela et al. (1987)
report that some bedrock deformation zones may contain
up to 2040 m thick deposits of coarse-grained till and
sand sediments. There are four, roughly north to south ori-
ented meltwater corridors in the area that follow the N-S
oriented bedrock deformation zones (Fig. 1C). Some sec-
tions of these corridors are characterized by broken glacio-
fluvial esker deposits (Gliickert 1976; Niemela et al. 1987),
especially the one that pass through the eastern sector of
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Fig.2 Water depth in the Turku area (A) 8000 cal BP and (B) 4000 cal BP, modified after Ojala et al. (2013). Multidirectional hillshading as back-
ground image, was generated using digital elevation model (Elevation model 2 m, 2024 @ NLS)

the City of Turku. Late Weichselian glacial deposits (till,
gravel, sand) are mostly overlain by up to 50 m thick depos-
its of fine-grained postglacial sediments (silt and clay) of
the BSB, which, combined with bedrock outcrops, are the
dominant geological features of the present study area.

Datasets and methods

The datasets used in the present study contain Quaternary
maps of superficial deposits (1:20 000), LiDAR digital ele-
vation models (2 and 10 m grids) with processed derivatives
such as multidirectional hillshading (MDHS), aerial photo-
graphs and Google Street View imagery, and geotechnical
investigations (Table 1). In total, about 60 000 datapoints
of geotechnical investigations were present in the study
area such including data from Swedish weight soundings,
vane tests, cone penetration tests with pore water pressure
measurements (CPTU), and different types of percussion
drillings to the bedrock. Of these, about 50 000 include a
soil type interpretation, while the remaining investigations
consist solely of penetration test data.

The 3D geological model of the Turku area was con-
structed using the available above-mentioned data and fol-
lowing the procedures of previous studies, including data
integration, interpretation, interpolation and finally 3D
modelling (e.g. Culshaw 2005; Ojala et al. 2021). For con-
sistency and applicability for civil engineering purposes,
we designed our geological conceptual model of the sub-
surface 3D elements as straightforward as possible, and in
a manner that unit sub-division is relevant from the per-
spective of material properties and geotechnical behavior
(Knill 2003). Our conceptual 3D elements contain the fol-
lowing units:

Table 1 Datasets used in 3D geological modelling the bedrock surface
and the thickness, upper and lower surface of the clay deposits

Dataset Description / data format Source
Geotechnical investiga- INFRA City of
tion data Turku
and
GTK
Ground surface LIDAR  Grid size 2x2 m NLS
DEM, 2 m resolution Geo Tiff
Ground surface LIDAR  Grid size 10x 10 m NLS
DEM, 10 m resolution  Geo Tiff
Superficial deposits at ~ 1:20 000 GTK
1 m depth Soil type at 1 m depth; modi-
fied RT-classification; Esri
geodatabase
Clay points Pirila (2016) clay observation Pirila
points (2016)
XYZ point data; csv
Satellite, aerial and Google Maps and Google Street  Google
outcrop images View -imagery
Bedrock Map Bedrock of Finland; 1:200 000  GTK

Field observations Site visits in 12/2021

e Geological Unit 1 (Unit 1): The partially exposed and
partially covered erosion surface of the crystalline bed-
rock. Bedrock surface acted as the depositional base-
ment for the overlying sedimentary deposits and hence
defines the basal layer for 3D-modelling. Modelling
of Unit 1 aims at generating a digital elevation model
of the bedrock surface (hence called ‘bedrock-DEM’),
which adequately represents the previously recognized
small-scale topographic variations (Niemela et al. 1987)
and, consequently, provides understanding about the
lateral variation in depth to bedrock for modelling the
sedimentary deposits.

e Geological Unit 2 (Unit 2): Cohesionless coarse grained
glacial sediments that directly overlie the bedrock and
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comprises of two sub-units; unsorted tills and glaciflu-
vial sorted sands and gravels, which were deposited dur-
ing the glacial progress and retreat, respectively. Separa-
tion of the above sub-units is neither meaningful due to
their largely similar engineering properties, nor possible
to conduct reliably using the available geotechnical da-
tasets, and, consequently, the unit remains undivided in
our models. The bottom boundary of Unit 2 is a sharp
unconformity to underlying Precambrian bedrock, but
associated with an uncertainty, which relates to the in-
vestigation method and the reliability of the interpreted
type of termination of the geotechnical drilling data
(Sect. 3.1).

e Geological Unit 3 (Unit 3): Cohesive clayey basin fill
deposits representing a diverse syn- and postglacial
phases of the BSB and overlying postglacial mud and
peat layers, which were deposited after the isolation.
The bottom boundary of Unit 3 may not always be un-
equivocally defined due to both the gradational transi-
tion from glacifluvial sand to postglacial silt and clayey
deposits, and post-depositional shoreline processes, that
cause erosion and redeposition of littoral sands into the
basins (see e.g. Ojala et al. 2021). An intent to distin-
guish and determine a boundary between Units 2 and
3 is conducted as it is essential due to their highly con-
trasting geotechnical behavior.

For simplicity, Unit 2 was essentially modelled as a solid
above the bedrock surface and below postglacial clayey
deposits. The main reasons for this were that in the study
area there are no exposures of till and gravel/sand sediments
within the glacial sequences so the determination of cohe-
sionless material is solely based on geotechnical data which
means it is very uncertain.

3D modelling of bedrock surface

We compiled the bedrock-DEM (Unit 1) mostly through
integration of geotechnical data and LIDAR DEM for unex-
posed sediment covered and exposed areas of bedrock,
respectively (See Table 1 for full listing of the data used).
For the exposed parts of the bedrock, we used the follow-
ing workflow: (i) Delineation of the outcrop margins using
hillshaded 2 m grid LIDAR DEM, distribution of the known
occurrences of clay (‘clay points’; Pirild 2016), supported
by Google Street View and field observations (Fig. 3). (ii)
Resampling of the resulting bedrock outcrop margins to
10 m node density and vertical projection of the nodes on
the 10 m ground surface DEM. (iii) Extraction of eleva-
tion points (LIDAR DEM 10 m) within the bedrock out-
crop areas, inside the outcrop margins and merging with the
points representing the outcrop margins (point ii). The total
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number of the delineated bedrock outcrop exposures in the
study area was 1 387 (Fig. 3D), and these comprise a total
of 468 095 surface-based (LiDAR DEM 10 m) elevation
points.

For the unexposed parts of the bedrock, we used the fol-
lowing workflow: (iv) Filtering of geotechnical data into
two subsets (Fig. 4): (a) investigations which were con-
firmed to terminate in the bedrock (‘confirmed’) and (b)
investigations which terminated by wedging, or against a
rock or a boulder, or bedrock, but the type of termination
had not been confirmed by drilling a minimum 3 m into
the bedrock (‘unconfirmed’). For the unconfirmed points
we added 2 m of depth so that it would better represent the
bedrock surface elevation at that point (‘interpreted bed-
rock points’). This choice is supported by an analysis of
percussion drillings where both the coarse grained deposit
immediately above the bedrock surface and a verified bed-
rock contact were recorded. For these cases (n=2 848),
the thickness of the overlying coarse grained deposits had:
mean 2.37 m, median 1.50 m, 25th percentile 0.80 m, 75th
percentile 2.80 m, range 0.10-35.10 m. A uniform 2 m cor-
rection is therefore (i) less than the mean, (ii) between the
median and the 75th percentile, and (iii) consistent with
the typical thickness of the coarse grained layer over the
bedrock surface in the study area. Consequently, termina-
tion against “rock/boulder/wedging” is expected to occur
close to the bedrock surface rather than far above it. This
is consistent with observations that subglacial traction and
lodgement processes produce coarse, boulder-rich material
immediately at or near the bedrock surface, frequently with
large clasts embedded in till at the ice—bed interface (Boul-
ton 1978). This approach was corresponding to that con-
ducted by Lindqvist et al. (2025) when modelling bedrock
surface of Otaniemi region in southern Finland.

Prior to bedrock surface modelling, the geotechnical
data were subjected to visual quality control. Fewer than
ten observations (<0.05% of the dataset) were excluded
due to clearly erroneous bedrock depth records that were
inconsistent with surrounding observations and interpreted
as data entry or recording errors. In cases where conflicting
bedrock elevations were recorded at the same location, the
lower elevation value was retained for modelling because
upper bedrock interpretations are more prone to error (e.g.
refusal on boulders or dense sediments).

The spatial distribution of the geotechnical data was
clustered, with dense coverage in central parts of the study
area and lower sampling density toward the margins. Local
comparison of neighboring observations indicated gener-
ally good internal consistency, while a small proportion
(approximately 2%) of points showed locally conflicting
values. These were interpreted as reflecting natural geologi-
cal variability rather than systematic measurement errors.
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o Known clay occurences with deposits thickness (m)

Bedrock areas on the superficial deposits map (at or
near surface, less than 1 m)

Bedrock exposure margin

® Bedrock exposure observations

Fig. 3 The approach used in extracting the elevation point dataset for
the exposed parts of the bedrock. (A) Improved delineation the extent
of bedrock exposures. Note that the outcrop areas in Superficial depos-
its maps by the Geological Survey of Finland comprise areas with less
than 1 m of overburden whereas the digitized outline polygon of the
outcrop in this study corresponds to zero overburden. (B) Extracted

Model performance was evaluated using cross-validation
within the Empirical Bayesian Kriging framework in ESRI®
ArcGIS Pro. The mean prediction error was close to zero,
indicating negligible systematic bias. The root-mean-square
error was approximately 1 m, corresponding to less than 1%
of the total elevation range of the modeled bedrock surface.
Larger residuals were spatially limited and occurred mainly
in areas of sparse data coverage or abrupt geological transi-
tions. Overall, the close agreement between predicted and
observed values supports the reliability of the modeled bed-
rock surface within the resolution of the available data.

The total number of confirmed bedrock points was 5
982 and there were 27 427 interpreted bedrock points in

° Bedrock exposure margin points with LIDAR elevation data

e  Bedrock exposure points with LIDAR elevetion data

LiDAR elevation points for the areas of outcropping bedrock. (C)
Complementary bedrock exposures resulting from field observations
acquired in this investigation. (D) An overview of all the bedrock
exposures with no overburden. Multidirectional hillshading as back-
ground image, was generated using digital elevation model (Elevation
model 2 m, 2024 @ NLS)

the present study area. We then exported the geotechni-
cal data into a XYZ point cloud using 3D-Win software
package (Novatron Oy) and converted the data into an
MS Excel CSV file, which is suited for surface interpo-
lations. Finally, (v) we merged the datasets covering the
exposed and unexposed parts of the bedrock into a unified
point cloud and used it to interpolate the bedrock-DEM
with ESRI® ArcGIS Pro (Geostatistical Analyst/Empiri-
cal Bayesian Kriging), using 30 m grid size. As a final
step, we clipped the resulted bedrock-DEM to match the
outline of the study area, excluding offshore areas, as no
depth-to-bedrock data was portrayed for those regions
(Fig. 4A, B).
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‘Unconfirmed’ bedrock points where termination of the drilling at or
close to the bedrock is inferred but not confirmed. The present-day

3D modelling of clay thickness

The datasets used for clayey thickness and surfaces model-
ling (Unit 3) were compiled through integration of point data
from geotechnical investigations, LIDAR DEMs and exist-
ing maps of Quaternary superficial deposits (See Table 1 for
full listing of the used data).

Delineation of Unit 3 was based predominantly on three
types of geotechnical investigation methods: Swedish weight
sounding tests (SWS), field vane tests and cone penetration
tests with pore water pressure measurement (CPTU). First,
(i) for clayey areas we selected investigation points that
documented fine-grained deposits (clay) in sediment strata
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shoreline and river network, modified after Finnish Environmental
Institute 2021; is used in applying the blue mask for the water-covered
areas. (C) A conceptual cross-section illustrating the modelled geo-
logical units and different types of associated input data

(29 804 points out of 57 694) (Fig. 5A). These points were
used for determination of clay thickness and lower bound-
ary of clayey section based on previous interpretation by
Pirild (2016), operator remarks, and by calculations of the
strength parameter from results of SWS tests. For interpre-
tation of a lower boundary of clayey sequence, we used a
value where SWS resistance exceeds 20 half-turns, which
is in an agreement with that of Pirila (2016) and an operator
note on sediment types where available (Fig. 5B). Similar
approach has previously been adopted by Ojala et al. (2021)
and Saresma et al. (2021, 2023). Where multiple elevations
were available at the same location, the mean value was
used in order to represent the average interpreted depth of
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the interface. This approach is appropriate for sedimentary
contacts, which are typically gradational rather than sharply
defined, and therefore subject to small interpreter-specific
variations. Using the mean reduces the influence of local
anomalies and produces a more stable and geologically rep-
resentative surface for interpolation.

The spatial distribution of the data was clustered, with
higher investigation density in intensively studied areas
and lower density elsewhere. Average Nearest Neighbor
analysis confirmed a strongly clustered sampling configura-
tion (Nearest Neighbor Ratio=0.41, p<0.001), indicating
spatially variable data density across the study area. Model
performance was assessed using cross-validation within the
Empirical Bayesian Kriging framework in ESRI® ArcGIS
Pro. The mean prediction error was close to zero, indicating

negligible systematic bias. The root-mean-square error
(2.89 m) represents approximately 2.5% of the total eleva-
tion range of the lower boundary of clay (—51 m to +65 m),
indicating good relative predictive performance at the scale
of the study area. Larger residuals were spatially limited and
occurred primarily in areas of sparse sampling or where the
clay—substrate boundary changed abruptly over short dis-
tances, reflecting small-scale basal topography or sedimen-
tary heterogeneity. Taken together, the data density, internal
consistency of the observations, and agreement between
modelled and observed values support the reliability of the
lower boundary of clay surface model within the spatial
resolution of the available dataset.

For the exposed and non-clayey areas, we used the fol-
lowing workflow: (ii) Delineation of the clay margins (‘zero

@ Springer



309 Page 10 of 20

Bulletin of Engineering Geology and the Environment

(2026) 85:309

level’ of clay) using hillshaded 2 m LiDAR DEM, topo-
graphic maps, aerial photographs, distribution of the known
occurrences of clay in ground surveys (as above), and 1: 20
000 Quaternary maps. (iii) Resampling the ‘zero level’ of
clay along the outlines at 2 m node density. (iv) Extraction
of elevation points for clay margins (m a.s.l.) from topo-
graphic models with the same 10 m node resolution applied
for bedrock exposures (Unit 1). During this process, we
carefully reviewed that bedrock outcrops exposures were
outside and all geotechnical investigation points indicating
clay was inside the area of fine-grained sediments.

Finally, (v) in accordance with bedrock surface model-
ling, we integrated the surface- and subsurface point data-
sets into a common point cloud and interpolated the clay
thickness and lower boundary with ESRI® ArcGIS Pro
(Geostatistical Analyst/Empirical Bayesian Kriging), using
30 m grid size. In the last step, we clipped the resulted mod-
els with the outline of the study area, the marine area within
the coastal zone, and with areas above the level zero of clay
deposits.

In order to classify paleotopography of the study area
proglacial basin soon after deglaciation and before the onset
of clay deposition, we used Benthic Terrain Modeler (BTM)
(Walbridge et al. 2018) that is built on top of the ESRI®
ArcGIS platform. The tool computes slope, bathymetric
position index (BPI) and rugosity from the input surface,
and develops a reproducible and objective classification
of depressions, slopes and crests (Lundblad et al. 2006;
Kaskela et al. 2012; Rinne et al. 2014; Walbridge et al.
2018). We applied this tool to the lower boundary of clay in
order to investigate the types of sedimentary basins and clay
deposition dependence on the underlying bedrock topogra-
phy following an approach previously applied in southern
Finland (Saresma et al. 2021). Using the same catalogue,
cell size (10 m), and parameter settings ensures regional
comparability with earlier studies and avoids subjectivity
inherent in manual interpretation.

3D modelling of coarse-grained sediment deposits

In our modelling approach, Unit 2 is considered as a (solid)
‘layer’ of coarse-grained deposits that occurs above the bed-
rock surface (Unit 1) and below the clayey deposits (Unit
3) (Fig. 4C) and is composed of cohesion sediments (till,
gravel and sand) resistant to freezing and thawing. Model-
ling of Unit 2 did not involve delineation of any specific sur-
faces as the bottom and top surfaces for this unit correspond
to the previously modelled top of Unit 1 and base of Unit 3
surfaces, respectively. Consequently, the vertical separation
between the top and bottom surfaces indicates the thick-
ness of Unit 2 and its spatial variability (using a 30 m grid
size). Having deposited in a geologically recently glaciated
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terrain, Unit 2 comprises relatively thin till sequences from
Late Weichselian glaciation that are overlain by glacifluvial
gravel and sand deposited during deglaciation (Rainio and
Lahermo 1976; Hirvas and Nenonen 1987). However, no
further subdivision of Unit 2 into till/gravel/sand deposits
were conducted due to the difficulty and subjectivity in rec-
ognition and interpretation of these layers from geotechni-
cal data alone, which would eventually lead to unreliable
results.

Results
Bedrock topography

Elevation of the interpolated bedrock-DEM (Unit 1) in the
present study area ranges from 67.5 m above to 69.0 m
below the present-day sea level (Fig. 6). Larger arcas of
higher bedrock elevation are dominant within the eastern
sector, while more limited areas of bedrock highs occur
throughout the entire study area. Areas of the lowest bed-
rock surface characteristically define elongate and relatively
narrow valleys (e.g. Ia, b and Ila in Fig. 6) or wider domains
bounded by linear structural discontinuities of the bedrock
(ITb in Fig. 6). Moreover, depressions of irregular and non-
linear shapes are present at the intersections of the narrow
linear valleys, such as those appearing at the intersection
between zones Ib and I1a (Fig. 6). Some of the linear depres-
sions of the bedrock appear to be continuous into the marine
areas, although the resolution is obscured by the lack of
input data points from these areas.

Based on the orientation, the linear valleys of the bed-
rock can be subdivided into three groups with ENE-WSW,
NE-SW and NNW-SSE trending directions (Fig. 6). The
most continuous elongate depression is the ENE-WSW-
trending feature (Ia) which occurs to the north of the
Aurajoki river in the downtown area of Turku. The paral-
lel depression underlying the Aurajoki river (Ib) shows the
highest individual contrast in bedrock elevation from the
—69 m level below the river to the +50 m high elevation
bedrock exposures occurring just to the south of the river.
These major depressions are adjoined by a few sub-parallel
but less continuous zones to the south and north, that define
a distinct ENE-WSW structural anisotropy in the bedrock
surface topography in the central part of the study area.

Another distinct trend is defined by a swarm of NE-SW-
trending depressions that are arranged in a spaced pattern
within the eastern part of the study area (Fig. 6). The most
pronounced of the NE-trending features is the Jaaninoja
depression (Ila), which shows a maximum bedrock eleva-
tion contrast exceeding 100 m, is formed by successive
3—4 km long individual segments and can be traced for more
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than 12 km across the study area. The NE-SW-trending sig-
natures and an area of relatively low bedrock surface eleva-
tions extend approximately 3.5 km west of the Jaaninoja
depression, all the way until a similarly segmented NE-SW-
trending structural zone (IIb). The NE-SW-trending zones
(ITa, b) abut the more continuous ENE-WSW-trending
zones.

The NNW-SSE-trending bedrock depression (III),
which apparently separates the Turku mainland from the
Turku archipelago, is defined by very low bedrock eleva-
tions in the north, but its depth-extent in the south could not
be determined due to the lack of data in the marine areas
(Fig. 6). However, the narrow straits between the mainland
and the archipelago suggest that the zone has some con-
tinuity towards the south, whereas in the north the zone
either deflects towards North (zone IV) or abuts a WNW-
ESE-trending zone (VIa). Zone III is associated with a few
parallel but shorter features within the closest 1.5 km in
the east, and a sub-parallel branch in the south-west. The
cross-cutting relationships between the ENE-WSW and the
NNE-SSW -trending zones are not clear, but they appear to
mutually crosscut each other.

The northwestern part of the study area is characterized
by short (<3 km) N-S trending bedrock depressions (IV)
that are less distinct than the earlier described ones. The
N-S features are dominantly isolated and show no interac-
tion with the other zones. The south-western study area

displays a pattern of elongate, linear and parallel depres-
sions (V) that are distinct, but where the associated con-
trasts between the lowest and highest bedrock elevation,
similar to the N-S trending zones (IV), limited to some
50-70 m. Two further individual elongate depressions with
WNW-ESE trends (VIa, b) were recognized in the western
part of the study area. These features are not pronounced
in elevation contrast, but have a moderate lateral continu-
ity exceeding 5 km. The northern of the above features
(VIa) abuts the ENE-WSW-trending major zones, while
the cross-cutting relationship of the southern one (VIb) is
less clear.

The calculated slope gradients for the bedrock surface
DEM exceed a maximum of 50° in places, while the most
common gradients range between 0—12° (Fig. 7). The steep-
est gradients are spatially associated with the main elongate
depressions, with two zones standing out clearly due to their
width, and particularly the lateral continuity of the steep
gradients. These are the ENE-WSW trending depression
underlying the Aurajoki River (Ia in Figs. 6 and 7A) and the
NNE-SSW trending Jaaninoja depression (Ila in Figs. 6 and
7A). Both these zones are characterized by steep margins
and flatter basal parts and exhibit an asymmetric character
with steeper SSE slopes (Fig. 7). In the depression of the
Aurajoki River, the southern slope is longer and steeper,
and the narrow flat area in the bottom of the depression is
clearly distinct (I in Fig. 7B). In the northeast (I in Fig. 7B),
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Fig.7 (A) Slope gradients of the bedrock surface DEM, (B) The slope gradients of the Aurajoki depression

the valley-like structure disappears and is replaced by more
small-scale topographic variation.

In cross-section, located at section I in Fig. 7, the Aura-
joki bedrock depression has an asymmetrical shape with
steeper SE slopes of approximately 33°, while on the NW
side, the slope reaches a maximum of 18° (Fig. 8). In the
cross-section, the bedrock surface is deeper towards the SE,
verified by geotechnical investigations which are all located
at the bottom of the depression (I in Fig. 8A). The investi-
gations indicating the upper surface of the coarse-grained
soil follow the topography of the bedrock surface, approxi-
mately two meters above the confirmed drillings. Due to the
resolution, the small-scale variations indicated by the con-
firmed drillings are not visible in the interpolated bedrock
surface (I in Fig. 8A). There are areas on both the NW and
SE slopes where only unconfirmed drillings are present, and
their inclusion in the modelling improves its reliability (I
in Fig. 8A). In areas where there are neither confirmed nor
unconfirmed drillings indicating the bedrock surface, parts
of the interpolated surface seem to locate in too high eleva-
tion, because the upper surface of the coarse-grained soil
layer is at the same level as the bedrock-DEM surface or
even below it at the top of the southeast slope (III in Fig. 8).
The representation of these poorly constrained areas could
be further improved using 3D geological modelling soft-
ware, which allows more robust extrapolation where data
coverage is sparse.

Clay thickness and basins topography

Fine-grained sediments cover 58% of the study area
(Fig. 9A). Because of the varying bedrock topography, the
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majority (51%) of sediment deposits are <3 m thick and
>15 m thick deposits represent 10.5% of the total fine-
grained sediment area. The thickest clayey deposits (Unit
3) clearly follow bedrock surface characteristics and are
primarily located in elongated SW-NE-oriented bedrock
valleys (Ia-Id in Fig. 9A), in a NW-SE-oriented valley (II
in Fig. 9A), and in some basin-like areas in the north and
northeast (III in Fig. 9A). These basin-like areas are wider
in the NE (Illa in Fig. 9A) than in the N (IIIb in Fig. 9A),
where they form smaller, distinct, and evenly spaced depos-
its. The depth distribution of clayey deposits in the Turku
area reflects the small-scale variation of the deposits and
how the deepest layers effectively fill the largest bedrock
depressions.

In the paleotopographic model, the lower surface of the
fine-grained sediment ranges from —51 m to 65 m relative
to the current sea level (Fig. 9B). The lowest elevations are
found in areas with the thickest deposits, while in the NE
and SE, where the bedrock surface elevation rises, the lower
surface reaches up to 65 m. Near the seashore, the lower sur-
faces of thin clay deposits (<3 m) can also be relatively low,
following the typical topographic trend of the area, where
elevation increases with distance from the shore. Further
inland, the lower surfaces of these thin clay layers are situ-
ated at higher elevations.

The basin topography has an essential role in the deposi-
tion of clayey sections and the coastal areas of Finland (e.g.
Ojala et al. 2021; Saresma et al. 2021). Here, the paleoto-
pographic model created using the Benthic Terrain Modeler
(BTM), topographical variation is more distinct and abun-
dant, with depositional environments that include elon-
gated basins surrounded by wider depressions, which are
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separated by isolating ridges and elevations (Fig. 10). These
wider depressions form three larger basin-shaped areas: an
elongated, NNW—SSE-oriented depression (I in Fig. 10) and
two depressions in the northeast (II in Fig. 10), which con-
nect to form a larger environmental complex through a con-
tinuous SW-NE basin (III in Fig. 10). Jaaninoja forms its
own distinct depositional environment in SE (VI in Fig. 10),
with a basin surrounded by a wide depression, eminences,
and ridges. Outside the aforementioned areas, in the north,
northwest, west, and southwest parts of the region, the dep-
ositional environments show smaller scale variation and are
characterized not by extensive basins, but by small basins
and depressions between ridges and small eminences.

Glacial coarse-grained sediments

The thickness of the coarse-grained glacial deposits (Unit 2)
varies between 0 and 20 m (Fig. 11). The thickest deposits
between the bottom surface of the fine-grained sediments
and the bedrock surface are in areas where the bedrock sur-
face reaches its lowest points, forming depressions. In the
eastern part of the area lies the N-S-oriented Laitilanharju
esker (Lounais-Suomen Seutukaavaliitto 1966; Niemeld
et al. 1987; I in Fig. 11), where coarse-grained sediment
deposits exceed 20 m in thickness. However, the esker’s
thickness is not continuous and it has a fragmented structure
due to anthropogenic sand and gravel excavation activities

Fig. 10 Paleotopographic model 230000
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Discussion

Deformation zones in the bedrock of the study area have
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depressions with flat floors are present. The distinct asym-
metry of the Aurajoki depression with steeper southern
slope most likely reflects the architecture of the underlying
bedrock deformation zone, and understanding their mutual
relationships requires characterization of the outcrop-scale
(1-10-100 m) brittle structures within the bedrock, which is
out of the scope of this investigation.

The bedrock surface model produced in this study pro-
vides new insights into understanding the bedrock struc-
tures of localized deformation in the Turku region, as
entirely new structures have been identified. Compared to
the earlier interpretations (Lindberg et al. 1994; Viisdnen
and Holttd 1999; Viisdnen 2007), a third, longer ENE-
trending deformation zone (Ia in Fig. 12A) has been iden-
tified, along with shorter, parallel zones to the north and
south that continue offshore. Group II represents a com-
pletely new structural orientation unrecognized in the ear-
lier work, defined by the continuous NE-trending Jaaninoja
deformation zone (Ila in Fig. 12A). The Jaaninoja zone
and parallel subsidiary zones form a prominent struc-
tural domain in the eastern part of the study area. As the
NE-SW-trending zones show at least partial termination
against the NNE-SSW-trending zones, the latter are older
in their relative age. Zone III aligns with the previous inter-
pretations (Véisdnen and Holttd 1999) as it intersects the
Group I zone. Moreover, new, shorter parallel zones on the
mainland have now been identified. The newly identified,

shorter, and relatively evenly spaced structures with vary-
ing trends are clustered into Groups IV and V, with indi-
vidual structures (VIa and VIb in Fig. 12A) located in the
southern and northern parts of the area. Group IV follows
the same orientation as a previously interpreted shear zone,
mostly located offshore (IV and III in Fig. 12A). Due to
limited data in the offshore area, no major depressions were
observed there, but it is possible that a longer deformation
zone exists offshore, representing this structural trend.
Overall, the observed structures create a complex bedrock
topography dominated by the intersecting and terminating
features of Groups I, II, and III, where groups I and III form
continuous and straight structures, while Group II is more
discontinuous and contains segmented step-over structures.

The E-W trending deformation zones (Fig. 12A, Group
I and V) are subparallel to the regional foliation (Fig. 12B)
and, hence in line with an earlier interpretation attributing
them to shearing along fold limbs during late stage folding
(Viisanen and Holttd 1999). The N-S trending deformation
zones (Fig. 12A, Group III and IV) crosscut the foliation
(Fig. 12B) and according to Viisédnen and Holttd (1999) are
formed during the subsequent regional uplift. The orienta-
tions of the new deformation zones identified in this study
partly follow the foliation: group II trends are parallel to
the foliation in those areas where foliation data are avail-
able, whereas the southernmost tip of the deformation zones
appear to crosscut the regional foliation. The tectonic phase
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Fig. 12 (A) Bedrock lithology and
shear zones modified after Lind-
berg et al. (1994), Viisdnen and
Holttd (1999), and Viisénen (2007)
and linear topographic depressions
interpreted from the bedrock-
DEM. Multidirectional hillshad-
ing was generated using LIDAR
data (Laser scanning data 0.5 p,
2008-2019 @ NLS). (B) Linear
topographic depressions, foliation
and fold axial plunges modified
after Lindberg et al. (1994) and
Viisédnen (2007). Multidirectional
hillshading as background image,
was generated using digital eleva-
tion model (Elevation model 2 m
@ NLS)
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to which these structures belong remains unresolved in this
study.

In Turku area, the spatial occurrence and thickness of
clayey deposits (Unit 3) and the underlying coarse-grained
deposits (Unit 2) is largely controlled by both fine- and
broad-scale topographic variability of the bedrock surface
that in turn is shaped by the interplay of brittle bedrock
structures and subsequent glacial erosion. The thickness of
coarse-grained deposits vary greatly, forming thick layers
in parts of valleys, while on slopes, such deposits may be
entirely absent. The Laitilanharju ridge (I in Fig. 11) repre-
sents a distinct glaciofluvial unit within the area, differing
from the rest of the region in terms of coarse-grained depo-
sition. As expected for wide, low-energy basins, clay depo-
sition initiated in the lowest parts of the bedrock topography
and accumulated in valley- and basin-like depressions. This
agreement with established sedimentological patterns sup-
ports the geological interpretation and validates that the
model reproduces realistic sediment distribution across suc-
cessive deep and shallow water phases of the BSB history.

The thickest fine-grained sediment deposits are formed in
the deepest parts of these basins and depressions, which also
have maintained continuous and relative high rate of sedi-
ment deposition since pro-glacial sedimentary environment
(Ojala et al. 2021; Saresma et al. 2021). The development
of the Aurajoki Valley in the central part of the area, during
various phases of the Baltic Sea, marks a significant phase
in the geological history of the Turku region. The valley
originally formed in a deep bedrock depression shaped by a
SW-SE-oriented deformation zone and broader depressions
to the northeast of the main basin (II in Fig. 10). Over time,
it was gradually filled with sediments as the land uplifted.
Today, the Aurajoki Valley is one of the most prominent
and thickest clayey basins in the Turku region. The Jaan-
inoja zone has had a sedimentary environment similar to the
Aurajoki Valley, but it has been more isolated and is not
associated with depressions as large and extensive. Both
valleys consist, in the BTM paleotopographic model, of a
central basin area surrounded by a wide depression particu-
larly in the northern part of the valley. A third similar valley-
like feature (I in Fig. 10) is partly located offshore, and due
to the lack of data, its extent could not be assessed in this
study.

In addition to improving structural interpretation, the
3D model highlights areas where subsurface information
is sparse and interpolation uncertainty is elevated. These
data gaps indicate locations where an additional borehole
or targeted geophysical survey could substantially reduce
uncertainty and enhance the accuracy of the model. Impor-
tantly, new geotechnical investigations are continuously
conducted in the Turku area, and as this new information
becomes available, the model can be iteratively updated and

progressively refined. This continuous improvement makes
the model a dynamic tool that evolves alongside expanding
subsurface datasets. Furthermore, the model enables several
types of derivative outputs that support practical applica-
tions, including predicted ground conditions at specific
locations, longitudinal profiles along planned infrastructure
corridors, cross sections illustrating variations in bedrock
elevation and sediment thickness, and thematic maps repre-
senting different ground conditions such as soft soil distri-
bution or bedrock depth. In addition, the modelled surfaces
allow a simplified delineation of domains based on the pres-
ence and thickness of superficial units, such as areas domi-
nated by clay, areas containing coarse-grained deposits, and
areas where thin or thick coarse-grained layers underlie
clay. Together, these outputs translate the regional scale 3D
model into actionable information for engineering design,
feasibility assessment, and early-stage urban and infrastruc-
ture planning.

Conclusions

This study demonstrates the feasibility and value of inte-
grating topographic data, geological mapping, and various
types of geotechnical investigation to develop geologically
realistic 3D models of subsurface conditions in urban envi-
ronments. In the Turku area, the models reveal substantial
topographic variation, including steep bedrock slopes, sharp
features, and thick accumulations of glacial and postglacial
sediments—features that pose challenges for construction
and underground planning. The occurrence of these deposits
is primarily controlled by bedrock topography, with depres-
sions acting as sediment accumulation environments, high-
lighting the need for an integrated modelling approach that
considers both bedrock and overburden components.

A simplified classification and careful selection of geo-
logical units (Units 1-3) enables efficient and informa-
tive visualization of complex geology and its geotechnical
properties at the regional scale, offering a practical tool for
city-scale land use planning and major construction proj-
ects. However, for site-specific applications, the 3D analysis
must be expanded, as demonstrated by Ojala et al. (2021) in
the Rastaala area in Espoo, southern Finland. In practice,
proposed engineering works would still require further site
investigations to characterise local geotechnical conditions,
but the planning and subsequent implementation of such
works are substantially assisted by the regional-scale infor-
mation provided by the present modelling.

Future improvements could include automation of bed-
rock surface modelling using artificial intelligence for
outcrop delineation and scripting for data processing and
error correction. A reliability map would support structural
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interpretation and provide clearer visualization of model
uncertainty, which naturally varies across the model depend-
ing on the spacing of available data points and the heteroge-
neity of the geological conditions. Overall, the resulting 3D
models represent a significant advancement from traditional
2D approaches, combining geological evolution, sediment
deposition, and extensive datasets into a coherent frame-
work. While based on simplified geological structures, these
models already provide a valuable generalization for urban
planning, construction, and zoning, provided that the con-
ceptual model is carefully designed to reflect the complexity
of regional geology and the available data.
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