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Abstract
The capital region of Finland is growing rapidly and into areas with challenging con
struction conditions such as deep fine-grained sediments. In the coastal city of Espoo, 
present land use is mainly focused in the southern and central parts, which were 
submerged by the Baltic Sea during the early and mid-Holocene. These areas have 
experienced saline and brackish water phases during the history of the Baltic Sea Basin. 
The deposition environments of the presently studied onshore areas are an analogue 
for the present day offshore Baltic Sea sedimentation settings for fine-grained material. 
The results from Baltic Sea studies have demonstrated that the seabed topography 
has a significant role in the deposition of sediments and their properties. In this study, 
paleotopographic models were created for the ancient Baltic Sea Basin in the Espoo 
area 1) after deglaciation and 2) during the Litorina transgression and classified into 
bathymetric (terrain) zones and structures. Topographic classification was combined 
with the water depth of the Litorina stage, the thickness of fine-grained deposits and wind 
fetch to establish the overall characteristics of sedimentary environments in the coastal 
area. Fine-grained sediments can be found mainly in depressions that are classified 
here as broad, narrow or local. The study found the most challenging environments 
for construction purposes in sheltered narrow depressions that contain thick layers of 
fine-grained sediments deposited during the Litorina transgression. These are mainly 
located in the southern and central parts of Espoo. Minor deep canyons were also 
found in the northern parts of Espoo. This study provides new prior knowledge for urban 
planning and construction design in Espoo. The methodology could be applied to other 
Baltic Sea coastal cities and areas with fine-grained sediments.
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1. Introduction

The capital region of Finland is rapidly growing and 
there is a need to enhance land use planning and 
sustainable construction (Statistics Finland, 2014; 
Helsinki-Uusimaa Regional Council, 2019). In 
the city of Espoo, land use and urban planning are 
active in several districts, especially in connection 
with the development of transport systems (City 
of Espoo, 2018). In some of these areas, the con-
struction conditions are challenging due to deep 
basins filled with fine-grained sediments. Under-
standing the overall distribution and character-
istics of fine-grained sediments is necessary for  
geo technical design and environmental issues. 
Each geotechnical design project includes ground 
investigations, but uncertainty is always present 
in the interpretation of the results. Sediment 
characteristics may be specified with probabilistic 
approaches such as reliability analyses (Korkiala-
Tanttu & Löfman, 2016; Löfman, 2016) expanded 
to geological sediment layers (Löfman & Korkiala-
Tanttu, 2019). Effectively, the reliability of the 
preliminary geotechnical design can be increased 
if the sediment characteristics are known. In 
addition to the environmental threat related to acid 
sulphate soil, awareness of its role in the formation 
of corrosion in thick fine-grained sediments has 
increased in geotechnical design (Suikkanen et al., 
2018). Environmental issues also include urban 
flood management, where the location, structure 
and properties of fine-grained sediments are 
relevant (Nuottimäki & Jarva, 2015).  

The deposition of fine-grained sediments in 
southern Finland began after deglaciation at around 
13 000 years ago. The sedimentation processes, 
including saline and brackish water phases, have 
affected the structure and composition of these 
sediments (e.g. Gardemeister, 1975; Björck, 1995). 
The same physical and chemical conditions that 
affected sedimentation in southern Finland during 
the history of the Baltic Sea Basin (BSB) have also 
shaped the structure of the present offshore Baltic 

seabed, which contains several geomorphologically 
distinct sub-basins (Henriksson & Myllyvirta, 
2006; Kaskela, 2017; Virtanen et al., 2019). 
However, the role of geomorphology in the 
deposition and distribution of onshore fine-grained 
sediments has been less studied. The properties 
of fine-grained sediments vary regionally and are 
highly dependent on the geological environment, 
such as the topography of the basin, elevation level 
(metres above sea level, a.s.l.), location, thickness 
of the fine-grained material and hypoxic/oxic 
conditions during deposition. This study analysed 
the deposition environments of fine-grained 
sediments in the city of Espoo with geospatial 
methods, focusing on their thickness and spatial 
variability and the paleotopography of the BSB. 
The study aimed to identify different types of 
sedimentary environments in order to increase prior 
knowledge in assessing sediment characteristics for 
land use and construction design. 

2. Research materials 

2.1.  Study area   

2.1.1. Geological characteristics

The City of Espoo is located in southern Finland 
in the coastal area of the Baltic Sea. The town of 
Kauniainen is situated inside Espoo and is hence 
included in the study area. The topography and 
distribution of Quaternary superficial deposits 
in Espoo is determined by distribution of bedrock 
types and weakness zones. The large-scale NE–SW 
Porkkala–Mäntsälä fault zone separates the bedrock 
into granite, Bodom granite and granodiorite in 
the northern parts and metamorphic rock types 
(mostly quartz-feldspar gneiss, quartz diorite 
or granodiorite, mica gneiss, amphibolite and 
hornblende gneiss) and granite in the south (Härme, 
1969; Laitala, 1960; Laitala, 1967; Laitala, 1994) 
(Fig. 1). 



Characterization of sedimentary depositional environments for land use and urban planning in Espoo, Finland  33 
 

The geological characteristics of the area reflect 
the post-glacial evolution of marine and lacustrine 
environments. The Quaternary superficial 
deposits have been reshaped and redeposited since 
deglaciation by erosional processes (land uplift and 
sea level changes) during marine and coastal stages 
(Repo et al., 1970; Haavisto & Kukkonen, 1975), 
and the area is characterized by washed rocky hills 
and flat fine-grained basins (Fig. 2). The rocky hills 

are often surrounded by shore deposits and washed 
till, which lack the original moraine forms. Small-
sized sorted coarse-grained deposits can typically 
be found on the leeside of the rocky hills (Repo 
et al., 1970). Some of the sorted coarse-grained 
sediments are possibly overlain by younger fine-
grained sediments, which have filled the bedrock 
depressions in the bedrock weakness zones (Fig. 1).

Weakness zone class, Observed Interpreted

Moderate, A fault/dense jointing found in outcrop or a weakness zone found 
in tunnel/rock cutting
Moderate, Interpreted by integrating observations
Problematic, A fault/dense jointing found in outcrop or a weakness zone found 
in tunnel/rock cutting
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Figure 1. Bedrock (1:100 000) map, bedrock weakness zones and clay depths of the study area and the location of the 
(NE–SW) Porkkala–Mäntsälä fault zone. The area in the middle surrounded by Espoo is the town of Kauniainen. Index 
map of the study location Espoo, Finland. Bedrock map 1:100 000; Bedrock weakness zones; Clay areas and depths  
© Geological Survey of Finland.
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Following the last deglaciation, the history of 
the BSB has traditionally been divided into phases 
known as the Baltic Ice Lake, the Yoldia Sea, the 
Ancylus Lake and the Litorina Sea (Björck, 1995; 
Andren et al., 2000). Due to isostatic rebound and 
eustatic sea-level changes, the Baltic Ice Lake and 
the Ancylus Lake were freshwater basins. In part, 
the Yoldia Sea and more saline Litorina Sea were 
brackish according to diatom data and organic 
productivity (Andren et al., 2000). During post-

glacial evolution, mainly fine-grained sedimentary 
material was deposited in an aquatic environment, 
covering the uneven bottom. These fine-grained 
sediments filled the depressions shaped by bedrock 
weakness zones and formed sedimentary deposit 
plains that are presently located above the Baltic Sea 
level. The average thickness of these fine-grained 
deposits in southern Finland is ca. 10 metres 
(Garde meister, 1975).  

Bedrock

Sandy till / Gravelly till

Sand

Coarser fine sand

Clay

Artificial ground, land fill

Unmapped area

Water 

Silt

Superficial deposits 
(1:20 000/1:100 000)

Gyttja clay

Gyttja

Peat

Kauniainen

Espoo

Mustalahti

Suurpelto

Rastaala

Perkkaa

Figure 2. Quaternary superficial deposits map (1:20 000/1:100 000) of the study area with locations of clay strati-
graphic study sites in Espoo (Ojala, 2007, 2009; Ojala et al., 2007) and additional geotechnical investigations within 
lake and shoreline areas. Quaternary superficial deposits 1:20 000/1:100 000, MDHS © Geological Survey of Finland.
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The structure and properties of fine-grained sed-
iments vary according to prevailing environmental 
conditions when deposition occurred. These con  - 
ditions include the water depth, wave action 
and bottom currents, the amount of suspended 
material, water stratification, salinity, chemistry, re-
deposition and organic production (Gardemeister, 
1975; Ojala, 2007). The postglacial fine-grained 
sediments deposited during the Baltic Ice Lake stage 
consist of massive grey, sometimes reddish-coloured 
clay with a varved structure and anisotropic 
character (Gardemeister, 1975; Ojala et al., 2007; 
Ojala, 2007; Haavisto & Kukkonen, 1975). These 
sediments contain sand and silt layers and they 
have the lowest water and humus content of the 
sediments deposited during BSB history. Yoldia 
sediments are usually laminated or homogeneous 
in structure, with clayey material in the largest 
amounts (Gardemeister, 1975). The classification 
properties of the sediments deposited during the 
Ancylus Lake stage show no significant difference 
from the lower Yoldia sediments. Younger Ancylus 
sediments generally contain more water and humus 
than the underlying deposits. Ancylus sediments 
often contain silty and sandy layers caused by 
erosion and re-deposition over time as the water 
level has rapidly changed. Sulphide grains and 
nodules are sometimes seen in clay deposited during 
the Ancylus stage (Gardemeister, 1975; Ojala et 
al., 2007; Ojala, 2007; Ojala, 2009; Kosonen et al., 
2015; Saresma et al., 2017). 

2.1.2 Litorina sediments

The sediments deposited during the Litorina Sea 
stage differ significantly from the other sediments 
of the BSB and are sometimes separated from 
the underlying deposits by an erosional surface 
(unconformity) (Ojala et al., 2018). Typical features 
of Litorina sediments include high water and 
organic contents and, according to Gardemeister 
(1975), often an appreciably greater plasticity index 
and liquid limit compared to other sediments 
of the BSB. These Litorina sediments are usually 
very compressive and weak in strength. Litorina 

sediments contain the maximum pore water salinity, 
which may lead to a high void ratio associated 
with the high water content (Gardemeister, 1975; 
Mataic, 2016). This usually indicates increased 
compressibility of the sediment layer. Pore water 
salinity and the high void ratio can also expose the 
sediment to leaching, leading to high sensitivity and 
low stability (Bjerrum, 1967; Helenelund, 1977; 
Mataic, 2016). In addition, some sediments contain 
sulphide due to the high organic productivity and 
hypoxic conditions during the Litorina Sea stage 
(Boman et al., 2008; Suikkanen et al., 2018). Finally, 
the bottom topography during the Litorina Sea 
transgression has an important role in predicting 
potential areas for sulphide formation and soft 
sediment deposition. Topographically sheltered 
deep sub-basins of the BSB often develop hypoxia, 
as they are not subject to wave action or bottom 
currents (Virtasalo et al., 2005; Kaskela, 2017; 
Jokinen et al., 2018; Virtanen et al., 2019). Instead, 
they exhibit strong water stratification and a limited 
water exchange that exposes them to sulphide 
formation.

2.2.  Datasets 

The Geological Survey of Finland has combined and 
unified a “Clay area and depth” dataset (Geological 
Survey of Finland, HAKKU) for the Helsinki 
Metropolitan Area (the cities of Helsinki, Espoo 
and Vantaa) (Kosonen & Saresma, 2020). This 
dataset is based on soil maps (1:10 000 – 1:2 000) 
of the three cities, which contain interpolated clay 
depth contours (1, 3, 5, 10, 15 and 20 m) based 
on geotechnical investigations. The clay depth 
is the depth (metres from the terrain surface) of 
cohesive soft fine-grained sediments. In addition, 
over 3000 geotechnical investigations (Swedish 
Weight Soundings) within areas without contour 
depth data (lake and shoreline areas) (Fig. 2) as well 
as gyttja sediment (1–3 m, >3 m) polygons were 
available for this study from the City of Espoo. This 
study also utilized geological maps of Quaternary 
superficial deposits (1:20 000; 1:100 000) (Geologi-
cal Survey of Finland, HAKKU), airborne scanning 
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light detection and ranging (LiDAR) data, a digital 
elevation model (DEM), cloud point data (National 
Land Survey of Finland) and MDHS (multi-
directional hillshade) data processed from LiDAR 
DEMs by the Geological Survey of Finland with 
ArcGIS (©ESRI) software. Åberg (2013) and Ojala 
et al. (2013) have reconstructed the maximum 
extension and highest shoreline elevation of the 
Litorina Sea transgression (Ancient Shoreline 
Database) (Geological Survey of Finland, HAKKU), 
which was utilized in the paleotopographic and 
paleobathymetric model of the Litorina trans- 
gression stage. All datasets were projected to the 
ETRS-GK25 coordinate system used by the cities of 
the Helsinki metropolitan area.

3. Methods

3.1.  Paleotopographic models

In addition to the current terrain surface, two 
additional sets of paleotopographic elevation 
models were created in the ArcGIS environment 
(®ESRI) to simulate the terrain surface level and 
environmental conditions 1) after deglaciation 
(DG), when fine-grained material began to deposit 
during the Baltic Ice Lake stage, and 2) at the 
beginning of the Litorina transgression (LT) stage,  
ca. 7 000 years BP (before present) (Hyvärinen et 
al., 1999) (shoreline 32–35 m a.s.l. in the Espoo 
area) (Ojala et al., 2013), when approximately two-
thirds of the total thickness of fine-grained sediment 
had been deposited (Fig. 3). This estimation of 
clay accumulation is based on observations from 
stratigraphic studies in the clay basins of Espoo, i.e. 
Suurpelto (Ojala et al., 2007), Äijänpelto (Ojala, 
2007), Mustalahti and Perkkaa (Ojala, 2009) 
by GTK (Fig. 2) that show similarity with other 
stratigraphic studies in the near coastal area of 
southern Finland (e.g. Gardemeister 1975). The 
topmost third of the deposition contains organic-
rich fine-grained sediments (gyttja clay, clay gyttja 
and post-isolation lake gyttja) accumulated during 
and after the Litorina transgression. 

In order to create continuous paleotopographic 
models, interpretations of geotechnical investiga-
tions and lake and seawater depth points (National 
Land Survey of Finland) were used to interpolate 
depth contours also to lake areas as well as beyond 
shoreline and municipal borders (Fig. 5a). Lake 
water depth contours have been shown to reflect 
the post-glacial soft sediment thickness in lakes 
(Valpola & Ojala, 2006). Overall, the analysis area 
was selected to be larger than the municipal borders 
of Espoo (Fig. 5a) so that possible biases in margin 
areas would not affect the results for the selected 
study area (Mäkiaho, 2009).

This unified clay depth dataset was used to 
create a combined and congruent model of the fine-
grained glaciomarine and -lacustrine deposits in 
Espoo area for further spatial data analysis (Fig. 5a). 
The clay depth raster (depth m) was interpolated 
from depth contours with the ArcMap “Topo 
to raster” tool (ArcGIS Desktop 10.6), which is 
designed to create hydrologically correct digital 
elevation models (Hutchinson et al., 2011) and 
is suitable for contour data interpolation. “No 
Enforce” setting was used to avoid sinks to be filled. 
Interpolation was made in a 10 m cell size that 
was considered suitable for an area this wide, with 
the dataset available and taking into account the 
stratigraphically well-studied sites. The LiDAR 
DEM (10  m) was converted to a digital terrain 
model (DTM) by removing the artificial elevation 
changes (>3 m) (high buildings, roads, landfill areas) 
to match the original elevation of the prevailing 
clay basin (Mäkiaho, 2009). Old maps were used 
to verify the original elevation (National Land 
Survey, 1958a; 1958b; 1960; 1961). In the next 
phase, the clay depth raster was reduced from the 
modified DTM (10 m) elevation raster to create a 
realistic continuous paleotopographic elevation 
model (m a.s.l.) for the bottom layer of the fine-
grained sediments (Fig. 3). The thickness of 
overlying water (lake, sea) and peat were reduced 
from the total thickness to obtain the thickness of 
fine-grained sediments (Rosentau et al., 2007). 
For the paleotopographic model of the Litorina 
transgression, two-thirds of the soft sediment 
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thickness was added to the bottom of the fine-
grained sediments to simulate the paleotopographic 
elevation ca. 7000 years BP (Fig. 3).

3.2.  Benthic Terrain Modeler (BTM)

Benthic Terrain Modeler (BTM) (Walbridge et al., 
2018), built on top of the ArcGIS platform, was 
used to characterize and classify the underwater 
paleotopography of the BSB 1) after deglaciation 
and 2) during the Litorina transgression in 
the Espoo area. BTM is traditionally a marine 
tool that calculates topographically different 
landforms based on bathymetry, slope and the 
bathymetric position index (BPI), which is a marine 
modification of the topographic position index 
(TPI) (Weiss, 2001; Lundblad, 2006).

Slope, as the first-order derivative, was 
calculated with the ArcGIS surface analysis tool. 
The resulting raster grid shows the maximum 
rate of change between each cell and its eight 
neighbours. Slope data were classified into three 
classes, <5 %, 5–10 % and >10 % according to the 
approximate mean steepness of the study area in the 
1) DG stage. This classification was chosen to best 
represent the initial stage and its change to 2) LT 
stage. The second-order derivative BPI quantifies 
topographic crests and depressions by comparing 
the elevation of a cell with the mean elevation 
othe neighbourhood cells within a specified 

radius and produces positive (crests) and negative 
(depressions) BPI values, in addition to values near 
zero that represent flat areas or areas of constant 
slope (Walbridge, 2018). Several BPI surfaces 
with varying radiuses were tested to find the best 
representation of the different geomorphological 
features. Fine-scale BPI700m and broad-scale BPI2km 
proved to be the best fit to emphasize the bottom 
structures, as evaluated at the well-studied sites 
of Suurpelto (Ojala et al., 2007; Pätsi, 2009), 
Äijänpelto (Ojala, 2007), Mustalahti and Perkkaa 
(Ojala, 2009) (Fig. 6). The standardized BPI values 
together with paleotopographic elevation models 
and slope were further classified into zones called 
crests, depressions, flat areas and slopes, as well as 
structures modified after Lundblad et al. (2006), 
Erdey-Heydorn (2008), Kaskela et al. (2012), 
Rinne et al. (2014) and Walbridge et al. (2018) 
(Fig. 4 and Table 1).

3.3.  Litorina water depth and  
 wind fetch model
A wind fetch model was used to test the effect of 
wind and wind fetch on the ancient Espoo coastal 
area during the Litorina stage (from transgression 
7000 BP to 4000 BP). This analysis used the wind 
fetch model of Rohweder et al. (2012) generated 
for the ArcGIS environment by the USGS. For 
the Litorina transgression environment, the 

Thickness of clay, 
clay gyttja and gyttja

Terrain surface level at the deglaciation (m a.s.l.)
(lbottom layer of the soft fine-grained sediments)

Terrain surface level during Litorina transtression (m a.s.l.) 
(bottom layer of organic-rich brakish/lacustrine mud) 

Water depth during the 
Litorina transgression (7 000 BP)

Lake

Bog

Clay thickness (2/3) 
deposited prior Litorina transgression

Highest shoreline during the Litorina transgression (7000 BP)
Depth of soft fine-grained 
sediments (cohesive deposit)
(m from the terrain surface)

Water

Sa

SE

NW

Baltic Sea

Non-cohesive sand and till 
or bedrock

Water

Peat

Organic rich brakish/lacustrine mud 
(gyttja clay, clay gyttja, gyttja)

Clay

Non-cohesive sand and till 
or bedrock

Figure 3. Conceptual model of the paleotopographic terrain surface levels in the Espoo area, the fine-grained 
sedimentary environments and water depth during the Litorina transgression.
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Litorina shoreline data of Ojala et al. (2013) were 
used to create land (1) and water (0) areas. The 
Litorina L30 and L40 isobases (polylines) of Ojala 
et al. (2013) were used to create an interpolated 
isobase surface (raster), i.e. Litorina water plane. 
A water depth model (paleobathymetry) of the 
Litorina transgression (Fig. 3) was constructed by 
subtracting the Litorina water plane values from 
the LT paleotopographic raster (Leverington et al., 
2002). A new shoreline model was created for the 

4000 BP environment by using the L30 and L35 
isobase shore displacement curves and gradient/
time curve (cm/km) for the Helsinki Metropolitan 
Area (Hyvärinen, 1999; Seppä et al., 2000; 
Leverington et al., 2002; Mäkiaho, 2009). The 4000 
BP water plane values were subtracted from the 
paleotopographic elevation raster simulating the 
environment 4000 years BP, where four-fifths of the 
soft sediment thickness (Ojala, 2007, 2009; Ojala et 
al., 2007) was added to the clay basin subsurface.

Broad BPI Fine BPI Slope

Paleotopographic elevation model

BTM Classification

Structures

Crests
Depressions
Flats
Slopes

1. Narrow crest
2. Broad crest
3. Narrow depression
4. Broad depression
5. Local depression
6. Flat plain
7. Broad slope
8. Steep slope

Zones

Figure 4. A flowchart showing 
the steps in Benthic Terrain 
Modeler BTM. In the Espoo area 
paleotopography classification 
was produced with BTM based 
on paleotopography models, 
broad Benthic Position Index BPI, 
fine BPI and slope. Classification 
included four zones and eight 
structures in the Espoo study 
area.

Classification  Broad scale BPI Fine scale BPI Slope

Class Structure Lower Upper Lower Upper Lower Upper

1 Narrow crest 100 100

2 Broad crest 100 100 100

3 Narrow depression 100 100

4 Broad depression 100 100 100

5 Local depression 100 100 100

6 Flat plain 100 100 100 100 5

7 Broad slope 100 100 100 100 5 10

8 Steep  slope 100 100 100 100 10

Table 1. BTM structure catalogue; “100” refers to one standard deviation of the standardized BPI.
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3.4.  Statistical comparison

Statistical comparisons were used to assess the en-
vironmental variables associated with topo graphic 
depressions during the Litorina transgression. The 
amount of depressions, their average area and 
statistics related to clay thickness were calculated 
using ArcMap “Zonal statistics” tool. It calculates 
statistics on cell values of a raster (here clay thickness 
raster) within the zones defined by another dataset 
(here topographic depressions). Additionally, mean, 
maximum and minimum elevation (m a.s.l.) and 
Litorina stage water depth were calculated with 
 “Zonal statistics” for narrow depressions to find 
out if these variables are related with each other 
and clay thickness. The length of the shortest and 
longest axis was calculated with the Arcmap “Zonal 
geometry” tool. The tool calculates a specified 
geometry measure for every zone in a dataset (here 
topographic depressions). Multivariate clustering 
in the ArcGIS Pro environment was used to explore 
the underlying structures of the data and spatial 
comparison of the environmental attributes in the 
focus area of this study, narrow depressions. Several 
possible combinations of features with different 
amounts of clusters were tested with K-Means 
algorithm. Although sometimes sensitive to outliers, 
K-Means algorithm tends to find natural patterns 
in the data and can be used here for statistical 
comparison among environmental variables. In 
this study, four clusters proved to best represent 
both within-group similarities and between-group 
differences.     

4. Results and interpretation

4.1. Paleotopographic models

The depth of fine-grained sediments in the study 
area, including land, lake and sea areas (m from 
the terrain surface), varies between 0–35 metres 
(Fig. 5a). The thickness of the fine-grained sedi  - 
ments varies between 1–25 metres, with the 
thickest clay deposits in the Mustalahti, Suur- 

pelto, Kirkkojärvi and Espoonlahti areas. The paleo-
topographic elevation level after deglaciation varied 
in the whole study area between -29–117 m a.s.l., 
and in clay basin areas between -29–103 m a.s.l. 
(Fig. 5b). During the Litorina transgression stage, 
the paleotopographic elevation level varied between 
 -15–117 m a.s.l., and in clay basin areas, situated 
below the highest shoreline area, between -15–36 m 
a.s.l. (Fig. 5c).

4.2.  Benthic Terrain Modeler (BTM)

The landscape of the ancient underwater Espoo 
was topographically diverse 1) after deglaciation 
(Figs 6a, 6b, 6c and 7). Steep slopes dominated the 
landscape and mainly divided it into crests leading 
down to different depressions (Fig. 7). Most of the 
narrow depressions were canyon-shaped structures 
that formed in bedrock weakness zones and faults 
after deglaciation. Fine-grained material began to 
deposit in the deepest depressions and smoothed 
the topography. At the beginning of the Litorina 
transgression (2), the deepest canyons were filled 
with silts and dense clay and the landscape was 
flatter (Figs 6d, 6e, 6f and 7). The northern parts of 
Espoo were mainly unsubmerged, and fine-grained 
organic-rich material began to deposit in the low-
lying parts of southern and central Espoo. The 
topography consisted of crests, depressions, flat 
plains and slopes with relatively low gradients. The 
depressions further divided into narrow depressions 
and broad and local depressions. At 2) LT stage 
narrow depressions appeared mostly canyon-
shaped long structures but also as individual isolated 
structures that usually are basins with various shapes 
including circular shape. In addition to narrow 
depressions, broad and local depressions occurred 
in the seabed. Broad depressions represented wide 
basins usually attached to narrow depressions. 
Small-scale local depressions occurred individually 
around Espoo, mainly focused in the southern parts 
of the region.
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Figure 5. The unified and extended clay depth areas (a), two different sets of paleotopographic models (b, c) 
and the present day topographic elevation map (d). Elevation scales are set for all stages (b–d) according to the 
max-min elevation in the deglaciation stage. The municipal border of Espoo is indicated with a solid line and the 
extended study area with a dashed line. The area in the middle surrounded by Espoo is the town of Kauniainen.
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Figure 6. BPI values together with slope form the basis for the topographic classification 1) after deglaciation (a, b, c) 
and 2) during the Litorina transgression (d, e, f), when the northern parts and highest hills of Espoo and Kauniainen 
were above sea level. Negative BPI values indicate depressions and high values are elevations. Locations of clay 
stratigraphic study sites in Espoo (Ojala, 2007, 2009; Ojala et al., 2007) are indicated and the extended study area 
marked as dashed line. The municipal border of Espoo is indicated with a solid line and the area in the middle 
surrounded by Espoo is the town of Kauniainen.
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4.3. Litorina water depth and  
 wind fetch model

Virtanen et al. (2019) demonstrated that wave 
action or the lack of it is a significant factor in the 
development of severe hypoxia in coastal areas. A 
study of eutrophication risks in the Finnish coastal 
area by Henriksson and Myllyvirta (2006) indicated 
that water depth and geomorphologic landform 
types affect the development of hypoxic conditions. 
In the Litorina stage, most parts of northern and 
northwestern Espoo were dry land near the coast 
(Fig. 8). Between north and central Espoo, a 
sheltered archipelago existed with mostly shallow 
water depths (0–20 m) and a few deeper (>30 m) 
canyons, which are also presently dry lake basins. 

Figure 7. Topographic classification 1) after deglaciation and 2) during the Litorina transgression, when the northern 
parts and highest hills of Espoo and most of Kauniainen were already above sea level. The municipal border of Espoo 
is indicated with a solid line, extended study area with dashed line and the area in the middle surrounded by Espoo is 
the town of Kauniainen.

According to Henriksson and Myllyvirta (2006), 
hypoxic conditions in shallow water archipelago 
environments were associated with depths of over 
10 m. Northern Espoo was mainly sheltered with 
short wind fetch distances, but a few wide areas, for 
example the Bodom lake area, experienced more 
effective wind fetch exposure. In the central parts 
of Espoo, the water deepened, with an average 
depth of over 20 metres and larger canyon areas 
with depths of over 30 m. The central area of Espoo 
comprised more open wind-prone areas with larger 
wind fetch exposures. However, sheltered areas 
also existed that experienced minor wind fetch 
exposures. The southern and southeastern parts 
were deep-water areas with water depths mainly 
exceeding 30 m. This area experienced open-water 
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conditions during the Litorina stage, with long 
wind fetch distances and greater effective exposure 
(Fig. 8). For hypoxic conditions to develop in deep 
water areas, a water depth of more than 30 m was 
needed in geomorphological sheltered depressions 
and craters (Henriksson & Myllyvirta, 2006). 
Therefore, mixing of bottom water in deep (over 30 
metres) depressions was not likely due to the water 
depth. At the end of the Litorina stage (4000 BP), 
the shoreline level was situated around 21–22 m 
a.s.l. in the Espoo area. The sheltered archipelago 
had shifted to central Espoo with shallow water 
depths (0–20 m). Open-water conditions still 
prevailed in southeast Espoo, with effective wind 
fetch exposures. The deepest water depths (>20 m) 
existed in narrow depressions of south Espoo and 
in the current coastal and sea areas. Due to wave-
induced water mixing, wind fetch is one of the three 
factors together with wind speed and duration to 
affect the circulation and mixing of water. Without 
long wind fetch distances, changes in wind speed or 
duration do not lead to large waves and mixing, and 
all three factors are needed for large waves to occur 
(Duxbury et al., 2002). 

Therefore, wind fetch analysis can provide 
an overview of the wind-driven water mixing 
areas that existed during the Litorina stage. With 
the combination of wind fetch and water depth 
values, the possible hypoxic areas conform with the 
classification results.

4.4.  Statistical comparison

The main results from the zonal statistics are 
presented in Table 2. Of all the depressions in the 

Espoo area that are formed during the Litorina 
transgression, narrow depressions with the largest 
average area were the least frequent. In these narrow 
depressions, the total average clay thickness is the 
highest and the standard deviation is the greatest. 
Broad and local depressions differ from each other 
mainly in their number and average area. Local 
depressions with the smallest area are the most 
common. They have also the lowest total clay 
thickness, although the difference between broad 
and local depressions is small.

Narrow depressions were further divided into 
four clusters that provided best both within-group 
similarities and between-group differences among 
selected variables: area, maximum clay thickness, 
maximum elevation, shape and maximum Litorina 
water depth (Figs 9 and 10). A south–north trend 
can be observed in the clustering results. The 
members of group 1 are mainly located in the 
southeast, group 3 in the north and groups 2 and 
4 between the former two groups. Group 1 mostly 
consists of circular or various shapes of depressions 
that are located at a low elevation near the shoreline, 
where the water was deep in the Litorina stage. 
Only a few narrow depressions belong to group 
2, with a small area and elongated appearance. In 
group 2, the maximum clay thickness was lowest 
among the depressions. Group 3 in the north is 
high in elevation and low in Litorina water depth. 
This group contains thick clay deposits. Group 4 is 
distinguished from the others by large areas and the 
thickest clay deposits. Group 4 contains elongated 
canyon-like depressions with deep water in the 
Litorina stage.

Count Area average Min clay thickness Max clay thickness Mean clay thickness StDev

(-) (m2) (m) (m) (m) (-)

Narrow depressions 248 84875 b.d.l. 25.0 8.0 4.0

Broad depressions 473 30400 b.d.l. 24.5 6.0 3.5

Local depressions 652 18345 b.d.l. 21.0 5.0 3.0

Table 2. Comparison of clay thickness between narrow, broad and local depressions, in addition to their number and average area.
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Figure 8. Water depth and wind fetch sum values calculated from weighted fetches in eight directions 
during the Litorina transgression (7000 BP) and at the end of the Litorina stage (4000 BP) in the Espoo 
area. The municipal border of Espoo is indicated with a solid line, extended study area with dashed line 
and the area in the middle surrounded by Espoo is the town of Kauniainen.
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5. Discussion

The paleotopography of the Espoo area after 
deglaciation and its classification with Benthic 
Terrain Modeler revealed a number of high hills 
and low depressions. Most of the depressions were 
at that time located in bedrock weakness zones 
and fractures, which later filled with fine-grained 
sediments deposited during the Baltic Sea stages.  
A similar deposition succession has been reported 
several times in the offshore environment, for 
example, in the western part of the Gulf of Finland 
(Nuorteva, 1994). The paleotopographic model 
of the Litorina transgression stage revealed that 
the same narrow depressions that dominated the 
landscape after deglaciation were still present, but 
with a somewhat smoothed structure in the deepest 
canyons after filling with proglacial and distal 
fine-grained clayey sediments. One interesting 
characteristic of the study area is that narrow 
depressions indicated by the terrain analyses show 
also on average the thickest sections of fine-grained 
sediments (Table 2). This is considered to be due to 
their location, being sheltered by the surrounding 
high relief environment. Furthermore, Litorina 
water depth analysis supported the results of the 
topographic classification, as the areas with the 
greatest water depth (>30 m) in the southern parts 
of Espoo appeared to be connected with areas of 
narrow depressions. Wave action and strong winds 
blowing from the open sea in the south probably 
never disturbed the bottom in these depressions 
and the water remained stratified, allowing 
the development of hypoxic conditions. The 
importance of the sheltering effect in relation to 
seasonal seafloor hypoxia and the maintenance of 
a calm environment with continuous sediment 
accumulation has been discussed by Nuorteva 
(1994) and Virtanen et al. (2019), among others. 
According to Boman et al. (2008, 2010), a lack of 
oxygen combined with an abundance of FeS and 
FeS2 in the water column led to the formation of 
sulphide soil in the Litorina stage. In a recent study, 
Saresma et al. (2020) demonstrated a statistical 
association between narrow depressions and 

potential sulphide soil in the Espoo area. In addition 
to narrow depressions, which are often connected 
to broader basins, a somewhat different deposition 
environment is represented in small-scale local 
depressions. These individual depressions are 
scattered around the study area, but most of them 
occur in the southern parts of Espoo. They contain 
on average the thinnest layer of Litorina soft clay. 

The regional remote-sensing-based spatial clas - 
sification of different types of sedimentary environ - 
ments in the Espoo area can be validated through 
local in situ sediment datasets, of which two 
examples are presented here. In the present topo-
graphic analyses, these two site-specific examples 
represent two different deposition environ ments 
of the Litorina stage: the Suurpelto area as a narrow 
depression and the Kallvik area as a local depression 
(Fig. 11). 

Suurpelto is a well-known site in the capital 
region and has been stratigraphically investigated 
(Ojala et al., 2007; Ojala, 2011). The Suurpelto 
clay basin is surrounded by hills, which makes it a 
sheltered deposition environment. The fine-grained 
deposits reach up to 25 m in thickness in the deepest 
depressions of the basin. The Suurpelto fine-grained 
section comprises undisturbed in situ deposits 
representing the entire Baltic Sea basin history, 
including Litorina and post-Litorina sediments, 
which consist of very soft, highly organic-rich gyttja, 
and brackish water muds, which contain sulphidic 
sediments (Ojala et al., 2007). Here, the corrosion 
risk to underground piles and other structures was 
studied (Törnqvist & Laaksonen, 2008), because 
several sulphide-containing soil layers were detected 
(red points in Fig. 11). Törnqvist & Laaksonen 
(2008) concluded that the structures should be 
designed to tolerate a higher corrosion risk than 
normally. In addition, Pätsi (2009) examined the 
effect of organic material and sulphide from the 
viewpoint of deep stabilization and found that the 
shear strength of stabilized sulphide-containing 
layers did not develop as much as required (Pätsi, 
2009). 

The Kallvik area (Fig. 11), by comparison, is 
a very different deposition environment and was 
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chosen here to represent a local depression, since 
sulphide soil has also been investigated in the area in 
relation to construction. There are higher elevations 
and few hills in the surroundings of the Kallvik clay 
basin in the north and southeast, but the landscape 
is mostly even and free from wind fetch and wave 
motion, with a water depth of less than 30 metres 

(Figs 8 and 11). According to earlier investigations, 
the soil at Kallvik is mainly gyttja clay with a depth 
of up to 2.5–3 metres (Ellonen & Taipale, 2019). 
No notable sulphide soil has been observed there 
(Figure 11, green points). 

Both Suurpelto and Kallvik were identified 
by the topographic model, and they both contain 

Kallvik Suurpelto

Espoo

Figure 11. Illustrations of two different deposition environments during the Litorina transgression: the Suurpelto 
and Kallvik sites. Suurpelto represents a narrow depression and Kallvik a local depression. Investigations at Kallvik 
are presented here with permission from the City of Espoo. Some artificial elevation changes can be seen in the 
paleotopographic model, although they occur in areas outside the focus of this study.
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organic-rich sediments. Although gyttja, gyttja 
clay and clay gyttja are generally challenging from 
the perspective of construction, only Suurpelto 
contains sulphide. Furthermore, the sites differ 
from each other in the topographical environment 
and thickness of fine-grained sediments. A com-
parison of these two sites indicates that a sheltered 
environment with a certain amount of fine-grained, 
organic-rich sediments is needed for sulphide 
formation and deposition in Litorina sediments. 
However, this observation, which is based on results 
from two different sites, cannot be generalized to all 
clay basins in Espoo. Therefore, more site-specific 
studies are needed in the future. Nevertheless, the 
results from the topographic model are consistent 
with those from in situ investigations, which 
confirms  the  suitability  of  the  model. 

One challenge related to topographic analysis 
is that it does not take into account environmental 
variables such as area, maximum clay thickness, 
maximum elevation, shape and maximum Litorina 
water depth. The most interesting topographic 
class, narrow depressions, was thus further analysed 
to define which variables are associated with each 
other and certain locations. According to the results, 
large deep canyons are located in the central and 
southern parts of Espoo. The Suurpelto clay basin 
is one example of such depressions. Another type of 
narrow depressions was identified in the low-lying 
southern parts of Espoo, with a slightly thinner 
clay layer on average and a more rounded structure. 
Both types have deposited in the Litorina deep 
water. In addition, one type is only located in the 
north, where depressions occur at a high elevation 
and with quite thick layers of clay. These are related 
to bedrock topographic faults and weakness 
zones, which dominate the landscape in the north. 
Although there is some variation within narrow 
depressions, the variation is as expected and can 
be explained by general geological evolution. The 
classification will become increasingly accurate with 
more detailed preliminary information. Moreover, 
a study of bottom currents that prevailed during 
sediment deposition as well as sediment erosion and 
re-deposition, as has been reported by Nuorteva & 

Kankaanpää (2016) in the Archipelago sea, could 
provide additional information on the deposition 
environment  but  was  not  considered  here.

6. Conclusion

Various challenges in land use and construction 
design related to the behaviour of post-glacial fine-
grained sediments are well known in Finland and in 
other Nordic countries. This study presents a novel 
approach to identify areas prone to these challenges. 
The Espoo area was classified into zones and 
structures according to the paleotopography after 
deglaciation and during the Litorina transgression. 
Topographic analysis and classification combined 
with selected environmental variables revealed 
different deposition environments for fine-grained 
sediments. For construction purposes, the most 
challenging environments were identified to be 
deep sheltered canyons that developed during the 
Litorina transgression. These are mainly located 
in the central and southern parts of Espoo, where 
land use is generally most active. Some notable fine-
grained deposits also occur in the northern parts of 
Espoo. Topographic analysis and classification can 
be considered a suitable approach to obtain essential 
information related to fine-grained sediment 
deposition environments on a regional scale and 
can help to optimize detailed site-specific ground 
investigations. The presented methodology can 
readily be extended to other coastal cities with fine-
grained sediments.  
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