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Abstract

We acquired high-resolution reflection seismic data using a broadband digital-based landstreamer system to characterize a
depression related to the Mesoproterozoic (Jothnian) Satakunta sandstone basin in the Köyliö study area, southwest Finland.
This ca. 800-m-wide depression is infilled with up to 100-m-thick (late) Quaternary interlobate glaciofluvial complex sedi-
ments. The seismic images clearly reveal details of the glaciofluvial complex, sandstone depression topography, and brittle
structures related to the formation of the sandstone basin by oblique transtension. Additionally, we identified the setting of a
diabase laccolith within the sandstone and the geometry and position of the steep sandstone contact. The esker core does not
follow the sandstone-Svecofennian basement rock contact or lean to it. The esker core is at a depth of 50–60 m on the flank of
the depression. The seismic data image the esker core and other architectural elements of the esker. We highlight the potential
of the digital-based landstreamer in the research of complex Quaternary sediments in major bedrock depressions including the
characterization of the underlying bedrock properties. We also discuss the possible tunnel valley origin of the sandstone
depression.
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INTRODUCTION

Interlobate eskers represent one of the largest glaciofluvial
landforms and can have sediments up to 100 m thick. They
form between two ice lobes with different ice dynamics (Pun-
kari, 1980; Lundqvist, 1989; Kujansuu et al., 1995; Brennand
and Shaw, 1996; Thomas and Montaque, 1997; Gruszka
et al., 2012; Santos, 2012). Interlobate glaciofluvial com-
plexes may have highly varying internal structures due to var-
iable sedimentation patterns and rapid changes in
depositional processes and environments (Paterson and
Cheel, 1997; Russell and Arnott, 2003; Mäkinen, 2004).

Although morphologically varying, long and continuous gla-
ciofluvial deposits, including fan deposits, are generally
referred to as eskers (cf. Mäkinen, 2003a); here we use the
term glaciofluvial complex. This includes several glacioflu-
vial elements including the esker with its commonly boulder-
rich esker core, subaqueous outwash fans, morphologically
undetectable kettle holes (MUKHs), and ice-marginal cre-
vasse deposits as described by Mäkinen (2003b) for the
Säkylänharju-Virttaankangas glaciofluvial complex located
within the same interlobate system as the one studied here.
The significance of these large landforms to society is great
as they host significant ground water resources and sand
and gravel deposits (Ahokangas, 2019). In the Köyliö area,
southwest Finland, the esker chain has been mapped (Lind-
roos et al., 1983) to follow the sandstone-Svecofennian base-
ment rock contact in the deep Satakunta sandstone depression
(Fig. 1). According to Lindroos and colleagues (1983), the
esker core lies on to the sandstone-Svecofennian basement
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contact, which results in an asymmetric core form in the
southeastern side of Lake Köyliönjärvi. Locally over 90 m
of glaciofluvial sediments fill this ca. 200–1000-m-wide
and up to 20-km-long depression (Palmu et al., 1994).
Large interlobate glaciofluvial complexes completely fill-

ing bedrock depressions are uncommon in both Finland and
elsewhere. Eskers in southern Finland usually directly overlie
the crystalline Paleoproterozoic Svecofennian bedrock
(>1800 Ma), but in Köyliö they overlie Mesoproterozoic
sandstone. This is unusual as Mesoproterozoic sedimentary
rocks are rare in Finland. The known occurrences are poorly

exposed and have been preserved in bedrock depressions
mainly filled with Quaternary sediments or in areas with
low glacial erosion. Similar settings elsewhere in Finland
are buried by glaciofluvial and glacial sediments that can be
up to 100 m thick like in the Suupohja area adjacent to the
Lauhanvuori Sandstone Formation (Pitkäranta, 2009) and
140 m thick like in the Neo-Proterozoic Jothnian Muhos For-
mation in the Oulu district (cf. Breilin et al., 2006; Breilin and
Putkinen, 2012). Moreover, the dimensions of the Satakunta
sandstone depression are within the range of known tunnel
valley dimensions (Ó Cofaigh, 1996; Praeg, 2003; Gibling,

Figure 1. The location of the Köyliö study area in southwest Finland (small index map) with the Loimaa sublobe, striae (younger and older),
De Geer moraines, and Satakunta sandstone © Geological Survey of Finland. Cities, lake bodies, and Baltic Sea © National Land Survey of
Finland. The classified ground water areas (eskers) © Finnish Environment Center. III Ss: Third Salpausselkä end moraine, PJ: Lake Pyhäjärvi,
S-V: Säkylänharju-Virttaankangas glaciofluvial complex.
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2006; Kristensen et al., 2007). However, the Köyliö glacioflu-
vial complex seems to completely fill the depression, whereas
tunnel valleys often have eskers running at the bottom while
the rest of the valley is usually infilled with other types of sed-
iments (Ó Cofaigh, 1996; Brennand et al., 2006). The Köyliö
area also lacks the overlying fine-grained deposits or overly-
ing/interbedded till deposits that have been found in several
Canadian (Ahmad et al., 2009; Pugin et al., 2009, 2014a),
North American (Clayton et al., 1999; Hooke and Jennings,
2006), and European tunnel valley systems (Huuse et al.,
2003; Jørgensen and Sandersen, 2006; Kristensen et al.,
2007). The evolution of the sandstone basin ended about
1270–1250 Ma (Pajunen and Wennerström, 2010), and its
geological history until the deglaciation and deposition of
the interlobate glaciofluvial complex is unknown.
Detailed study of the depositional characteristics of interlo-

bate glaciofluvial complexes, infilling a major bedrock
depression, relies on geophysical methods such as ground
penetrating radar (GPR) and the increasingly more cost-
effective (e.g., landstreamer) high-resolution seismic reflec-
tion method (HRSR). The ability to resolve structures at
depth in saturated, >100-m-thick glacial sediments makes
the HRSR method excellent compared to GPR, which has
penetration depths limited to 20–40 meters depending on
the antenna frequency and electrical conductivity of the mate-
rials. The HRSR method with landstreamer has been used
during various hydrogeological studies of tunnel valley aqui-
fers in Canada and the United States (Pugin et al., 2004;
Ahmad et al., 2009; Pugin et al., 2009; Pugin et al., 2014a),
and in esker characterization in Canada (Sharpe et al., 1992;
Barnett et al., 1998; Pugin et al., 1999; Cummings and Russell,
2007; Pullan et al., 2007; Tremblay et al., 2010; Cummings
et al., 2011), Finland (Maries et al., 2017; Brodic et al.,
2018), and the European Alps (Burschil et al., 2018).
The Köyliö interlobate glaciofluvial complex hosts a sub-

stantial ground water reservoir, which has a high importance
for the surrounding communities’water supply. The hydrogeo-
logical characteristics of the glaciofluvial sediments in the
Köyliö area were earlier investigated during 2014 (Ahokangas
and Mäkinen, 2014) in collaboration with the environmental
authorities and neighboring communities to understand the
depositional conditions of the glaciofluvial complex. How-
ever, the depth penetration of GPR (ca. 20m) and limited drill-
hole depths (9–47 m) were inadequate for the investigation of
the deeper parts of the glaciofluvial complex.
The primary objective of the survey is to investigate the

poorly known dimensions and tectonic characteristics of the
Satakunta sandstone depression and related glacial stratigra-
phy to better characterize the composition of the glaciofluvial
complex and its interlobate origin. The secondary objective is
to determine the position of the possible high-conductivity,
gravelly esker core and its connection with the other sedi-
ments that infill the sandstone depression. In addition, we
explore the nature of the bedrock depression as a possible tun-
nel valley environment. We conducted a seismic survey with
a newly developed digital-based landstreamer system (Brodic
et al., 2015; Malehmir et al., 2016) during August 2014. This

paper presents the first application of the landstreamer-based
HRSR survey to characterize a sedimentary rock depression
and infilling late-Quaternary interlobate glaciofluvial sedi-
ments in Finland.

THE STUDY AREA

Bedrock characteristics and the tectonic
development of the Satakunta sandstone basin

The predominantly crystalline bedrock of southwestern Fin-
land formed ca. 1900–1800 Ma during the Svecofennian
orogeny. After the orogeny, marked tectonic movements
and erosion related to isostatic balancing reactivated earlier
fault structures, and new brittle structures formed (Pajunen
and Wennerström, 2010). In the Köyliö area, the Svecofen-
nian plutonic rocks consist mostly of granites, tonalities,
granodiorites, and the supracrustal rocks of mica gneisses
and schists (Veräjämäki, 1998). The most important tectonic
movements after the Svecofennian orogeny are related to the
rapakivi intrusion ca. 1650–1550 Ma, the formation of the
Jothnian sedimentary basin at ca. 1400–1300Ma, and the set-
ting of the post-Jothnian olivine diabases 1270–1250 Ma
(e.g., Pajunen and Wennerström, 2010). The Svecofennian
structures have influenced the setting of the rapakivi granites
(Pajunen et al., 2008) and the development of the young brit-
tle structures and partly determined their characteristics (Paju-
nen et al., 2001). Young tectonic events were concentrated
mainly on the old weakness zones of bedrock (Elminen
et al., 2008; Pajunen et al., 2008).

The Satakunta sandstone basin is located in a large north-
west–southeast oriented graben ca. 70 km north of the city of
Turku. The steep northwest–southeast oriented vertical faults
partly border the graben (Heikkinen et al., 1998; Paulamäki
and Paananen, 2001). The sandstone has a sharp contact to
the porphyritic rapakivi granite and basement rocks (granodi-
orite) in the east (Veräjämäki, 1998) (Fig. 2). Pajunen and
Wennerström (2010) interpreted the sandstone basin as an
oblique transtensional structure with a polyphase kinematic
history that caused complex fault structures and open folding
in the sandstone layers. The sandstone is intruded by olivine
diabases occurring as large mafic laccoliths (Elo and Pirtti-
järvi, 2010; Pajunen and Wennerström, 2010) and narrower
diabase dykes. The stratified sandstone is fine- to coarse-
grained, its bedding thickness varies from a few centimeters
up to a meter (Veräjämäki, 1998), and it was deposited by
poorly channeled braided streams in an alluvial environment
(Kohonen et al., 1993; Pokki et al., 2013). The maximum
thickness of the sandstone based on gravimetric data is ca.
1800 m (Elo, 1976). Based on the gravimetric studies
(Elo et al., 1993), it is ca. 180–195 m thick between Lake
Köyliönjärvi and Pyhäjärvi. Diabase dykes (40–60 m thick)
occur within the sandstone west of Lake Pitkäjärvi (Kurimo
et al., 1992). Quaternary deposits mostly cover the sandstone
basin, and only some sandstone exposures exist outside the
study area (cf. Pajunen and Wennerström, 2010).
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The deglaciation and timing of esker deposits

The deglaciation of southwest Finland related to the decay of
the Baltic Sea Ice Stream from the III Salpausselkä to the Gulf

of Bothnia (Kleman et al., 1997; Boulton et al., 2001)
(cf. Fig. 1). This ice stream divided into two sublobes in south-
west Finland after the ice margin had retreated from the III

Figure 2. (color online) The Köyliö study areawith lake bodies (Kj: Lake Köyliönjärvi), drill holes, gravimetric and refraction seismic bedrock
elevation measurements (m asl), 2012–2014 ground penetrating radar (GPR) and landstreamer seismic profiles, the GPR-based estimations of
the location of the esker core and diabase veins, sandstone contact, extent of the fracture zone (Palmu et. al., 1994), and bedrock lithology. Lake
bodies © National Land Survey of Finland, ground water areas © Finnish Environment Institute, and bedrock ©Geological Survey of Finland.
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Salpausselkä. The glaciofluvial complex running between
Neittamonnummi and Lake Köyliönjärvi (cf. Fig. 2) is a
part of the Pori-Koski esker chain formed in an interlobate
position between two sublobes (Saarnisto and Salonen,
1995; Mäkinen, 2004). The smaller Loimaa lobe in the south-
east extended between the Pori-Koski esker chain and the
Tampere interlobate zone. The western sublobe was more
active on the sandstone area and in deeper water than the east-
ern Loimaa sublobe located on the Svecofennian rocks and in
shallower water. The north–south oriented De Geer moraines
on the southwest side of the Pori-Koski esker chain indicate an
abrupt change in the direction of the ice margin (cf. Tikkanen,
1981) (cf. Fig. 1). The deglaciation of southwest Finland
occurred during early Holocene between 11,600 and 11,000
cal yr BP (Hughes et al., 2016; Stroeven, 2016). The forma-
tion of Köyliönjärvi-Säkylänharju-Virttaankangas glacioflu-
vial deposits are dated to ca. 11,160–11,060 cal yr BP
(Mäkinen, 2004), based on Sauramo’s (1929) recession
lines following the major esker chain through the Loimaa
lowlands. The study area was subaquatic during initial
deglaciation, and the highest shoreline (Yoldia Sea) was at
ca. 170m asl in the area (Eronen andHaila, 1990). The progla-
cial water depth ranged from ca. 220 m in the depression to
120–130m in the surrounding area.

The characteristics of the sandstone depression and
infilling sediments

Gravimetric, magnetic and refraction seismic measurements
(Kurimo et al., 1992; Palmu et al., 1994) indicate a fracture
zone up to 1 km wide between Lakes Köyliönjärvi and Pitkä-
järvi (see Fig. 2). The sandstone-basement rock contact is within
this fracture zone. The bedrock surface on the western flank of
the sandstone depression varies from 70 to 20m asl. The deepest
parts of the sandstone depression are between elevations of−30
to −50m asl. The deep drill hole (SK 2) (see Figs. 2, 4) com-
pleted east of Lake Pitkäjärvi intercepted 92-m-thick sediments
above the sandstone within the fracture zone (Johansson and
Taanila, 1975). The sediment cover is at its thinnest over the dia-
base (2–20 m; Lindroos et al., 1983), but it is commonly over
50m and up to 90–100m thick in the sandstone area.
The sandstone depression aligns obliquely with the ice

flow directions of the Baltic Sea ice lobe in the deglacial
phase (cf. Tikkanen, 1981). The large size of the
Säkylänharju-Virttaankangas interlobate glaciofluvial com-
plex (1–3 km wide and almost 22 km long) southeast of the
Köyliö sandstone area, parts of which rise 70 m above the sur-
rounding plains, is explained by the availability of easily
erodible sandstone (Kaitanen and Ström, 1978). Sediments
preceding esker core formation were imaged in an HRSR sur-
vey from the bedrock fracture beneath the Säkylänharju-
Virttaankangas glaciofluvial complex ca. 20 km southeast
of the Köyliö area (cf. Maries et al., 2017), implying that
they may also exist in the Köyliö area.
The studied glaciofluvial complex emerges from the north-

western end of Lake Köyliönjärvi. The glaciofluvial ridge is

most distinct between Lake Köyliönjärvi and Neittamon-
nummi, where its altitude is ca. 5–8 m above the surrounding
areas. The ridge form disappears and the topography
becomes flat in the Neittamonnummi area where the whole
esker descends into the deep sandstone depression. Based
on the sedimentology of the glaciofluvial sediments to the
southeast of Lake Köyliönjärvi (Mäkinen, 2003a), the esker
core of the glaciofluvial complex formed time-transgressively
in a subglacial tunnel and was buried by repeated subaqueous
fan sediments. Also, there the esker core follows the sand-
stone depression before it rises over the Svecofennian base-
ment contact.

METHODS AND MATERIALS

The Köyliö study area was investigated using a combination
of earlier GPR (2012–2014) data (Mäkinen and Ahokangas,
2012; Ahokangas and Mäkinen, 2014) and new HRSR data
(2014), supported by the available reference drill holes. Sev-
eral drillings were conducted in the study area between 2012
and 2018 (cf. Figs 2–4), including our new drill hole
REF-2017, which drilled down to the sandstone bedrock to
support the interpretation of the southern HRSR line. Addi-
tional information about bedrock depth was obtained from
a private resident’s geothermal heat well near seismic profile
1 (drill hole GH1) as well as two deep drill holes (SK1 and
SK2) made in the 1970s (Johansson and Taanila, 1975). Des-
tia Ltd and Suomen Pohjavesitekniikka Ltd made the drill
holes with a heavy drill machine, including a 3-m bedrock
confirmation when bedrock was reached. All drill holes
were cored to obtain the lithology of the sediments, but no
sampling was performed. Ground water pipes were installed
in most of the drill holes (excluding REF-2017, SK1, SK2,
and GH1) for the observations of the Centre for Economic
Development, Transport and the Environment. Most of the
drill holes made during the hydrogeological investigations
do not reach bedrock and are restricted to 9–47 m in depth
due to cost and pumping well depth limitations (see Fig. 4).
The Pitkäjärvi deep drill holes (SK1 and SK2) reach the sand-
stone at a depth of 91–92m, and REF-2017 reaches sandstone
at 60 m within the depression. Drill holes SPT2, SPT4, and
GH1 reach the Svecofennian basement bedrock on the eastern
side of the depression.

The Geological Survey of Finland (GTK) conducted three
GPR reconnaissance surveys with 100 MHz antennae in
2012–2014, yielding a total of 40 km of GPR lines. The
dielectricity value used was 6, and measurement time was
400 ns. The data were processed with background removal
calculated from data, high and low pass filtering, and slight
signal enhancement. No further processing was applied to
the data. The radar profiles were plotted as .tiff images
with a length scale of 10 m/cm. The 2014 GPR lines were
acquired for ground water investigations between Lake Köy-
liönjärvi and Lake Ilmiinjärvi (cf. Fig. 3). These lines pro-
vided information on the ground water level, the
uppermost 2–15 m of sedimentary structures, and the
depth of the diabase bedrock in the west (Mäkinen and
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Ahokangas, 2012; Ahokangas and Mäkinen, 2014). The
presence of fine-grained beds and clay decreased the pene-
tration depth of the GPR in the Neittamonnummi area (see
Fig. 4, drill holes SPT4–SPT5).
The seismic survey consisted of two seismic profiles

(profile 1 and 2, see Fig. 3), each over 2 km long acquired
mainly along the available gravel roads in the forest. The

ground water table is at a depth of 1–13 m along seismic pro-
file 1 and 3–8 m along seismic profile 2, placing most of the
esker below the water table. We acquired the data with a
newly developed broadband seismic landstreamer (Brodic
et. al, 2015) designed for high-resolution near-surface appli-
cations. We used the landstreamer, consisting of four seg-
ments, each containing 20 microelectromechanical

Figure 3. (color online) The drill holes, 2012 and 2014 ground penetrating radar (GPR) survey lines, 2014 high-resolution seismic reflection
(HRSR) lines (profiles 1 and 2), interpreted esker elements, and diabase and rapakivi granite hill (Ahokangas and Mäkinen, 2014), roads, the
position of the sandstone contact, and bedrock lithology. ©Geological Survey of Finland. MUKH is morphologically undetectable kettle hole.
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broadband sensors (Fig. 5a), resulting in a total spread 200m
long for fast and efficient data acquisition. Although three-
component data were recorded, we have used only vertical
component data for this study. The data acquisition of 5
km of HRSR and refraction data (2–4 m receiver and shot
spacing) took 5 days. We generated seismic energy using a
500-kg drop-hammer mounted on a Bobcat vehicle. To
achieve greater length coverage and properly record refracted

arrivals from the bedrock, 50 wireless recorders connected to
10 Hz geophones (see Fig. 5b) were spaced along each profile
(10–20m apart) in two or three stages (roll-along), covering
the entire length of each profile. The maximum offset
obtained this way was about 1000 m. Since the survey relied
on the available roads, the wireless recorders also had the
advantage of providing some data near crossing roads or
bridges.

Figure 4. (color online) The lithology of drill holes in the Köyliö study area (cf. Figs 2 and 3 for locations).

Figure 5. (color online) (a) The landstreamer with attached microelectromechanical broadband sensors placed on the gravelly road along pro-
file 2. (b) The wireless 10 Hz geophone placed adjacent to the landstreamer.
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We picked first breaks of each shot record and used a 3D
turning-ray travel time tomographic inversion algorithm
(Tryggvason et al., 2002) to make a near-surface velocity
model fitting to the observed travel times. Root mean square
errors of the final model were 2 and 2.3 ms for profiles 1 and
2, respectively. Reflection data processing followed a conven-
tional processing flow (Malehmir et al., 2013b; Maries et al.,
2017) focused on prestack signal enhancements and includ-
ing common midpoint stacking. The most time-consuming
part was obtaining a proper normal move-out velocity to
account for the steep velocity gradient with the depth and
the dipping nature of the bedrock. The seismic reflection sec-
tions were migrated and converted from time to depth using a
velocity of 1400 m/s for profile 1 and 1300 m/s for profile
2. The uppermost 10–20 m have few reflections in the seismic
profiles. As such, the existing GPR lines and the previous sed-
imentological interpretations based on them (Mäkinen and
Ahokangas, 2012; Ahokangas and Mäkinen, 2014), as well
as drill hole data, were used to supplement the HRSR profiles
and interpretations for the uppermost 20 m near the land sur-
face (Ahokangas and Mäkinen, 2014) (cf. Fig. 3) where the
seismic profiles had poor quality due to low fold in near
offsets.

RESULTS AND INTERPRETATION

The interpretation of the seismic data in the Köyliö
study area

The high quality of the HRSR data allows both the bedrock
and esker sediment characteristics in the Köyliö area to be
interpreted. The deepest interpretable reflections extend to
the depth of −150 m asl. The refraction tomography profile
with velocities (Fig. 6) and drill holes allows the separation
of infilling esker sediments and the bedrock surface within
the sandstone depression. The bedrock structural features
had similarities in both seismic profiles, and therefore the
results are presented only for profile 2 (cf. Fig. 7). The posi-
tion of the sandstone contact was interpreted with refraction
tomography and the seismic reflection profiles, as well as
with the drill hole information and previous work by Palmu
and colleagues (1994). The bedrock elevation was interpreted
from a combination of the first travel time tomography and
reflection seismic profiles. We used the velocity for sandstone
(3000–4000 m/s) for the outlining bedrock elevation in the
southwest end of the profiles (see Fig. 6).

The implications of the Köyliö drill hole data

The drill holes in Neittamonnummi and the surrounding areas
aided in the bedrock surface interpretations of the seismic sec-
tions (cf. Fig. 4). Only drill holes GH1, P3, SPT1, SPT2,
SPT4, REF-2017, SK1, and SK2 intercepted the bedrock at
16.45 to −42 m asl. The bedrock surface in the rapakivi gran-
ite area of Neittamonnummi is in the depth of 27–35 m asl
(SPT1, SPT2, and SPT4). The bedrock elevation is on

average at 15–35 m asl outside the sandstone depression
(drill holes HP3, GH1) (cf. Fig. 2).
The other drill holes (19.7–47 m deep) reached mostly

fine-grained to sandy sediments (clay-silt, fine sand, and
sand), supporting the presence of the sandstone depression.
Coarse sand and bouldery sand sediments occur in drill
holes SPT6 and SPT7 between the seismic profiles and in
P1 and P2 north of profile 2 as well as in the deep drill
holes REF-2017, SK1, and SK2. The new 75-m-deep refer-
ence drill hole (REF-2017) made next to profile 1 on the
southwest flank of the sandstone depression reveals coarse
sand, gravel with cobbles, and boulders on top of sandstone.
Drill hole SK1 revealed 80 m of sand and 8 m of gravel, and
SK2 revealed alternating sand and boulder beds on top of the
sandstone. We interpret these to signify the presence of the
esker core within the sandstone depression.

Bedrock characteristics and the structure of the
sandstone depression

Seismic profiles 1 and 2 provide a delineation of the sand-
stone depression and the bedrock surface with reasonable
accuracy. No clear high-velocity (e.g., >5000 m/s) boundary
was reached in the depression zone tomography sections
because of a combination of thick esker sediments (up to
100 m) and sandstone at the bottom of the depression.
Coarse-grained sandstone and the overlying thick sediments
also affected the general quality of the tomography profiles.
The low seismic velocities (3000–4000 m/s) originate from
the sandstone and fractured bedrock near the contact of grano-
diorite and rapakivi granite along the northeast part of profile
1 (see Fig. 6a). These velocities agreewith previous refraction
seismic soundings northwest of Lake Pitkäjärvi, approxi-
mately 5 km north of the study area (cf. Fig. 2) (Geological
Survey of Finland, 1973). It provided velocities of 3500–
3800 m/s for the sandstone and 3350–4500 m/s for the dia-
base dykes (Lindroos et al., 1983).
Based on the seismic profiles, the sandstone depression is

approximately 800–850m wide and extends down to a depth
of ca. 100m (see Figs. 6a and 6b). This calculated depth corre-
lates well with the 92-m-deep Pitkäjärvi drill hole SK1 (Johans-
son and Taanila, 1975) and with depths provided by the earlier
seismic and gravity profiles (Palmu et al., 1994). However, the
previous interpretation (Palmu et al., 1994) of the width of the
fracture zone is 400–600m too wide in the east compared to
the seismic data. The difference is more apparent along seismic
profile 2 (see Fig. 6b). An abrupt drop in the bedrock surface
(profile 1: 1700–1800 m, profile 2: 1050–1100 m) is observed
in both the tomography models (see Fig. 6) and the reflection
seismic profiles (Figs. 8 and 9). This steep drop is interpreted
as the position of the sandstone contact. The contact appears
to be about 500m farther east in profile 1 (distance 1700–
1800 m) (see Figs. 6a and 9) and about 350–400m farther
west in profile 2 (distance 1000–1100 m) (see Figs. 6b and 9).
A strong and continuous reflection is observed in both seis-

mic profiles 1 and 2 (see red solid line, Figs 8b and 9b). It is
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the strongest in parts of profile 1 (distance 950–1250 m) and
profile 2 (200–550 m, 1200–2100 m). The level of this reflec-
tion varies along profile 1 between 20 and −40 m asl (see
Fig. 8b). Along profile 2, it deepens from 20 m asl down to
−70 m asl. A steep contact at a 1050-m distance interrupts
the reflection, and then it rises to 0–20 m asl (see Fig. 9b).
There is a small 200-m-wide and 10-m-deep concave drop
in the reflector (distance 1500 m) in profile 1, indicated also
by the collapsed sediments above (see pink shaded area,
Fig. 8b). We interpret the continuous reflection to be associ-
ated with bedrock surface, which is supported by the two ref-
erence drill holes (GH-1, REF-2017) along profile
1. Reference drill hole REF-2017 reached compact and
solid sandstone without indications of fracturing or

weathering (Murto, S., personal communication, 2017).
The small drop (profile 1 at 1500 m) in the bedrock elevation
is interpreted to coincidewith a vertical fault. The accuracy of
the bedrock elevation between the 2017 reference drill hole
(REF-2017) and the interpreted bedrock reflections in pro-
file 1 is 2–3 m. The bedrock surface interpretation has some
uncertainties in the deepest part of the sandstone depres-
sion. This is due to a thick sediment cover overlying the
fractured bedrock surface (cf. Figs. 8 and 9). Therefore,
the accuracy of the interpretation may fall to 5–10 m in
the deepest part of the depression. Some strong, nearly hor-
izontal reflections are present within the bedrock at −25 to
–50 m asl in profile 1 (see lilac dashed lines, Fig. 8b). We
interpret these as horizontal diabase laccoliths.

Figure 6. The seismic refraction tomography sections for profiles 1 and 2. The reference drill holes, water table (blue dashed line), bedrock
level (red dashed line), position of previously interpreted and newly interpreted sandstone contact, and the newly interpreted extent of the
sandstone depression are annotated on the profiles. The previously interpreted sandstone contact is based on pre-Quaternary bedrock mapping.
(a) Profile 1 shows low velocities (<4000 m/s) on the interpreted bedrock level. (b) Profile 2 shows higher velocities (>4000 m/s and shows a
more distinct bedrock surface in the northeast part of the profile.

Figure 7. The tectonic interpretation of the bedrock in seismic profile 2 showing the interpreted bedrock surface (dark red solid line), brittle
faults, fracture zones and intense jointing (blue lines), bending of the sandstone bedding (pink lines), and the sediments or fractured area
(brown shaded area). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 8. (a) Profile 1 first break travel time tomography results projected onto the reflection seismic profile. Low velocities (<2000 m/s) indi-
cate the infill of the sandstone depression. (b) Interpretation of the seismic profile 1 including bedrock elevation (red solid line), horizontal
diabase (lilac dashed lines), positions of the former and newly interpreted sandstone contact (black solid vertical lines), a fault (pink shaded
area), the arched esker core (orange dashed line), till or gravel sediments (turquoise dashed lines), gravel beds (dark green dashed lines), fan
lobe channels (yellow dashed lines), fine-grained to sandy sediments (light green dashed lines), and a morphologically undetectable kettle hole
(MUKH) structure (brown dashed line). The 2017 reference drilling is at a distance of 1050m. The positions of ground penetrating radar (GPR)
lines 144 and 145 are parallel, and GPR line 148 is diagonal to the seismic profile (black dot for interception point).

Figure 9. (a) Profile 2 first break travel time tomography results projected onto the reflection seismic profile. (b) Seismic profile 2 with inter-
preted positions of the former and new interpreted sandstone contact (black solid vertical lines) and esker elements. The horizontal beds (tur-
quoise and light green dashed lines) on top of the gently sloping bedrock are flanking the esker core (orange dashed line). A remnant of the
esker core (pastel blue dashed line) underlies the esker core. The coarse-grained esker core (orange dashed line) is overlain by subaqueous fan
channel fills (yellow dashed lines). A morphologically undetectable kettle hole (MUKH) structure is shown with brown dashed line. The
uppermost fine-grained esker sediments (dashed dark blue line) in the upper part of the profile are supported by the drill holes (SPT9,
SPT10, and SPT12).
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Figure 7 shows a tectonostratigraphic interpretation of seis-
mic profile 2. The reflections are cut by a systematic array of
breaks forming a structure corresponding to that seen on the
sandstone outcrops nearby in Kiparoja, Eura (Pajunen and
Wennerström, 2010). These breaks (see thin blue lines,
Fig. 7) represent brittle faults, fracture zones, and intense
jointing. We interpret the continuous and high to moderate
amplitude 100–300-m-long convex reflections (see pink
lines, Fig. 7) as an open fold structure. Pajunen and Wenner-
ström (2010) described similar open folding on the outcrop
from the eastern end of Leistilänjärvi, Nakkila. The origin
of the fractured area (see brown shaded area, Fig. 7) interrupt-
ing the bedrock surface close to the Svecofennian-sandstone
border (distance 1000 m, depth ca. −50 m asl) is not known.
It could be a collapsed structure similar to that shown in the
Vampula mine, where sediments (Pokki, J., personal commu-
nication 2018) exist as strongly brecciated fragments in a
clayey fault rock (gouge).

Sedimentary fill of the sandstone depression

The sediments overlying the bedrock

A 10–15-m-thick layer occurs above the bedrock surface with
seismic tomography velocities of 2000–3000 m/s (distances
0–700 m, 900–1100 m, and 1400–1850 m) in profile 1 (see
Fig. 8a) and in profile 2 (distances 350–500m and 830–930 m)
(see Fig. 9a). The layer corresponds with nearly horizontal
and slightly inclined strong reflections on top of the inter-
preted bedrock surface in seismic profiles (see turquoise
lines, Figs. 8b and 9b). The stacked arched-shaped reflections
interrupt these reflections. The drill hole REF-2017 (at 1050 m)
along profile 1 intercepted a 3.8-m bed of bouldery (0.8 m in
diameter) diamicton (at a depth of 56.2–60 m) overlying the
bedrock on the southwest side of the arched reflections (see
Figs. 4 and 8b). A 7.2-m-thick gravel bed overlies a 0.8-m-
diameter boulder on top of the diamicton bed. Common seismic
velocities for sand and gravel are 400–2300m/s, 1500–2700m/
s for glacial moraine (Reynolds, 2011), and ca. 2000 m/s for
tills (Malehmir et al., 2013a; Salas-Romero et al., 2015). The
velocity ranges reported in the literature are overlapping, and
thus drill-hole observations are needed for confident interpreta-
tion of reflections in addition to tomographic model. In the
Köyliö profile 1, the 10–15-m-thick layer seen in the seismic
data could be interpreted to contain till and water-saturated
gravel based on observations in drill hole REF-2017. The till
bed on top of the solid bedrock produces a strong reflection
package similar to that observed by previous workers in an
esker sediment–filled bedrock fracture zone at the Virttaankan-
gas area (Pugin et al., 2014b; Maries et al., 2017). However, no
distinct reflection originated from the bouldery till on the
southwest flank in profile 1.
The interpretation of the layers immediately overlying the

bedrock and flanking the arched features (see turquoise lines,
Figs. 8b and 9b) in the sandstone depression is challenging.
The margins of the arched feature are weak on both seismic
profiles, and the arched reflections are quite similar in strength

compared to the surroundings. The definition of the margins
of the arched feature is difficult, leading to uncertainty in the
interpretations.

The esker elements (esker core, subaqueous fan lobes,
MUKH structures, and distal esker sediments)

The low-velocity sediments (1000–2000 m/s) with slightly
undulating horizontal and concave moderate- to high-
amplitude reflections (see Figs. 8b and 9b) fill most of the
sandstone depression. Their velocities correspond well
with the refraction seismic sounding velocities from
Koomankangas 5 km north of the study area with velocities
of 300–1000 m/s for unsaturated and 1380–1590 m/s for
saturated sediments (Lindroos et al., 1983). The ground
water table is at ca. 45 m asl (drill hole SPT8) in profile
1 and 47 m asl in profile 2 (drill holes SPT9 and SPT10)
(cf. Figs. 8b and 9b). The low-velocity zone of <1000 m/s
is mostly above the water table and corresponds with the
unsaturated silty to fine sand and sand sediments near the
surface. The low-velocity sediments (<2000 m/s) filling
most of the sandstone depression are interpreted to represent
the glaciofluvial complex.

Some indications of the position of the possible coarse-
grained esker core are seen on the 2014 GPR lines 127,
128, 130, and 133 in the Neittamonnummi area, as well as
on lines 145, 147, and 148 near seismic profile 1 in the
form of arched architecture of the sediments. The top part
of the esker ridge has an arched shapewith few internal reflec-
tions on GPR profile 148 (Fig. 10a). In seismic data, a
30-m-high and 200-m-wide stacked arch-shaped feature
with convex reflections (profile 1: −10 to −45 m asl, 1150–
1400 m, profile 2: −40 to −70 m asl, 600–850 m) interrupts
the interpreted till bed on top of the bedrock (see long orange
dashed line, Figs. 8b and 9b). The package is located 500 m
southwest of the steep bedrock elevation drop (the new inter-
pretation of sandstone contact position) in profile 1. The
stacked feature appears to consist of two arch-shaped parts
(see short orange dashed lines, Figs. 8b and 9b). The stacked
arched features are interpreted as the esker core based on the
convex reflection packages, arched geometry, and dimen-
sions typical to esker cores (100–200 m wide, 20–30 m in
height) (Shreve, 1985; Pugin et al., 2009; Maries et al.,
2017). Moreover, the core consists of two parts in the Vam-
pula pit ca. 16 km southeast of the study area (Mäkinen,
2003b). The gravel-rich sediments found in the REF-2017
reference drill hole, together with the 2014 GPR profiles
145 and 148 (cf. Fig. 10a), suggest the position of the esker
core on the southwest flank of the sandstone depression in pro-
file 1. Seismic profile 2 is slightly diagonal to the esker core,
which makes the core appear slightly larger in the profile.
The ca. 40–50 m thickness of the esker core is explained by
overlapping proximal fan sediments (Mäkinen, 2003a). The
GPR-based esker core position corresponds well with the inter-
pretation of the esker core position from the seismic data.

A continuous reflection (0 m asl at 950–1170 m) immedi-
ately above the till bed occurs only on the southwest of the
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esker core in profile 1. This reflection corresponds with a
7.2-m-thick gravel layer at 0.7 to −6.5 m asl in REF-2017
(see dark green dashed line, Fig. 8b). This gravel bed is inter-
preted as representing coarser subaqueous outwash fan sedi-
ments on the southwest flank of the sandstone depression. It is
plausible that the diamicton bed found on the bottom of the
depression of profile 1 was eroded by the meltwater activity
related to subaqueous outwash fan sediment deposition.
The presence of this gravel layer in profile 2 could not be con-
firmed due to a lack of reference drilling. On the northeast
side of the esker core in profile 1, undulating nearly horizontal
reflections (−5 to –45 m asl at 1400–1550 m) end abruptly on
the esker core and drape a fault (−60 m asl, 1500 m) (see light
green dashed lines, Fig. 8b). In profile 2, medium- to high-
amplitude, slightly undulating horizontal reflections are on
both sides of the esker core (distance 300–600 m, 0 to −20m
asl and distance 950–1050 m, −20 to −40m asl) (see light
green dashed lines, Fig. 9b). Trough-shaped features truncate
the reflections on the northeast side of the esker core in profile
2. We interpret these undulating horizontal reflections as the
distal sandy subaqueous esker sediments. The sediments
drape the fault symmetrically on profile 1 and do not have
any indications of faulting or deformation, ruling out an
MUKH structure interpretation. A discontinuous horizontal
reflection (20m asl at 900–1185 m) found near the land surface

in the southwest side of profile 1 corresponds with a cobble-rich
layer encountered at 17.5–20.5 m asl in REF-2017 (see
Fig. 8b). This reflection is interpreted as representing a stronger
meltwater flow phase during the deposition of the fan
sediments.
Several trough-shaped features 150–300 m in width and

20–30 m in depth are found on top and lateral to the esker
core and near the land surface (see yellow dashed lines,
Figs. 8b, 9b). These features are similar to overlapping, suc-
cessive fan lobes described from the Virttaankangas glacio-
fluvial complex by Artimo and colleagues (2010) and
Maries and colleagues (2017). We identified them based on
the concave-shape of their bottom. Some may have finer-
grained beds beneath them (see blue dashed line,
Figure 9b). Their fill contains weak and discontinuous reflec-
tions on top of the esker core and near the land surface in pro-
files 1 and 2 (see Figs. 8b, 9b). We interpret trough-shaped
features as subaqueous fan channel fills (Miall, 1985),
which are clear in GPR profiles. They show distinct margins,
probably due to the presence of fine-grained (silty to fine
sand) material beds at the bottom and on the sides. The inter-
preted wide and shallow trough-shaped feature (distance
900–1100 m) in profile 2 represents the bottom of the
major Ränkimyssuo channel (200–250 m wide, 10–20 m
deep) identified in GPR profiles 133 and 135 near profile 2

Figure 10. (color online) (a) The southeastern end of the Ränkimyssuo meltwater channel and the cupola-shaped indication of the esker core in
ground penetrating radar (GPR) profile 148 crosscutting seismic profile 1. (b) Themajor meltwater channel in the area of the Ränkimyssuo peat
bog revealed in GPR profile 133 near seismic profile 2.
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and in GPR profiles 144, 145, and 148 near profile 1 (see
Figs. 3 and 10b). Drill hole SPT11 intercepts the western
flank of the channel and consists of fine sand. We cannot con-
firm the continuation of the channel between seismic profiles
1 and 2 due to the lack of GPR lines across the Ränkimyssuo
peat bog (cf. Fig. 3). However, the other GPR lines around the
peat bog do not show indications of the channel turning to the
southwest-south or northeast.
A major 300-m-wide and 70-m-deep trough-shaped fea-

ture in seismic profile 2 (−15 to 20 m asl at 210–580 m) is
interpreted as an MUKH (see brown dashed line, Fig. 9b).
Previously, this feature was interpreted as a major MUKH
(cf. Mäkinen, 2003b; Artimo et al., 2010) that formed due
to the burial of an ice block beneath Lake Ilmiinjärvi flanking
the esker core (cf. Fig. 3). However, based on the distinct
trough-shaped reflections in seismic profile 2, this feature
can also be interpreted as one of several channels present in
the southwest end of profile 2. It is plausible that an
MUKH structure was formed first due to burial of some ice
in the sediments, followed by the collapse of the ice support
in the southwest flank, leaving room for the channel
formation.

DISCUSSION

Geological setting of the sandstone depression

The Satakunta sandstone basin has a gently sloping bedrock
surface in the west and a steep and abrupt rise in the bedrock
surface in the east (see Figs. 6, 8, 9). The bottom of the
sandstone basin was too deep to be revealed by our seismic
profiles, which reached depths of −150 m asl (cf. Elo et al.,
1993). The revealed brittle structures (brittle faults, fracture
zones, and intense jointing) as well as open bending in the
sandstone and the Svecofennian basement support the idea
of the formation of the sandstone basin by oblique transten-
sion (Pajunen and Wennerström, 2010). The eastern sand-
stone contact is steep and has no indication of a stepwise
structure described for the sandstone basin margins (Kohonen
and Rämö, 2005). A stepwise structurewould indicate normal
faulting on the basin margins, suggesting a northeast to south-
west–oriented extension (rift model) not supported by the
observations of Pajunen and Wennerström (2010). The
dimensions of the Satakunta sandstone depression as well
as the position and character of the sandstone contact also
deviate from previous research (Palmu et al., 1994). This
also means that the esker core does not follow the sandstone
contact as suggested by Lindroos and colleagues (1983).
The low bedrock velocities (3000–4000 m/s) suggest the

presence of sandstone and the weathering or fracturing of
the Svecofennian bedrock and do not indicate crystalline
basement. It is plausible that a substantial amount of the bed-
rock surface within the Satakunta sandstone depression is
broken, supported by the fracturing of mica gneisses and
rapakivi granites adjacent to lithological contacts based on
a refraction seismic profile north of the study area (Kurimo
et al., 1992). The low bedrock velocities (<4000 m/s) and

the multiple bedrock reflections indicate a zone of fractured
bedrock at the contact of the rapakivi granite to granodiorite
and granite close to the notheast end of profile 1 (cf. Figs. 2
and 8). The horizontal reflection packages within the sand-
stone represent a laccolith structure related to the intrusion
of the diabases into the sandstone. The diabase within the
sandstone was also detected in electromagnetic soundings
ca. 10 km southwest of our study area (Elo and Pirttijärvi,
2010).

The characteristics of the bedrock in the sandstone depres-
sion area reflect the development of the sandstone basin until
the intrusion of the diabases into the sandstone (1250–1270
Ma) (Pajunen and Wennerström, 2010). The basin evolution
between 1250 Ma and the Holocene is poorly known. The
basin’s present form is due to erosion that occurred after
the intrusion of the diabases and rapakivi granite. The exact
roles glaciations and meltwater processes played in the shap-
ing of the sandstone depression are unknown. The sandstone
was eroded by the glacier and transported beneath and within
the glacier ice. This material was transported toward the sub-
glacial tunnel when its walls were melting (cf. Shreve, 1985)
and deposited into the esker forming within the tunnel. This
explains the high amount of sandstone clasts present in the
Säkylänharju-Virttaankangas esker sediments (Mäkinen,
2003a). The rate of this erosion is unclear, as is whether it
took place only during deglaciation or during earlier glacial
stages/glaciations.

Stratigraphy and depositional stages of the
glaciofluvial complex

The Satakunta sandstone depression includes 100-m-thick
interlobate esker deposits overlying bedrock. These deposits
are sand dominated, and gravels are present mostly in the
southwest flank and at the bottom of the depression similar
to the gravels on top of the sedimentary bedrock in the
Muhos Formation area (Paalijärvi, 2010). Only one drill
hole (REF-2017) revealed a till bed above the bedrock. The
reflections of the bouldery till and solid sandstone bedrock
were blended at 950–1250 m on profile 1 (see Fig. 8b), pre-
venting the interpretation of the till bed on the bottom of
the bedrock depression. The boulder-rich till detected in ref-
erence drill hole REF-2017 may represent older glacial sedi-
ments that were later eroded by glaciofluvial processes
(Fig. 11a). The boulder on top of the till bed overlain by
sorted material (7.2-m gravel bed) could represent boulder
lag. Similar coarse sediments below the esker core occur in
the 200–300-m-wide Virttaankangas bedrock fracture zone
(Maries et al., 2017). However, due to the presence of the
beds on top of the bedrock along the bottom of the Köyliö
sandstone depression and the low velocities (2000–3000 m/s)
close to those observed from broken bedrock or sandstone in
the Suupohja area (Pitkäranta, 2013), these reflections may
originate from heavily weathered and/or fractured bedrock.

The arch-shaped feature with convex reflections was inter-
preted as the esker core (cf. Pugin et al., 2009; Pugin et al.,
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2014a; Maries et al., 2017). The esker core does not follow
the sandstone contact north of Lake Köyliönjärvi as stated
by Lindroos and colleagues (1983) and Palmu and colleagues
(1994). The hydrostatic regime is more stable along the flank
compared to the deepest part of the depression where ice was
likely thickest (cf. Shreve, 1972; Shreve, 1985; Syverson
et al., 1994). Therefore, the esker core follows the shallower
flank of the sandstone depression. Unlike the previous inter-
pretation (Lindroos et al., 1983), there is no indication of the
esker core leaning on the sandstone contact and having an
asymmetrical form. Rather the esker core retains its arched
shape. The uppermost parts of the coarse-grained esker core
are at a depth of 50–60 m that is too deep for cost-effective
ground water intake.
The esker core was deposited in a subglacial tunnel on the

flank of the bedrock depression (see Fig. 11b). As the ice front
retreated and the crevasse above the tunnel started to open
(see Fig. 11c), the core was covered by a subaqueous outwash
fan with abundant filled channels as the meltwater channel
started to wander from side to side over the core (cf. Shreve,
1985). The filling of the depression floor with sediments
played a role in the location of the channelized meltwater
flow. The coarser outwash fan sediments became concen-
trated on the southwestern flank and the distal sandy outwash

fan sediments on the eastern flank of the esker core. Mäkinen
(2003a) also describes this for the glaciofluvial deposits along
the same interlobate system southeast of Lake Köyliönjärvi.
The steep eastern flank of the depression influenced the posi-
tion of the esker core as well as the direction of the flanking
subaqueous fan channels (cf. Rust and Romanelli, 1975).
Based on the interpretations of GPR profiles near the land sur-
face and the shape of the western margin of the sandstone
depression, the channels indicate paleoflow mostly to the
south-southeast deeper in the depression and to the southwest
closer to the land surface (cf. Fig. 3). Finally, the orientation
and presence of the De Geer moraines support an inference of
the widening of the interlobate environment toward the west.
However, the paleoflow directions could not be determined
for the channels found in the deeper parts of the sandstone
depression. The Ränkimyssuo channel shown in both the
GPR and HRSR profiles presents a continuous channel
feature in the top part of the esker deposits. Its length
(3–4 km), dimensions (200–250 m wide, 10–20 m deep),
well-developed sedimentary structures observed from the
GPR profiles, and position on top of the esker deposits indi-
cate prolonged and steady channelized meltwater flow with
aggrading subaqueous fan sediments during the last stages
of the deposition of the glaciofluvial complex (see

Figure 11. The depositional stages of the glaciofluvial complex in the sandstone depression. The colored lines refer to interpreted sedimentary
structures in Figures 8 and 9. (a) The potential tunnel valley stage and sediments preceding deglacial esker deposition (black dashed lines). (b)
Esker deposition in subglacial tunnel. (c) Expansion of the ice-walled re-entrant and burial of ice block (gray polygon with dashed margins) on
the eastern side of the depression. Deposition of subaqueous outwash fan deposits on the flanks of the esker core. Outwash channel develop-
ment on the flank of the esker (1) and on top of the esker due to a later proximal stage (2). (d) Deposition of sandy to silty sand distal outwash
fan sediments on top of the buried outwash fan sediments and outside the sandstone depression. Melting of the buried ice block and collapse of
the overlying outwash fan sediments. Deposition of littoral deposits on top of the glaciofluvial complex (above light green solid line).
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Fig. 11d). The ice-walled re-entrant maintained a relatively
axial flow rather than permitting flow expansion toward the
flanks of the glaciofluvial complex. This depositional stage
could perhaps be compared with the interlobate ice-marginal
crevasse deposits on the esker-fan deposits within the
Säkylänharju-Virttaankangas glaciofluvial complex that
forms a marked ridge on the Svecofennian basement rocks.
Some buried ice blocks within the sediments lateral to the

esker core are interpreted to have led to the formation of the
MUKH structures (cf. Fig. 11c). The buried ice blocks melted
gradually within the sediment, leading to the collapse of over-
lying glaciofluvial sediments and littorally reworked sedi-
ments during the land uplift into the hole created by the
melted ice (see Fig. 11d). After the removal of ice support
from the southwest and the collapse of sediments, meltwaters
diverted along the current Lake Ilmiinjärvi and formed chan-
nels. The large and deep MUKH structures present in the
upper part of the profiles do not flank the esker core as dis-
tinctly in the Köyliö study area as in Virttaankangas (Maries
et al., 2017). A more detailed interpretation of the MUKH
structures is partly inhibited by the weaker reflections present
in the upper part of the seismic sections. The fractured and
calving margins of the interlobate glaciofluvial bay (cf. Mäki-
nen, 2003b) released abundant ice blocks and bergs into the
bay. In addition, local observations have beenmade of sporadic
bouldery till-like sediments near profile 2 and further north
on top of the glaciofluvial deposits (Mäkinen and Ahokangas,
2012). This material is ice-rafted debris carried by icebergs,
which calved off the floating ice in the Köyliö deep-water area.

Depositional conditions within the sandstone
depression

The erosional history of the sandstone basin is poorly con-
strained before the onset of deglaciation and esker deposition.
The thin and few sediment beds preceding esker formation
indicate weak glacial erosion either prior to or during the
Weichselian glaciation. This is in line with the 100-m-thick
pre-Weichselian glacial deposits of the Suupohja region
(e.g., Pitkäranta, 2013) 110 km north of Köyliö. The Suu-
pohja region was in the Southern Ostrobothnian interlobate
region north of the Baltic Sea ice lobe (Punkari, 1980)
where late-stage streamlined ice-flow forms and ice-marginal
deposits are lacking. The pre-Late Weichselian sediments
were preserved from glacial erosion (Pitkäranta, 2013). The
Baltic Sea ice lobe divided into two separate and differently
flowing ice lobes in southwest Finland (Punkari, 1980).
The eastern sublobe (Loimaa lobe) terminated in shallower
water with small supra-aquatic areas in the southeast. The
western sublobe terminated in deeper water and flowed faster
due to increased calving (Mäkinen, 2003b). This velocity dif-
ference between the sublobes enhanced the sediment and
meltwater delivery into the interlobate area. In addition, the
deep sandstone depression in the Köyliö area likely acted as
a major storage for the glacial meltwaters as the focusing of
(subglacial) meltwater is controlled by the location of bed-
rock valleys (Rattas, 2007).

The esker core deposition in the Köyliö area was likely pre-
ceded by the erosion of the existing deposits by the increased
meltwater activity related to the interlobate glaciofluvial dep-
osition as in the Virttaankangas fracture valley (Maries et al.,
2017), where the continuation of deposits beneath the esker
core could be more reliably confirmed.

A similar depositional setting occurs in the Muhos Forma-
tion (Breilin et al., 2006; Paalijärvi, 2010), which is the only
known setting where eskers deposited on sedimentary rocks
occur in major bedrock depressions in Finland. Globally, sev-
eral examples are found of eskers interconnected with incised
(sedimentary) bedrock valleys (e.g., Brennand and Shaw,
1994; Fisher et al., 2005; Jørgensen and Sandersen, 2006;
Kehew and Kozlowski, 2007). The Köyliö depositional set-
ting has similarities with the tunnel channel type V described
by Kehew and Kozlowski (2007) where an upward-fining
gravelly esker sediment sequence is found at the bottom of
the tunnel channel. Kehew and Kozlowski (2007) envision
the type V tunnel channel to form by subglacial meltwater
erosion followed by the long persistence of a subglacial melt-
water channel during ice retreat and esker deposition.

The shape of the sandstone depression resembles tunnel
valleys, which often have steep and asymmetric sides
(Ó Cofaigh, 1996). The gently sloping western flank and
steep eastern flank of the Köyliö sandstone depression are
similar to the narrower Virttaankangas bedrock fracture
zone (200–300 m), which also has asymmetric flanks (Maries
et al., 2017). The dimensions of the Köyliö sandstone
depression (depth 0.1 km, width 0.9 km, and length 20 km)
are also in agreement with the dimensions of known tunnel
valleys (Schumm and Shepherd, 1973; Ó Cofaigh, 1996;
Brennand et al., 2006; Gibling, 2006; Kristensen et al.,
2007; Pugin et al., 2014a). Tunnel valleys typically show
undulating or convex-up longitudinal profiles (Rattas,
2007), but this was not observed in the Köyliö study
area or further north (Palmu et al., 1994). The bedrock
characteristics are interpreted as having influenced the
asymmetric profile of the sandstone depression: sandstone
in the west was more prone to glacial erosion (cf. Kaitanen
and Ström, 1978), while the basement rocks in the east
were more resistant.

The tunnel valleys in Denmark formed during a few hun-
dred years by multiple glacial meltwater outbursts related to
several ice-marginal positions (Sandersen et al., 2009). The
Köyliö study area has De Geer moraines and subaqueous
fans as indications of ice-marginal positions, and the role of
meltwater activity in influencing the morphology of the
sandstone depression is plausible as the sandstone is easily
erodible (cf. Kaitanen and Ström, 1978). Glacial erosion
and the role of meltwater are possible mechanisms in tunnel
valley formation (Brennand et al., 2006; Ó Cofaigh, 1996).
The Köyliö sandstone depression ends shortly before the
Kuivalahti-Säkylä tributary esker joining the extensive
Säkylänharju-Virttaankangas interlobate glaciofluvial com-
plex. The sandstone depression is also crosscut by another
west-northwest to east-southeast–oriented major fracture
zone south of Lake Köyliönjärvi (Palmu et al., 1994). This
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fracture zone runs along the northern flank of the
Säkylänharju-Virttaankangas glaciofluvial complex. The
Köyliö sandstone depression and the adjacent crosscutting
fracture zone acted as a major meltwater channel feeding sub-
stantial amounts of meltwater (cf. Lindroos, 1975) and sedi-
ment into the Säkylänharju-Virttaankangas interlobate
glaciofluvial complex. The 20–30- m beds of sorted sedi-
ments (gravels overlain by silty sands) beneath the esker
core in the northwest part of Säkylänharju represent preexist-
ing deposits partly incised by subglacial tunnel flow during
the last phase of deglaciation (Mäkinen, 2003a). These beds
may represent the eroded tunnel valley sediments deposited
into the major fracture zone by the meltwater flows.
The tunnel valley origin of the sandstone depression can-

not be confirmed with the existing evidence. The roles of
the glacial erosion and meltwaters in shaping the sandstone
depression morphology are acknowledged and should be
investigated further, as implied by thick sorted sediments
below the esker core in the southeast end of the sandstone
basin (Mäkinen, 2003a).

CONCLUSIONS

The landstreamer-based high-resolution (2–4 m receiver and
shot spacing) reflection and refraction seismic survey
revealed the characteristics and stratigraphy of a bedrock
depression infilled with interlobate glaciofluvial complex
sediments in Köyliö, southwest Finland. The sandstone
depression represents a geological setting with varying bed-
rock lithology and topography combined with the infilling
interlobate glaciofluvial sediments of the Pori-Koski esker.
For the first time, brittle structures (brittle faults, fracture
zones, and intense joining) and open bending in the sandstone
and the Svecofennian basement were revealed, supporting the
formation of the sandstone basin by oblique transtension. In
addition, we confirm the presence of a diabase laccolith
within the sandstone, the steep nature of the sandstone con-
tact, and a new interpreted position of the contact.
We defined the exact position of the esker core within the

deep sandstone depression for the first time in detail. The
position of the hydraulically conductive esker core was con-
firmed to be west of the sandstone contact, not to follow the
contact, and to have an asymmetric form; this contrasts
with the previous research. The sedimentary fill in the Köyliö
area indicates development of repeated subaqueous fans
above the esker core similar to those interpreted for the
Säkylänharju-Virttaankangas interlobate glaciofluvial com-
plex within the same glaciofluvial system but in a more
bedrock-confined setting in deeper proglacial water. The
study has defined the depth of the uppermost parts of the
esker core (50–60 m), which permits improved assessment
of the economic viability of ground water extraction from
the esker core.
The glacial erosion of the sandstone is supported by the

high amount of sandstone clasts in the Säkylänharju-
Virttaankangas esker further southeast. The interlobate posi-
tion, combined with a major bedrock depression, enhanced

the collection of meltwaters into the depression and into the
fracture system south of it. The depression acted as a major
meltwater pathway contributing to the large size of the Köyliö
and the Säkylänharju-Virttaankangas glaciofluvial com-
plexes. The dimensions of the sandstone depression agree
with known tunnel valleys, but we cannot confirm the tunnel
valley origin of the depression. The roles of glacial erosion
and meltwater in forming the morphology of the sandstone
depression are acknowledged and should be investigated fur-
ther. Our results confirm the suitability of the landstreamer-
based HRSR survey for the research of thick glaciofluvial
deposits and the underlying bedrock in the geological condi-
tions of Finland.
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