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Abstract A total of over 90 million m? of sand have been found on the Estonian shelf'in the course of explorations
since the 1990s. The present paper aims to summarize the exploration results and to evaluate the occurrence,
genesis and formation conditions of sand deposits. Sand exploration has been conducted in three main regions:
west of the Island of Hiiumaa, in Tallinn area, the Muuga and Thasalu bays, and in the south—eastern Gulf of
Finland. Sand deposits overlie postglacial clay in deeper areas and glacial till in shallower regions. Deposits,
mostly extending down to a depth of 25 m, lie at the foot of bedrock escarpments and on the slopes of positive
landforms consisting of glacial deposits. Parameters of mean grain size and sorting were calculated from sieve
analysis results of 249 samples. Sand predominantly is formed as a result of the abrading of glacial deposits.
The sedimentation area is determined by the hydrodynamic conditions and depth of water. Another source of
sand west of the Island of Hiiumaa is the glacio-fluvial sediment, which adds more well-sorted, coarse grained
material to the deposit. Sand forms deposits on the slopes of shallows where the equilibrium conditions for the
settling of sand particles exist. South and south-east of the Island of Naissaar, the retreating shoreline supplies
sand to the deposit and poor sorting indicates rapid sedimentation. Sand is poorly sorted in eastern study areas
that reflect rapid sedimentation and short distances between the sand sources and accumulation area. Deposits
located near the islands and those located at shoals develop largely step-like terraces and are governed by
infrequent strong storms. Comparative analysis of grain size distribution and statistics of different deposits
provided new information about sedimentation processes in sand areas.
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INTRODUCTION earliest data about sand deposits were obtained in the

framework of geological mapping of the Estonian

Marine sand deposits have been widely investigated
worldwide (Almagor et al. 2000; Finkl, Hobbs 2009).
Several studies were also performed in the Baltic
Sea in the recent past (Cato 2004; Harff et al. 2004;
Kramarska et al. 2004; Moskalenko et al. 2004;
Nielsen et al. 2004; Kask et al. 2008; Gulbinskas et al.
2009). Until the 1990s, only scarce data were available
on sand deposits of the Estonian shelf (Lutt, Tammik
1993), however in recent years the information has
increased (Suuroja et al. 2007; Kask et al. 2008). The

shelf carried out in 1981-1991. The results of these
explorations have been generalized in a series of
geological maps (scale 1:200 000).

The use of sand is largely related to building activi-
ties. The annual amount of sand used in Estonia was
ca 7.5 million m? in 1975-1990, ca 0.9 million m? in
1990-1995 (Raudsep, Raidgel 1993; Radgel 1997)
and ca 3 million m® in 2006 (Raudsep 2008).The need
for sand increased due to construction of new large
harbours (e.g. Sillamie) and extension of the Port
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of Muuga and Paldiski Harbour. In particular, large
amounts of landfill were needed, but its delivery from
mainland deposits would have been inexpedient. The
possibility to obtain sand from the seafloor deposits
initiated active sand exploration in the 1990s. Sand
deposits were studied west of Hiiumaa, in Tallinn,
Muuga and Thasalu bays and in south—eastern Gulf of
Finland. In these areas a total of over 90 million m?
of sand has been found during several research works
starting from the 1990s.

The current paper aims to summarize the explora-
tion results and to evaluate the occurrence, genesis and
formation conditions of sand deposits. Comparative
analysis of the grain size distribution and statistics
of different deposits provides new information about
sedimentation processes in the sand areas. The under-
standing of the formation mechanisms is important in
order to foresee, prevent or mitigate environmental
impacts of sand extraction (Boyd ef al. 2005; ICES
2007) and in prospecting for new deposits.

MATERIAL AND METHODS

Sand explorations have been conducted in three main
regions (Fig. 1, Table 1): west of Hiiumaa, in Tallinn,
Muuga and Thasalu bay areas and in south—eastern Gulf
of Finland. In 1991-1997, the Geological Survey of
Estonia (GSE) gathered data on extensive sand deposits
west of Hilumaa (Fig. 2A). Some sand was required for
burying the wreck of MS Estonia in 1996. Additional
studies were performed in this area in 2006 by GSE
and in 2009 by the Institute of Geology at Tallinn
University of Technology.

]

+ 51 hy
16° . Gulf of Bothnia :8
gﬁa
- - GulfofFlnIa.nd

Tallinn and Muuga BW
SE Gulf of Finland

'. Hiiumaa
¥ BALTIC SEA %5? '
; L//f \ulfﬂf iga 0 50 100 km
| — ]
16° 300

+ 57° 57° +

61°+
30°

Fig. 1. Location of the study areas. Compiled by S. Suuroja,
2010.

The geological investigations of sand deposits in
the Muuga Bay area south of the Island of Prangli were
initiated by NYBIT, Ltd in 1992 (Fig. 2B), followed by
the RET Ltd in 1994-1995, and by GSE in 2003. East of
Muuga Bay, in Ihasalu Bay, the Marine Systems Insti-
tute at Tallinn University of Technology (MSI) carried
out explorations in 2005 and 2006. In the Tallinn Bay
area, the areas south of the Island of Naissaar and shal-
lows east of Naissaar were the first sites prospected for
sand by REI, Ltd in 1994. Supplementary studies were
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Fig. 2C. Study areas in the SE Gulf of Finland. Compiled
by S. Suuroja, 2010.

conducted by MSI in 2003-2005. In 2007 and 2008,
the ALTAKON, Ltd and GSE carried out geological and
geophysical investigations in the south—eastern Gulf
of Finland north of Letipea Cape (Fig. 2C). ALTAKON



Table 1. Major parameters of the studied sand deposits.

Area Locaton e g k| Ae | Volume
ness (m)

1 South—east of Hitumadal Shoal 20-30 2.5 477 6 540

2 and 3 |Maksimov Shoal and north—east of Koroljov Shoal 10-30 3.9 5 666 64 324

4 and 5 |South and south—east of Naissaar 640 11.2 417 10 711
6 and 7 |Naissaar Shoal 10-25 3.7 68 984
8 South of Prangli 6-20 8 45 867
9 North—eastern part of IThasalu Bay 6-35 4 107 793

10 and 11 S}?;;{ls of Louna—Uhtju and Uhtju, Diomid and Barabanov 6-30 33 5 441 2813

explored the shallows of Uhtju, Diomid and Barabanov
shoals in 2007, and GSE studied the area south of the
Island of Léuna—Uhtju in 2008.

Over thirty marine geology and geophysics works
of sand prospecting have been performed on the Es-
tonian shelf since the 1990s. However, the results are
presented as unpublished internal reports, with the ex-
ception of sand deposits south of Naissaar and Prangli
(Kask et al. 2008). The explorations were carried out
in three stages: geophysical investigations, drilling
and sampling, and grain size analyses. Echo sounding
and seismo—acoustic sounding were made to estimate
the depth of water, and to determine the boundaries
of lithologic units, repectively. Simultaneous appli-
cation of low—frequency echo sounder (Pinger with
frequency 24 kHz), seismo—acoustic devices (Boomer
with operational frequency 1.6 kHz, and Chirp with the
frequency range 3-9 kHz) and side—scan sonar allow
improve the resolution of seismo—acoustic profiles at
the site south of Louna-Uhtju. At sites in Tallinn and
Thasalu bays and near Uhtju, Barabanov and Diomid
shoals the depth of water was surveyed with Atlas
Deso 14 echo sounder (frequency range 33-210 kHz).
Seismo—acoustic sounding was carried out with EdgeT-
ech sub—bottom profiler 3100P (frequency range 2-15
kHz). Van Veen grab sampler and a grip scoop were
used for fast identification of the bottom sediment type,
prior to drilling. Drilling was mostly performed by the
vibratory method. Drilling sites were chosen according
to the results of geophysical investigations. Field work
was done from the research ships Junikon, Mare and
multifunctional vessel EVA-316.

Grain size distribution was determined by sieving
sediments into eight fractions from >10 mm to <0.05
mm (sieve aperture sizes 10; 5; 2.5; 1.25; 0.63; 0.315;
0.16; and 0.05 mm). For the present paper, the grain
size distribution of 249 samples from the upper 0.5 m
layer of sand deposits was analysed. Grain size distri-
bution analysis and calculation of statistics were per-
formed with GRADISTAT software (Blott, Pye 2001).
For each study area, the results of all existing samples
were merged to reveal the average properties of the par-
ticular deposit. The mean grain size and sorting were

calculated in terms of pAi units based on the log—normal
distributions with phi size values (Folk, Ward 1957).
The values presented below were extracted from the
cumulative percentage curve using a linear interpola-
tion between the adjacent known points on the curve.
The mean grain size description follows that presented
by Blott and Pye (2001) and sorting is described using
the scheme of Folk and Ward (1957).

RESULTS

West of Hiiumaa, the upper portion of sedimentary
bedrock is represented by Ordovician argillaceous
limestone, in Tallinn and Thasalu bay area by Cambrian
and Ediacarian rocks, and south of Prangli and in the
south—eastern Gulf of Finland by Ediacarian rocks.
Quaternary deposits such as glacial till and glacio—
limnic clay cover the surface of bedrock and fill its
depressions.

In general, clay overlies sand in deeper areas and
till in shallower ones. Sand deposits are mostly located
at the foot of bedrock escarpments and on the slopes
of positive landforms consisting of glacial deposits.
The thickness of sand is greatest south of Naissaar and
Prangli, (maximum 11.2 and 8 m, respectively). West
of Hiiumaa and in south—eastern Gulf of Finland the
maximum thickness of sand is 4 m. The deposits stretch
mostly to a depth of 25 m, those west of Hiiumaa,
however, somewhat deeper.

The study areas are governed by largely variable
geomorphic and hydrodynamic conditions. Depos-
its in the northern Baltic Proper have developed in
relatively energetic hydrodynamic environment as
the predominant south—western and north—western
winds frequently excite large waves and strong cur-
rents in these locations (Soomere 2003; Soomere et
al. 2008a; Réaamet et al. 2010). Although the study
area 3 is partially sheltered from waves approaching
from the south to west, the highest waves in this area
are apparently produced by N-NW winds that here are
the strongest (albeit not the most frequent; Soomere,
Keevallik 2003).
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Sand deposits 4-8 lying at the ‘down wave’ side
of medium or small islands or shoals (see Fig. 2B).
The wind and wave regime in the Gulf of Finland is
such that the largest waves approach these islands and
shoals either from the west or from the east (Soomere,
Keevallik 2003; Soomere ef al., 2008b; Raamet et al.
2010); whereas the proportion of waves approaching
from the west or northwest is obviously larger for sites
located in the eastern part of the Gulf. Therefore, lit-
toral flow to the south has played a large role in the
formation and contemporary development of these
deposits. In principle, deposits located near islands and
those located at shoals develop under quite different
conditions. While there is quite intense sand inflow
into sand bodies at islands with rapidly eroding soft
coasts such as Naissaar, similar bodies near shallow
areas have apparently no sand inflow and usually lose
some sand to deeper areas. This difference may become
evident both in different grain size and different level
of sorting. The evolution of coasts and the nearshore in
this area is largely step—like and governed by infrequent
strong storms from a specific direction. Such events
(that frequently occur in exceptionally high water level
conditions) are accompanied by very intense sediment
transport processes, which affect a wide range of
grains. One should, therefore, expect relatively poorly
sorted sedimentary bodies in these locations.

Sand bodies of Thasalu Bay and south of Prangli are
located in semi—sheltered areas. High-energy hydrody-
namic conditions are extremely rare at these sites and
in many cases sand bodies actually consist of almost
immovable material that has deposited long ago. Local
hydrodynamic conditions are therefore favourable for
the presence of much finer sand (which would have
been carried away by waves and currents from other,
more open sites).

Mean grain size statistics show that very fine sand
forms a substantial part of the sand mass in areas 8 and
9, whereas medium and coarse sand dominates in areas
2 to 7 (Table 2). It is somewhat surprising that sand in
area 1 is relatively fine: west of Hitumaa, west of Hi-
iumadal Shoal 41% of sediment are medium sand and
35% fine sand. This feature may stem from the larger
average water depth at that site as in the neighbouring
areas on Maksimov and Koroljov shoals coarse sand
prevails in 40% of samples. Much larger grain size
(medium to coarse sand, and even a large proportion
of very coarse sand in small deposits 10 and 11) pre-
dominates also, in all other areas that develop under
energetic hydrodynamic conditions. In particular,
medium (43% of samples) and coarse or very coarse
sand (43% of samples) prevails in the deposits of the
south—eastern part of the Gulf of Finland, south of
Lduna—Uhtju. On the contrary, in the most sheltered
study site, Thasalu Bay, very fine sand dominates in
56% of samples and medium sand in 33% of samples.
In the samples from south of Prangli, 42% is very fine
and 24% fine sand.

The sand properties clearly depend also from the
water depth at a particular sampling site. The mean
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grain size decreases, as expected, with the increase of
the water depth. The correlation of depth and mean
grain size indicates that sand is finer in deeper parts of
the sea. This dependence is most strongly expressed
for the sand body in area 1, which is located deeper
and in high energy hydrodynamic conditions, because
of that is relatively well sorted (Fig. 3A). This corre-
lation is much weaker in more sheltered areas 2 and
3, and also in rapidly developing deposits in Tallinn
Bay (Fig. 3B).

Further information about sand properties that may
shed some light on the development conditions of the
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Fig. 3A. Mean grain size to depth correlation with a linear
trendline, at sand deposits west of Hiiumaa. Straight lines
indicate the relevant linear regression lines. Compiled by
A. Kask, 2010.
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Table 2. Mean grain size and sorting of the majority of sand.

Area Mean grain size of sand (% of samples)

Sorting of sand (% of samples)

1 35% fine and 41% medium

59% moderately and 24% moderately well sorted

2and 3 | 40% medium and 40% coarse 65% moderately sorted
4and5 | 55% medium and 26% coarse 74% poorly sorted
6and 7 | 37% medium and 25% coarse 71% poorly sorted

8 42% very fine and 24% fine

42% poorly and 33% moderately well sorted

9 56% very fine and 33% medium

56% poorly and 36% moderately well to well sorted

10 and 11 | 43% medium and 43% coarse and very coarse

64% poorly and 29% moderately sorted

deposit may be extracted from the sorting in different
areas. The sand in 59 to 65% of samples is moderately
sorted and in 24% of samples, from west of Hiilumadal
Shoal, even moderately well sorted. As expected, areas
1-3 located in the most energetic hydrodynamic condi-
tions exhibit much better sorting than most of the other
areas (Table 2). Although poorly sorted sand prevails
at Thasalu (56% of samples), a substantial amount of
well sorted material is also found at this site. As it is
the most sheltered sand body, this feature evidently
shows that this deposit has probably been formed long
time ago under variable conditions.

All sand bodies around Naissaar are relatively
poorly sorted. In the Tallinn Bay area, medium sand
prevails in 55% of samples from south and south—east
of Naissaar and in 37% of samples from Naissaar
Shoal. Tallinn Bay deposits are dominated by poorly
sorted sand (71-74% of samples) (Table 2). Sorting is
a little better in the south—eastern Gulf of Finland. This
feature may be interpreted as indicating a combination
of intense sand inflow in the recent past and the devel-
opment of these sand bodies in similar highly variable
hydrodynamic conditions with single extreme events
(Soomere et al. 2008b). Sorting is also relatively good
at both sites in the Muuga Bay area (Fig. 3C). Sand is
poorly (42% of samples) and moderately well sorted
(33% of samples) in the deposit south of Prangli.
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Fig. 3C. Mean grain size to depth correlation with a linear
trendline south of Prangli (Area 8), in [hasalu Bay (Area 9)
and in the SE Gulf of Finland (Areas 10 and 11). Compiled
by A. Kask, 2010.

DISCUSSION

There are intrinsic uncertainties in the reconstruction
of the formation process of marine sediments. Bedding
conditions and distribution of Quaternary sediments in
the area of sand deposits have been influenced by the
geological setting and relief of sedimentary bedrock,
continental glaciations, development of water bodies
inside the Baltic Sea depression and neotectonic
movements (Raukas, Hyvarinen 1992). The sediment
bodies have mainly been influenced by the distribution
and abrasion of till of the latest glaciations.

The resulting contemporary marine sediments
forming sand deposits, therefore, are spread at the foot
of bedrock escarpments and on the slopes of positive
landforms consisting of glacial deposits. In this sense,
the area west of Hiilumaa, where several moraine hill-
ocks, eskers and kames have been identified (Noormets
1994), is favourable for the formation of moderately
and well sorted contemporary sand bodies.

The sediment grain size statistics show that the
sand properties vary from place to place in different
deposits west of Hiiumaa. Sand is coarser and better
sorted in the westernmost study area, indicating vari-
able formation conditions. Firstly, the hydrodynamic
activity is diverse due to the openness of the region
west of Hiiumaa. Secondly, the source of sediment
is partly different. The main source material for sand
is glacial till. However, west of Hiiumaa, the glacio—
fluvial deposits have been found at the foot of steep
escarpments and under the glacial till in deeper de-
pressions in sedimentary bedrock (Noormets 1994).
Glacio—fluvial sediments add more well-sorted coarse
grained material to the sand deposits. Sand has pre-
dominantly formed as a result of abrading of glacial
deposits. Waves and currents sort the abraded mate-
rial so that coarser material accumulates closer to the
outcrop of parent sediment and finer material is car-
ried farther. The sedimentation area is determined by
the hydrodynamic conditions and depth of water. The
depth and mean grain size correlation has confirmed
that finer sediments accumulate in deeper and coarser
ones in shallow areas. Similar processes and grain
size pattern are observed in the south—western Baltic
Sea (Harff et al. 2004). The glacial till in coastal areas
and on shallow sills is subject to erosion by currents
and waves which rework and redistribute the sand and

161



silt components, while coarser (boulders and gravel)
particles remain as lag sediments. Along the transport
path to deeper areas, the sediment becomes progres-
sively finer.

The results of seismo—acoustic sounding and vibro—
coring show the sand deposits overlie clay in deeper
areas and till in shallower ones. Bedding conditions
are similar in the Stupsk bank site in Polish EEZ (Kra-
marska et al. 2004) where part of the deposit lie on ice
lake clay and part on till.

Several shoals (Naissaar, Kuradimuna, Uhtju, Bara-
banov) occur in the neighbourhood of sand deposits.
Their roofs and slopes are covered with constituents
of glacial till: mostly pebbles, cobbles and boulders
that withstand wave activity. In the Baltic Sea major-
ity of sand deposits are located in the shoal area (Cato
2004; Kramarska et al. 2004; Nielsen et al. 2004;
Moskalenko et al. 2004; Gulbinskas et al. 2009). The
fine grained part of till is washed out by waves and ac-
cumulates in deeper areas. Sand forms deposits on the
slopes of shallows where the equilibrium conditions for
settling of sand particles exist. Silt and clay particles
settle in the deepest parts of the shelf. The bedrock is
exposed northwest of Hilumaa on some shallows be-
cause high wave energy shifts the suitable conditions
for sediment accumulation to deeper areas. Therefore
till and sand is transported to the slopes of shoals and
the depressions of the bedrock surface. Owing to the
rough hydrodynamic environment, a distinct correla-
tion exists between the depth and mean grain size. Sand
is well sorted between different depth zones.

An extensive sand accumulation area, which feeds
from the sedimentary material abraded on the shore
occurs south of Naissaar and Prangli (Kask ez al. 2008).
Similarly, large amounts of sand have accumulated
southwards of other islands in the Gulf of Finland,
forming capes, headlands, spits and shoals (Moska-
lenko et al. 2004).

Similar processes take place near the islands of
Uhtju. The abrasion on the shores of islands is inten-
sive during extreme storms with high water level and
wave energy, as evidenced by the retreating shoreline
in several sections on the eastern coast of Naissaar. On
the western coast of Island of Rammu in Kolga Bay
the escarpment retreats approximately one metre per
year (Kask 2002). The sand that is formed as a result
of abrasion of the coastal escarpment is carried to the
spit reaching south—east of the island.

The amount of material eroded on the shore and
carried to the deposition area can be rather large and
it accumulates rapidly. During almost sixty years the
mines originating from World War II have been cov-
ered by sand layer up to 4 m thick in the deposit south
of Naissaar (Kask et al. 2008). The poor sorting and
correlation between the mean grain size and depth
reflect the rapid sedimentation south and southeast of
Naissaar.
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CONCLUSIONS

Sand has predominantly formed as a result of abrading
of glacial deposits. Waves and currents sort the abraded
material so that coarser material accumulates closer
to the outcrop of parent sediment and finer material is
carried farther. The sedimentation area is determined
by hydrodynamic conditions and depth of water. The
depth and mean grain size correlation has confirmed
that finer sediments accumulate in deeper and coarser
ones in shallow areas. The glacial till in coastal areas
and on shallow sills is subject to erosion by currents
and waves which rework and redistribute the sand
and silt components, while coarser particles (boulders
and gravel) remain as lag sediments. Along the
transport path to deeper areas, the sediment becomes
progressively finer. Silt and clay particles settle in the
deepest parts of the shelf. Sand forms deposits on the
slopes of shallows where the equilibrium conditions for
settling of sand particles exist. Sand deposits overlie
clay in deeper areas and till in shallower regions.

Sand is coarser and better sorted in the westernmost
study area, indicating variable formation conditions.
Firstly, hydrodynamic activity is diverse due to the
openness of the region west of Hiiumaa. Secondly,
the source of sediment is partly different. The main
source material for sand is glacial till. However, west
of Hiiumaa, glacio—fluvial deposits have been found at
the foot of steep escarpments and under the glacial till
in deeper depressions in sedimentary bedrock which
add more well sorted coarse grained material to the
sand deposits.

At Thasalu Bay and south of Prangli, local hydro-
dynamic conditions are favourable for the presence
of much finer sand (which would have been carried
away by waves and currents from other, more open
sites). Sand is poorly sorted in eastern study areas. Poor
sorting reflects rapid sedimentation and short distance
between the source of the sand and accumulation area.
Deposits located near the islands and those located
at shoals develop largely step—like and governed by
infrequent strong storms.
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