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[itorina Maximum Transgression
on the Southeast Coast of the Baltic Sea

Vytautas Gudelis

The article deals with the problem of maximal spread of the Titoring

Sea transgression on the SE coast of the Ballic Sea (Lathuani:). The

Cindelis, V. 1997: Litorina maximum
iransgression on the southeast coast of
the Baltic Sea. Baltica, Vol. 10, pp. 5-8
Vilmins, 158N (K067-3064

Vvautas CGudelis, Lithuanian Academy
of Seiences, Gedimine Pr, 49q-21, 2001
Vilnius, Lithwania; received 17th Decern-
b 1996, accepted 24th  January, 1997,

shoreline of Litorina maxinmm lies at abs. beight S—6mw in the northen
part of the coast and above S-6m below the modern MSL. The shore-
line is inclined from M 10 §, the gradient of it & o 09 m/ 10 kb The
total range of post-Litorina crustal rise reaches approximately 5-6 m
in the northern part of the coast. There are no evidences of Litaring
shoreline deformation sinee Litorina maximum Lransgression,

Keywords: Baltic, SE coast, Litorina max., shoreline, marphometry.

INTRODUCTION

First schemes of isobases for different stages and
phases of the Baltic Sea development during Late-
Cilacial and Post-Gilacial times were published al-
most @ century ago, and their compilation contin-
ued further up to the present days. The first schemes
ol isobases were constructed using direct geomor-
phological and stratigraphical data gathered mostly
in Finland, Sweden and Denmark, whereas the

corresponding isobases lor East Baltic area (except
for Estonian and Leningrad region territories) were
extrapolated.

This article is devoted to the problem of the
limit of the Litorina Sea maximum transgression (the
so-called Litorina maximum or shortly Litorina limit ).
More information of the SE Baltic coast during the
Late- and Post-Glacial times is available in carlier
publications (Gudelis 1955, 1959, 1979, 1982 Kabai-
liené 1959, 1960; Rimantiené 1979).

Fig. 1. CHIT and accumulation termce of Litoring maximum transgression about 3 ka to the sowtl) from Palanga. The
licight of the cliff reaches here en. 4-5 m. The upper part of the marine termee is covered by colinn sands. Photo by

ViGudelis, 1953,
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GEOMORPHOLOGICAL AND
STRATIGRAPHICAL EVIDENCES

The Litorina maximum on the Lithuanian coast ol
the Haltic Sea is represented by  an accumulative
marine terrace bordered by a gently sloping cliffs
(bluffs) cut into the glacial deposits, mainly boulder

+5m NN

BALTIC SEA

Fig. 2. A scheme showing the distribution of land and
water during the Litorina transgression: J arcas occupicd
by Litoring transgression, 2 territory of the Nemunas River
deltn aned coustal lakes and lagoons. The situation of
Litorina maximum = 0 and + 5 m sobases s indicated
oo (Cudelis 1979).

clay. The Litorina Sea terrace and cliffs are better
expressed in the reliel of the northern part of the
Lithuanian coast  (Sventoji-Palanga-Nemirsetu)
Southwards from Klaipéda scaport, the shore clifls
are represented in a form of small, low (0.5-1.0 m)
and gentle land scarps. Spreading of Litorina maxi-
mum is shown in Fig 2.

Detailed stratigraphical investigations ol the
Litorina sediment series al the foot ol the clilf
about 0.5 km southwards (rom the so-called Birut
Hill in Palanga gave us a possibility 1o lind and [ix
in many prospecting pits the absolute height of the
Litorina marine sediment contact with underlying
ground moraine. The altitude of the former Litoring
waterline is passing about 5-06 m above the mean
sea level (Fig. 3). The pollen and diatom investi-
gations carricd out in many places of the Litoring
terrace with organogenic deposits stated the Latc
Atlantic and Early Subboreal age of it i.e. ca. 300U
years B.P (Kabailicne 1959). Thus, the age of the
scashore cliff as well as the above-mentioned con-
tact layer is most probably the same.

Some borcholes drilled in the southern part ol
the Memunas River delta and the Tagoon of Kurdiy
Marios (Sventlunka bay) revealed the presence of
terrestrial wood-peat layers of Late Atlantic age
situated now al e 3.5-0.0 m below the recent mean
sea level. This fact speaks in favour of 4 5-6m
submergenee of this area during the last ca SO
years (Cudelis 1955).

As the Figs. 4, 5 show all old shorelines of the
Baltic Sea on the Lithuanian coast are inclined
from N o S, There is no doubt that this shoreline
inclination is of a tectonic nature. The average ratc
of vertical displacement ol Earth coust might reach

08 00 B

Fig. 3. Crossesection of the Litoring maximum accumulation terrace (Lit) in the neighbourhood of Palanga. | Eolian

sands, 2 fen preat of Sub-Atlantic age, covered by colian sand, 3 basal gravel with !.h."l.‘ll.'rls;h,, 4 marme sands of varous

grain size of the transgressive phase (Lit), 5 elay at the basis of the BG 1T termce, 6 boulder elay (Gll) of the last

,F.|Eu:i=l'l.i{111 {Ciudelis 1979,
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about 1=1.5 mm per year. The “axis” of crustal
tilting of the Litorina maximum shoreline or the
sor-villed Zero-isobase was drawn by the author in
the past across the Kursiy Nerija spit in the vicin-
jiv of the settlement of Nida (Gudelis 1981).

mMow  the more precise eslimation of a distance
between the known absolute allitude of the con-
tact level (terrestrial-lagoonal) in the borings made
in 5W corner of the Kurdiy Marios Lagoon, as
well as the marine contact layers in the vicinity of
ulanga made it possible to draw the Zero-isobase
of the Litorina maximum on the SE coast of the
[inltic Sea more preciscly.

Accepting the inclination ca. 0.9 mkm for the
shoreline of the Litorina Sca maximum we are able
to lix the absolute heights of isobases in the exam-
ined arca as follows: Palanga +55 m: Klaipéda
(Kopgalis) +3.7 m; Juodkranté —1.0 m: Pervalka
+0.6 m; Prela 0.3 m: Nida —1.0 m: Hasvic
-3.7m; Sventlunka bay -5.5 m. Thus. the Zero-
isoline of the Litorina maximum on the Kusiy Ne-
rija spit crosses the spit between the settlements of
Preila and Pervalka,

The lincar continuity of the Litoring maximum
shoreline witnesses the abscnee of local vertical
crustal dislocations (faults or flexures). The reacti-
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Fig. 4. Shoreline diagrani of the Lithuanian coast. BG 1 and BG 11 - shorelines of the Haltie Tee Lake, L oaml L ol

the Litorina Sea (Guodelis 1955).
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Fig. 5. Shoreline displacement curve for the northern part of the Lithuanian coast (Palanga) throughout the Late and
Post-Cilacial times. Sinee the beginning of Late Glacial, the crustal uplift at this site is estimated w be e 1-12 m
(Umdelis 19793,
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vation of old fault lines in some places of men-
tioned arca in Late Glacial (Allerpd) cannot be
neglected, Certainly, the more accurale picture of
neotectonic development could be achieved by spe-
cial complex investigations of the Litorina maxi-
mum coastal features and corresponding sediment
sequences in the key sites. Mevertheless, we must
admire the mentality of pioncers of the Baltic Sea
history — G. De Geer, H. Munthe, M. Sauramo -
who were able on a relatively scarce data gathered
in the Nordic countries to draw so accurate isobases
of former stages of the Baltic Sea, including the
Litorina maximum on the 5E coast of the modern
Baltic.

CONCLUSION

The Litorina maximum transgression is represented
by an accumulative marine terrace and erosional
cliffs. The Litorina maximum shoreline is tectoni-
cally inclined from north to south. The gradient of
inclination (tilting) is ca. 0.9 m/10 km. The Zero-
isobase of this shoreline is crossing the Kursiy
Nerija spit between the setilements of Preila and
Pervalka. The average rate of crustal tilting in this
region equals to about |-1.5 mm per year. A
straight-line character of the shoreline excludes the
presence of loeal disjunctive dislocations in the arca
examined.
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ithostratigraphical Identification of Tills
in the Southeastern Part of the Baltic Sea
by the Method of the Rounded Hornblende Grains

Jadviga Majore, Renate Rinke,
Alexander Savvaitoy
and Ints Veinbergs

University of Latvia, Institute of Geology

Majore, I, Rinke, R., Savvailov, A. &
Veinbergs, 1. 1996: Lithostratigraphical
ilentification of tills in the southeastern
part of the Baltic Sea by the method of
the rounded homblende grains. Baltica,
Fol, 10, pp. 9-12, Vilnius, 155N 0067-3064.
Jadviga Majore, Renate Rinke, Alexander
Savvaiten, Ints Veinbergs, University of Larvia,
Institute of Geology, 19 Raina Boulev, LV
586 Riga, Latvia; received 1%th Seprember
[0, accepted 240 November 190G

Content of the rounded hornblende grains has been detemmined
in glacial deposits alrom he borcholes sitiated at the southeast-
ern offshore pant of the Baltic sea with three tills — Upper, Middle
and Lower — singled out. The data obtained by this method applied
for glacial deposits onland of the Baltic coast showed that (he
investigated Upper till was formed during Weichseling, the Middle
till — by Saalian and the Lower till - by Elsterian Claciations. The
subdivision of these tills in the mvestigated seetions of the bore-
holes is given in the paper.

Keywords: the till, the contents of the rounded homblende geains,
Weichselian, Saalian, Elsterian Glaciations, sections of boreholes,
southeastern part of the Baltic Sea,

INTRODUCTION

I'he article deals with the lithostratigraphical iden-
tilication of the tills and their correlation with some
Duaternary scctions in the southeastern part of the
Baltic Sea. The method of investigation of the
rounded hornblende grains has been applied for
this purpose (Ulsts & Majore 1964). The equiva-
lent names of the stratigraphical nomenclature of
western BEurope have been used by authors of the
present article for indexing the fixed tills, The well
known nomenclature of the Alpine stratigraphy is
used also,

The Quaternary cover in the southeastern part
of the Baltic Sea is penetrated only by several
bareholes. The basic information about the struc-
ture of the Quaternary cover in this part of the
Haltic Sca is known from the results of the seismic
reflection profiling. According to this data the three
separate tills can be ascertained in the Quaternary
deposits here. Stratified and unstratified intergla-
<l sediments are spread between the tills (Bjerkéus
1 al, 19935),

The first lithostratigraphical subdivision of the
tills was carried out by Gaigalas et al. (1987). Three
different tills (two corresponding to Upper Pleis-
lcene and one - to Middle Pleistocene) were

identified by mentioned authors in the Nida sce-
tion (D-6-2/1) according to the data of debris pet-
rographical associations, The opinion about the
different age of the tills inside the Ouaternary cover
in the southeastern part of the Baltic Sea appearcd
at that time as well (Emelyanov & Gaigalas 1987).
Gielumbauskaite (1987} and Repecka (1987) con-
sidered that the upper tills forming the modern
botlom lepography in the some arcas of the south-
ern and central parts of the Baltic Sea helong
to Saalian and Weichselian Glaciations. That point
ol view was proposed by Repecka et al. (199],
1992, 1993) as in the monograph “Geology and
Geomorphology of the Baltic Sea”™ (ed. Grige-
lis 1991), as well as in the Geological Map of the
Quaternary Deposits of the Ballic Sea Bottom and
Adjacent Land Areas, seale 1500000 (ed. Cirige-
lis 1993),

The well-known geological cross sections along
the onshore of the Baltic Sca from (WS 1o
Zicmupe (Konshin et al. 1970), between Labrags
and Jirkalne (Veinbergs & Sawaitov 1970) and
from Rucava to Sokolniki (VonsaviCius |987) pive
reason 1o suppose that the tills and interglacial
deposits of different age known here probably can
be spread also in the Quaternary cover of the
adjacent part of the Baltic Sea.

9
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MATERIALS AND METHOD

The till samples for the rounded hornblende erain
analysis were collected in 1989 A majority of
samples were obtained from the cores of the bore-
holes by geologist V.Shibanov at the time, when
these were drilled by the i “Kimberlite™, The
preliminary description of the drilled sections also
was carried out by geologist V.Shibanov. Totally the
samples were collected from  the Il borcholes.
Locations of the boreholes sampled are shown in
the scheme (Fig. 1). The contents (in %) of the
rounded hornblende grains corresponding 1o fraction
0.25-0.1 mm were determined in the collected
samples. The main point of the laboratory praclice
of the method has been written in details by Ulsts
and Majore (Ulsts & Majore 1964). According to
the authors of this method the tills of different age
_ Fisterian  (Mindelian), Saalian (Rissian) and
Weichselian (Wiirmian) — can be distinguished by
means of it clearly on the large arca of Baltic,
Belarus and Russia. Each till differs from other ones
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Fig. 1. A seheme showing the location of the mvestigated
seetions of the borcholes in the southeastern part of the
Baltic Sea. Isobathes are used from Bathymetne Map by
Bjerkéus el al. (1995), The area of borehole loeations s
marked by a black quadrangle.
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by the characteristic indices of the content ol rounded
hornblende grains, This fact scems 10 be most obwi-
ous in the sections where all tills oceur together

RESULTS AND DISCUSSION

The analytical data obtained from the till samples
as well as the structure of the investigated svetions
are shown in Fig 2. According to these data, the
Upper till is determined practically in all the in-
vestigated sections as under the thick of Laie aml
Post Glacial sediments, as well as at the surface of
the sea battom. The Middle till under Late dind
Post Glacial sediments is observed from the top in
borehole No. 59 only. The differences between tills
are clearly expressed.

Three different tills can be distinguished in the
Quaternary cover by means ol the hornble nde
grains analysis of the cores from ment ioned bore-
holes. The Upper till is represented by the hrown,
grayish-brown and gray loam with debris. The
Middle till contains the gray, greenish-gray and
grayish-brown loam with debris. The Lower till
consists of gray, dark-gray and brown loam with
debris. The content of the rounded hornblende
grains in the Upper till varies from 16 10 25, in
the Middle till = from 21 to 427 and in the Lower
ill = from 6 1o 17%. The concentration of the
rounded hornblende grains often is maximal in the
lower part of Upper till. whereas in the same parl
of the Middle tll it is minimal. This can be ex-
plained by the glacial assimilation of the material
from the deposits over which the ice-sheels ad-
vanced. 1t is necessary to consider marked indices
of the glacial assimilation as the undoubted indica-
tions that the tills were formed by the ice-sheets,

The Middle till differs from other oncs by the
highest content of rounded hornblende grains. This
feature cnables to distinguished them from the
Upper and the Lower tills. 1t gives a reason 1o
consider the Middle till as a marker bed for sub-
division and correlation of the local sections. The
Upper and the Lower tills are distinguished one
from another less clearly. nevertheless the contenl
of rounded hornblende grains in the Upper tll is
higher than in the Lower ull

The above-mentioned differences between the
tills are evident in the investigated borehole cores,
especially where all three tills oceur together.,

Lithostratigraphical features of the investigated
tills in the southeastern offshore part of the Balic
Sea is similar as in the tills spread in the adjacent
land part of the Balties.

According to Ulsts and Majore (1964). the con-
tent of rounded homblende grains for Weichselian
(Witrmian) 1ill varies from 6 to 22%. for Saalian
(Rissian) 1ill = from 28 to 37% and lor BEltenan

Lithostratigraphical Identification of Tills ..

by the Method of the Rounded Homblemle Cirains
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Fig, 2. Distribution of rounded hornblende grains i the tills and structure of the investigated borchole seetions,

{Mindelian) till — from 11 1o 8%, These data were
obtained basing on the investigations of numerous
samples from different tills, widespread in the Oua-
ternary cover in the onland region. It should be noted
that results obtained in the Baltic Sea offshore dur-
ing the studies of rounded hornblende grains in the
tills [rom investigated region of the Baltic Sea off-
shore are very similar to the onland ones. In both
cases the corrclated tills are characterized by the
same contents of rounded hornblende grains and have
the same position in general geological sections.

Similarities between tills in the southeastern part
ol the Baltic Sea offshore and Baltic land area,
according to the contents of rounded hornblende
grains, as well as by the position in geological
sequence, gives a reason o compare them also by
age. The Upper till in the investigated borchole
sections from the southeastern part of the Baltic
Sea is dated as belonging to the Weichselian, the
Middle till = 1o the Saalian and the Lower till - to
the Llsterian glaciations.

CONCLUSIONS
I'he applied method of rounded hornblende grains

allowed 1o receive new lithostratigraphical informa-
tion, which showed that the tlls of the southeast-

ern offshore part of the Baltic Sea were formed
during Weichselian, Saalian and Elsterian glacia-
tions. Probably the till deposits known from inter-
preting data of seismic rellection profiling (Bjerkcus
et al. 1995, are of the same ape as well. However
more ancient glacial deposits can be ascertained
also in the southeastern offshore part of the Baltic
Sea by an analogy with adjacent land areas.

The method of rounded hornblende  groins s
recommended o be appliied for distinguishing vills
in the borehole cores and lor the samples [rom
the bottom surlace.
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In the environs of Tallinn (North Estonia), 5 sections have been
studied, yielding records on the Yoldia Sca regression and the Ancylus
Lake transgression. New results confimn tha during the Yollia Sen
rogression, which lasted until 9500 BPP (conventional medioearbon ),
the sea level dropped relatively by 12 m (from 40 w0 28 m). The
tmnsition to the Ancylus transgression occurred by 9500 BE s nui-
mum is registered about 9300-9200 BP when the water level reached
the elevation of 36 m cast of Thllbn and 35 m al Maardu. Ar the
beginning of the Holocene, the average land uphcaval mic in the
arca surrounding Tallinn was about L4-15 cmiyr.

Reywords: Yoldia regression, Ancylus tmnsgression, pollen, dintoms,
shore displacement, Fstonin

INTRODUCTION

Five new sections east of Tallinn have been stud-
iwd bio-, litho- and chronostratigraphically for
the retrieval of evidence of the early history of
the Baltic Sea. Tondi, Sojamie, Rac (Kessel 1961
Kimmel et al. 1996) and Vandjala mire sequences
slore information on the Yoldia Sca history, lakes
Maardu, Ulemiste and Saha mire sections comple-
ment this picture and add some evidence on the
development of the Ancylus Lake. The Ancylus
shore displacement, at an elevation of 35-36 m, is
well developed morphologically with spits at Iru,
Lroodi, Kallavere and beach ridges at Ulemiste
(Kessel 1961; 1979; Kessel & Punning 1984: Raukas
¢t al. 1965). The isolation contact has been deter-
mined mostly on the basis of sediment lithology.
loss on ignition, diatoms, and Pediastron. The lake
Ihreshold elevation is assumed to be the levelled
Water surface plus the estimated ecrosion of the
cutlet (Svensson 1991). The mires of Sojamic.
fondi, Rae and Vandjala are situated 1-2.5 m below
e Yoldia maximum isobase, L. Ulemiste is near
e Ancylus maximum isobase, and 1. Maardu and
e Saha mire is below it (Fig 1),

Bottom deposits of the lakes Ulemiste, Maardu,
and Sojamiie, Tondi and Rae mires have been stud-

ied earlier (Kessel 1961, 1979 Kinnapun 1962;
Saarse & Arbeiter 1979 Kessel et al. 19806: Saarse
et al 1990; Veski 1992). It was assumed that the
bottommost peaty pyttja beds in L. Ulemiste were
formed during the Early Boreal (Kessel of al. 1986),
The new high-resolution palynological record, 1o-
gether with radiocarbon dates and " analyses,
indicated the presence of Pre-Boreal deposits,

The main objectives of the study is identifica-
tion of sections yielding evidence on the Baltic Sea
evalution in the environs of Tallinn. estimation of
magnitude  between the Yoldia  minimum and
Ancylus maximum limits, and refinement of the
chronology of the Baltic Sea’s Yoldia and Ancylus
stages in North Estonia.

METHODS

Five cores were collected using o Russian peat
sampler and were subsampled at | em intervals for
pollen and diatom analysis, 2 em intervals for the
bulk organic, inorganic and carbonate (ractions, and
10 em for the radiocarbon dates. For pollen analy-
ses, standard chemical treatment was used and e
500 AP (tree pollen) was counted at cach level,
The basis for the percentage caleulations was the
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Fig. 1. Studicd lakes and mires east of Tallinn with indication the isolines.

sum of pollen (AP+NAF, tree and herb pollen).
For diatom analysis, 0.5-1 em' of wet sediment
was digested using the hydrogen peroxide method
(Battarbee  1986). The sediment residual  was
mounted in Naphrax. Whenever possible at least
500 diatom valves were counted from each sedi-
ment sample. The diatom floras of Hustedt (1930),
Malder & Tynni (1967-1973) and Tynni (1975-1980)
were used for the indentification. The samples for
the macrofossil analyses were dispersed in KOH
for one day before washing under tap water through
# 0,25 mm sieve. The macrofossils and seeds were
picked out, stored and analysed. Organic, inorganic
and carbonate fractions were determined by loss-
on-ignition at 5007 and 8257 C. The resulls were
plotted using Tilia and Tilia Graph programs
(Grimm 1992). Six conventional radiocarbon dates
were obtained from the basal peaty gyttja soluble
and insoluble fractions from L. Ulemiste, one from
gyttjn of Vandjala mire, and one (rom pyitja of
Saha mire.

BACKGROUND

The location of studied sites is shown in Figure 1.
They are all in the arca where the Quaternary
cover is thin (Kimnapuu et al. 1981).

The Tondi mire has a 5-6 m decp depression,
filled with silt, silt with plant remains, gyttja, and
peat (Fig. 2; Kessel 1901; Kimmel et al 1993).
The surface of mineral bottom lies at an elevation
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of 36-37 m asl Its threshold between two spits
has an clevation of 38.5 m. The silt and the basal
part of gyttja accumulated during the Pre-lareal,
the rest of the gyttja formed during the Boreal
and Early Atlantic (Kessel 1961).

The Sojamiie mire occupics a 435 m deep de-
pression, with its threshold at an clevation of 35 m,
and is oricntated towards the Rae mire. The min-
eral bottom surface is at an aliitude of 36-37Tm
as.l The basin is filled with sand. sandy and peaty
gyttja, and peat (Fig. 2). During the Pre-Boreal
and Early Boreal period highly compressed sandy
and peaty gyttja in the depth of 400445 cm accu-
mulated (Kessel 1961).

The Rae mire is about 2 km south of Sojamie.
Its basin is al least 5 m deep and is filled with
laminated clay, silt, lacustrine lime, gytija. and peat.
The threshold is in the east at an clevation ol
37.5 m. Minerogenic deposits lie at an clevation ol
about 35 m. Silt is deposited in the Younger Dryas
and Pre-Boreal, and lacustrine lime in the Boreal
period (Kessel 1979),

The Vandjala mire occupics a small basin 2 km
cast of L. Maardu, The threshold lies at an eleva-
tion of 37.0 at its western side. The former lake
basin is filled with sand, gravel, silt and gytija
overgrown by peat (Figo 2). The Pre-Boreal por-
tion of sediments is represented by sand, silt and
silty gyttja (Fig. 3).

The Saha mirc, about 1.5 km southwest [rom
L. Maardu, is a shallow drained basin about L5 m
deep. filled with sill, calearcous gytlja, silty gyttja,

Early Holocene Shore Displacement of the Baltic Sea East of “Tallion (N Estonia)
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Fig. 3. Pollen diagram of the basal part of Vandjaia mire.

and fen peat (Fig. 2, core 1, 2} lrom the Pre-
Horeal and Boreal age (Figs. 4, 5). The threshold
iv located at an elevation of 33 m and the basin's
mineral boltom is al an clevation of 31-32.5 m.

L. Ulemiste in the southeastern part ol Tallinn,
has an up to 9.5 m deep basin filled with sand,
peaty pyttja, calcarcous gyttja, and fine detritus
syvttia (Fig. 2). Its modern threshold at 36 m s
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located in the northern part of the lake at the site
of the previous outlet of the Hilrapea River which
is now drained by pipes. At an elevation of 31.5m,
the L. Ulemiste's primary Pre-Boreal threshold is
marked by an abraded esker ridge crest, which is
buried under fine acolian and medium grain ma-
rine sand, like in Maardu (Saarse et al. 1990), The
clevation of the basin®s carbonate bedrock botiom
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Fig. &, Pollen diagram of the basal part of L. Ulemiste deposits.

dilfers with the parts ol the lake. being at 32-34 m
in the castern part, less than 26 m in the wesiern
part. The mineral bottom was 25.0 m as.l at the
coring paint. During the Pre-Boreal age sand, peaty
gyltja and calcarcous gyttja accumulated (Fig. 6).

L. Maardu is situated about |5 km east of
Tallinn. It also has a rather deep (9.4 m) basin,

L3

filled with sand, silty gytija, and gyija (Fig. 2).
The basin's mineral bottom lies al an clevation of
22.6-20 m, and the threshold at 32 m is marked
by fluvioglacial deposits, destroyed and reworked
during the highway construction. The Pre-Boreal
part of the sequence is represented by sand and
silty calcarcous gyttja (Fig. 7).

Early Holocene Shore Displacement of the Baltic Sea East of Tallinn (N Estonia)
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Fig. 7. Pollen diagram of the basal part of L. Maardu deposits, core 4,

RESULTS

fadiocarbon dates

A total of six radiocarbon dates on peaty gyltja
have been obtained from the basal part of the
I Ulemiste sediments, both from the soluble and
insoluble fraction and from testes using the &"C
analyses (Table 1). They [ully support the pollen
analytical results. The &°C of the L. Ulemiste
samples ranges between -27.8 - =29.4%.. All “C
dates of the soluble fraction of L. Ulemiste are
somewhal older than those of the insoluble frac-
tivn and their 6“C have more negative values
fable 1), confirming the different source of car-
bon which could have been assimilated by macro-
phytes during the photosyntesis from the ground

Tible 1. Results of the “C (uncorrected) and §YC datings

Bowwsi
.
| i
f 1
]
I Fres
1 - B !— Borsal
L X _E-
[T§Ea { Rl
r =
waler ar ipherited from older sediments. The

Table | presents also the carlier published O dates
from the lakes Ulemiste (llves 1950), Maardu
(Saarse et al 1990; Veski 1992) and Sojamic mires
(Kessel 1979).

The "C date 8915+90 (TIn-135) from a thin
gyttja bed at Sajamie is considerably younger than
expected on the base ol pollen record. Trying to
determine the reason, we dated thin gyttjn depos-
its from the Saha and Vandjala mires and got simi-
lar results (Table 1). All dates are almosi 1000
years younger than expected. The reason for this
scems to be the younger roots (mostly Fipha,
Phragmires) which penetreted into the thin gyttja
bed during the paludification of these basins and
contaminated the gylija with the younger carbon.

Depth, em Core no ] Fraction | Lab. no "(- age SV Material
L. Oferniste 4/94 Sol Tin-1860 DI85 £50 -28.7 Pty gyia
B 70-680 INS Tln-1861 014575 -28.3 peaty gyitja
T20-730 404 Sol Tin-1857 Q50060 -20.3 peaty gyitja

NS Tin-1856 9300£30 278 peaty gyiija
130-741 4/m4 Saol Tin-1858 95 10=65 =20.4 pealy gyitj
INS Tin-1859 Q480295 -28.7 peaty pyitin
3T0-580 173 Bulk TA-691 B300 =) limy gyita
i Maardu
" I-580 L Bulk Tin-1265 4625+85 #yttga
535 3 Bulk Ua-2390 4490x110 woud
35U=590 13 Bulk Tin-1313 TS5 xT0 ayitja
Srantide
430450 Bulk Tin-135 91500 EY1tja
! inedfarla
o 2 NS Tin-1884 B2R5 275 E¥ILa
Nl
128-132 Bulk TIn-1916 7635 +45 uy i

&%
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Pollen stratgraphy

Five new detailed pollen diagrams have been com-
pleted and their lowest parts, reflecting the pollen
composition of sediments corresponding to the
Yoldia and Ancylus stages are presented in Figures
3-7. Interpretation of the pollen records is given
in the included discussion.

Iharoms

In 1. Maardu, the diatom analysis covers the lower
100 ¢m in the core 4. The sand and the lowermost
part of the calcarcous gyttja are barren of diatoms.
Further up the core, the diatoms can be divided
into two zones (Fig. 8).

Jone MDD (930-905 ¢m)

This assemblage is characterized by the peak ol
planktonic Aulacoseira ambigua and A. granulata
while towards the top of the zonc their frequency
decreases. Cvelotella cona is common. Periphytic
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forms of Fragilaria construens, I consimuens va
venter and I brevistriata are also abundant,

Yone MD2 (B85-840 cm)

This zone is dominated by Fragilarma — primarly
F construens and FE inflata, constituting up o 605
of the taxa. Also Navicula schoenfeldii and A
seutelloides arc present at the relatively high per
centage. Aulacoseira spp. has declined.

In L. Ulemiste, the diatom analysis covers the
lower M) cm of sequence. The lowest investigated
sequence of the sediments consists of mainly cor-
roded and fragmented (rustules and at the depth
of 670 e¢m, diatoms are lacking. There are not cleqa
changes in the abundance of diatom species in the
core despite the variable lithostratigraphy, and the
haven't divided inio zones. The sum of Fragifario
spp. is constantly between 2540%. with I
construens var. venter I2 constuens, D brevisinaro
and F lappenica the more frequent. In the lower
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Fig. 8. The diaton diagram from L. Maardu (core 4).
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Fig, 10, Macrofossil remains from L. Ulemiste,

part of the peaty gyttja Cecconeis plancetula,
Achnanihes exigua, Naviewla cart are presenl al
relatively high percentages, and the amount of
Covrostema  attenuatum, Naviewla scurelloides and
Anyrhora pediendus increases in the caleareous gytija,
Fllerbeckia arenaria is found in low percentages
through the whole investigated sequence (Fig. 9).
Macroremaiins

The lowest interval studied in L. Ulemiste is
TH-T720 em, and it is characterized by the greatest
number of Carex, especially Carex rostrata sceds,
which decrease upwards in number (Fig. 10). The
remains of aquatic moss Seorpidium scorpioides are
abundant, and the share of Drepanocladus and
Sphagnum is remarkable. The number of aguatic
plants, including Potamogeton, Hippuris vulgans, is
low. In the next interval 700-710 cm, Seorpidium
searpiodes is most abundant. Drepanocladus  in-
creases  in the interval of 690-700 cm and
Sphagnum remains dominance in the topmost part
(680690 cm). Terrestrial herbs, Prunelfa vulgarts,
‘arophyllaceae are constantly present with low
variable values. These results correlate well with
pollen record (Fig, 6).

DISCUSSION

Correlation of sequences .

Regional pollen stratigraphy is based on the
tadiocarbon dated L. Maardu pollen dia-
cram (Veski 1996). OF special importance
are  two  radiocarbon  dates (8625835,
Mn-1265, and 950060, Tin-1857, Table 1).
lhe former marks the end of Betula and
Pines pollen decrease and sharp inerease
(rational limit) in Almus while the latter
records the empirical limit of Ceorvfus and
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Yoldia stapge

The isolation contact of the Tondi basin is recorded
in the silt/gyttja transition (Fig. 2) by the indiffer-
ent to slightly brackish water dintoms and the
macroremains in the silt (Kessel 1961 Kimmel
ctal. 1996), The interpolated age for this contacl
is 9900 BP ( Kimmel et al. 1996; Fig, 1),

The lithology, pollen, and diatom record [rom
Sojamie show the [all of isolation contact between
sand and sandy gyttja (Fig. 2). But the age of the
isolation of the Sojamie lagoon from the Yoldia
Sea is disputable (Kessel & Punning 1984). In the
carlier studies, the radiocarbon date X915=90
(TIn-135, Table 1) was taken for the lime “when
the level of the Baltic Sea dropped below the
absolute height of 40 m and the lagoon fsell be-
came isolated [rom the sea” (Kessel & Punning 1984),
However, this was inconsistent with the pollen
record showing the Pre-Boreal age ol the dated
gytija deposits (Kessel 1961 Fig. 2). According 1o
the pollen stratigraphy, the threshold elevation, and
isobases of the Yoldia Sea, the Sojamiac lagoon
isolated from the sea about 9850 BP (Fig 11).
This age does pol contradiet  the  stalement
that the short-term brackish phase of the Yoldia

Tandi
Shjamie
Vandjala, Rae

—

Ulemiste T ~—— 7
Saha

¥

Saha
Maardy

Ulemiste

{Mmus. Both postulated pollen-siratigraphic
events are easily determined on the polien
diagrams (Figs. 3-7). F

L L] ] I | L T T T

T 1
10,000 9500 gono yr. B.P,

2. 11. Shore displacement curve east of Tallinn.
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occurred about 100009900 (9800) yr. BP (Bjorck
1993). Some brackish water diatoms identified in
eyttja just above the isolation contact are obviously
residual and further more, they have not been found
in the newly studied section (Kimmel et al. 1996).

The Raec basin isolated about 9800 BE The
isolation contact at 662 cm is identificd by changes
in lithology (siltlacustrine lime; Fig. 2; Kessel
1961, 1979). The isolation of the Vandjala basin
took place at about the same time as Rae, The
silt/gyttja transition marks the isolation contact with
a Pediastrion curve increase (Figs. 2, 3).

Isolation contact in the Saha core | (Figs. 2, 5)
at the depth of 205-207 em is registered in silt
containing macroremains. In the pollen diagram,
Pediastrum spores show a sharp increase, Betula
pollen decreases, and Pinus has a peak. In core 2,
the isolation contact at the depth of 165 cm is
registered in the sand/gyttja transition in which
Pediastrum rises, Betula pollen decreases, and the
NADP and carbonate [raction increases (Figs. 2. 4).
Saha isolated about 9700-9600 BP (Fig. 11).

L. Maardu isolated about 96K BP (Saarse et al.
1990; Fig. 11). Unfortunately, this event is not
reflected on the new pollen diagram from core 4
(Fig. 7), and could be hidden lower than the
analysed part of the section. The date 965570
(TIn-1313), the increase in organic [raction, the
decrease in terrigenous [raction, and the increase
in Minus on the account of Betula pollen in core 13
(Saarse ¢t al. 1990) could be interpreted as the
isalation contact (Fig. 11).

The isolation of L. Ulemiste occured aboul 960
BP at the transition between sand and peaty gyttja,
and is mainly indicated by the sharp changes in
lithology. The contact could have been eroded, as
the uppermost portion of sand consisis of frustules
of the brackish-water diatom specics Nitzschia
navienlaris and  Campylodiscus echeneis  (Kessel
ct al. 1986). Due to the erroneous interpretation
of the pollen record, sand accumulation in the Early
Boreal period was proposed and the mentioned
diatom taxa were regarded as redeposited from the
scdiments of the Yoldia Sca (Kessel et al. 1986).
Now it appears that basal sands accomulated dur-
ing the Pre-Boreal time, most probably during the
Yoldia phase of the Baltic.

During the Yoldia regression the sea level
dropped to an elevation of 28-29 m or lower
(Figs. 11-13). During this low stage, the . Ulemiste
basin was overgrown by marcophytes and mosses
and peaty gyttja started to accumulate at 9510%
+65 BP (TIn-1858, Table 1). Macroremains studies
(FFig. 10) suggest the peaty gyttja formed in o shal-
low pond with a water depth about 0.5 m. But the
high Awlacoseira ambigua content (up o 70%) in
the peaty gyttja, identified earlier ( Kessel et al
1986), contradicts our conception of a very low
water-level in L. Ulemiste during the [ormation of
peaty gyttja. The new sediment section contains
only about 10% of Aulacoseira islandica at a depth
of 720 em (Fig. 9). Most of these frustules are
broken. The diatom assemblage here is dominated
by epiphytes, with some quantity of benthic species
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Fig- 13. Palacogeography al the end of the Yoldin Sea regression about 9500 BE For a legend sce Fiz. 12

ol alkaliphilous character, and planktonic forms are
almost absent (Fig. 9), which supports the idea of
a very shallow waterbody overgrown by macrophytes.
I'he carly Holocene changes in sea level in the
arci of Tallinn are presented in Figure [1. On this
two different threshold elevations are indicated for
L. Ulemiste because it was considerably smaller
than modern lake before the Ancylus transgression
and its threshold, marked by esker ridge, now
buried by sands was located at 31.5 m as.l The
Ancylus beach ridge northwest of lake (Fig. 14),
dammed it up to the modern level with a thresh-
old of about 36 m. The sea-level curve itself is
reconstructed according to the Scandinavian method,
which relies on isolation of lake basins (Berglund
1906; Bjorck 1979). To determine the isobases
Kessel's equidistant shoreline diagram was used,
_ According o the radiocarbon dates from
Ulcmiste, the transition between Yoldia regression
andt the Ancylus transgression occurred around 9500
BI' (Fig. 11). It is supported by "C dates from
th- peal under the Ancylus transgressional depos-
I8 il Lemmeoja, southwestern Estonia (9440= 100,
Hel-2208A and 9430100, Hel-22088; Haila &
Raukas 1992) and by evidence obtained from south-
tistern Finland (Eronen 1976; Eronen & Haila
1962, Ristaniemi & Glickert 1987) and southern
5'~_h den (Berglund 1964; Bjorck & Digerfeldt 1986
Bjirck 1987, 1995; Svensson 1989). The calcarcous
&ytha at a depth of 570-580 em (L. Ulemiste, core
I by L. Saarse from 1973) and its radiocabon date
830090 (TA-691) are not connected with the
*"'Lpt_'r'hls. transgression, as it was interpreted earlier
(Kessel 1979; Haila & Raukas 1992, Fig. 118).

The amplitude of the Yoldia Sea shore displace-
ment regression in the study area was 11-12m
(Fig. 11). It reached the minimum level about
9500 BP (Fig. 13). As a result of the land up-
heaval, the sea level dropped from 40-39 1o
least 29-28 m, with the average regression rate
being about 1.4-1.5 emfyr. All the basins treated
here isolated during the Yoldia regression in the
following order: Tondi, Sojamie, Rae, Vandjala,
Saha, Maardu and Ulemiste ( Figs. 11, 13).

Ancylus stage

The Ancylus beach formations range up to 37.5 m
north at Maardu (Kroodi spit) and 37 m near Iri
(Iru spits; Fig. 14), which confirms the Ancylus Lake
maximum limit at an elevation ol 35-36 m
(Tammekann 1936). As the thresholds of Maardu
and Saha arc lower than the Ancylus transgressional
limit, the Ancylus Lake water should have ingressed
into these basins. According to the palacogeogra-
phical reconstruction, a shallow lagoon formed
h-.:;1in‘d the above-mentioned spits (Fig. 14). The
spit itsell soon closed the connection with the
Ancylus Lake, and a shallow water body. with
threshold of 35 m, was formed behind it (Fig. 14).
This means that for a short time Maardu and Saha
were also dammed up,

The traces of Ancylus transgression are variable
and differ with sediment cores. In 1. Maardu (Fig &)
it is recorded in the distom diagram. The peak of
planktonic diatom taxa at a depth of 930-900 cm
are indicative of the Ancylus transgression (Fig. 8).
In the Saha sequence, transgression is registred
by increased terrigencous [raction a1 a depth of
130-140 ¢m and by the accumulation of silty gyttja
21
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Fig, 14. Palacogeography east of Tallinn during the Ancylus Lake transgressional limit, about 0300 BE Legend see Fig. 12

(Fig, 4). The uppermost part of the peaty gyttja of
L. Ulemiste contains some diatom taxa eg. Eller
beckia arenaria, Epithemia hyndmanni reported as
being typical for the Ancylus Lake (Eronen & Iiﬂ_nla
1082; Risberg 1991; Fig. 9). The peak of lerrig-
enous fraction could be indicative of the ingresson
of water to L. Ulemiste during the heavy storms.
Long distance transport of diatoms by wind, drifted
wavesurl drops, andjor transport by waterfowls
provides an alternative mechanism for dispersal of
the Ancylus Lake diatom taxa to coastal L. Ulemiste
of that time. For this reason the conncction of
I UNemiste with the sea is questioned (Fig. 14).
The Ancylus transgression, reaching the level
36 m near L. Ulemiste and 35 m near L. Maardu,
started about 9500 BP and culminated about
9200-9300 B in the study arca. By the beginning
of the Boreal period the transgression was over
and the water level should have dropped to l.:h-::
level of 33 m or lower, because in the Saha mire
fen peat started to accumulate (Figs. 4 5, 11).

Palavopeography

Fig. 12 illustrates landscape development about
10,000 B East of Tallinn there was an archipelago
with several smaller and larger islands, the
northermost of them fringed by Klint escarpments.
Sojamie and Tondi were lagoons backed by beach
formations and straits opened towards the south-
cast. In principle, this reconstruction is similar to
the previous ones (Kessel et al. 1986). At the cnd
of the Yoldia regression about 9500 BP (Fig. 13).
the sea retreated below the edge of the klint es-
carpment and the arca south of it was dry land
with several residual lakes. Lakes Rae and Ulemiste

a2

split up into two basins (Saarse & Asbeiter 1979)
During the Ancylus transgression, about 9300-9200
BP (Fig. 14) the shore displacement t'n]lnwrfl the
klint cscarpment. Spits in Kallavere, Kroodi and
Iru and the beach ridge west of 1. Ulemiste wer
formed. The water level rose and a large area in
the upper course of the Pirita River mouth sub-
merged and turned into a shallow lagoon. We do
nol have evidence supporting the continuous con-
nection of L. Ulemiste with the Ancylus Lake, bul
the temporary connection (during heavy storms) is
quite obvious.

CONCLUSIONS

On the basis of the oblained evidences we can
draw the following conclusions on the Yoldia Sea
regression and Ancylus Lake transgression cast ol
Tallinn: _
I. Yoldia Sea deposits have been identified in
Sojamie, Tondi (Kessel 19615 Kessel & Punning
1969: Lepland et al. 1995), Maardu (Saarse et al.
1990) and Ulemiste basins. They arc represented
by sand, clayey or peaty gyttja. We have one ri-
diocarbon date from the Yoldia deposits in |
Maardu — 9655270 (TIn-1313; Saarsc et al, 1990)
and two dates from L. Ulemiste (9510£65,
Tin-1858: 9500+60, Tln-1857). The latter define the
transition between the Yoldia and the Ancylus
stages, as the uppermost peaty gyttja contains plank-
tonic diatoms,with a clear peak in Pediastrum, and
increased percentages of lerrigenous compounds.
The radiocarbon dates from Sojamiie, Vandjala and
Saha deposits arc about 1000 years younger than

Early Holocene Shore Displacement of the Haliic Sea East of “Tallinn (N Estonia)

expected, duc to the contamination of gyttja with
younger Tipha and Phragmites roots,

© 2 The new results from L. Ulemiste show that
the Yoldia Sea level was at its lowest (28-29 m)
about 9300 BP As the regression of the Yoldia
Sea amounts to al feast 11-12 m due to the land
ppheaval, the water level in the studied basins
dropped. Deposits on the Yoldia/Ancylus contact
huve been dated twice. Both dates are quite simi-
fur: 9500200 (TIn-1857, ") and 9490x110
(1ia-2390, AMS). The first marks the age ol peaty
gvitja in L. Ulemiste; the second shows the age of
g picce of wood between sand and  gytija in
| Maardu {core 3).

3. Ancylus Lake’s maximum shore displacement
cist of Tallinn was levelled at an elevation of aboul
35-30 m (Tammekann 1936; Kinnapuu 1959, Kessel
1961). Transgressional deposits were registered in
ihe Maardo section at a depth of 900-930 cm in
the silty calcarcous gyttja (Figs. 2, §) and in the
Saha mire at a depth of 130-140 cm (Fig. 4).
The Ancylus Lake transgression culminated about
UN0-9200 BR

4. The formation of peat in the Saha mire al
the beginning of the Boreal conlirms that the
Ancylus Lake started to regress and, by the time
the Saha basin isolated, its water level had de-
creased by 2-3 metres.
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Pelitic sediments in the South-Eastern Baltic Sea progressively  change
lo coarser sediments on its slopes and sand in the shallow sone. Lag
sediments are found on the surface of Pleistocene ilepasits (tills).
Mineral composition of pelitic fraction, dependence of changes in
amount of clay minerals on their source-rocks, reliel of bottom sur-
face and lithological composition of bottom sediments are stuclicd and
discussed. Also, there are concentrations of minor clements, such as
As, Hg, Cd, Pb, Zn, Ni, Cu, Co and Cr in sediments of Cidansk and
Gotland depressions given. Sediment accumulation i distribution,
depending on lithology of sediments and amount of organic matter,
are  deseribed,

Keywords: South-East Baltic Sea, bottom sediments, clay miinerals,
content of metals,

INTRODUCTION

The bottom of the Baltic Sea is treated as a final
sink, where sedimentary material produced by abra-
sion processes, as well as its OrgANOgENOus compo-
nent formed in the sea are accumulated. The bot-
lom sediments have been studied in an area of
about 110000 km' in the southeastern part of the
Bultic Proper. The major part of sediments enter-
ing the SE Baltic Sea is attributed to the Ne-
munas River catchment with its area making up
Y8102 km® (Geology of the Baltic Sea, 1976).
tilacial exaration and accumulation as the main
Pleistocene processes influenced the evolution of
the sea bottom relief. During Holocene sedimenta-
lion was most intensive in depressions, meanwhile
on slopes and tops of elevations the Pleistocene
and even pre-Quaternary deposits remained uncov-
ereil by Holocene sediments. The intensity of the
sedimentation varied greatly: during the Yoldia Sea
Stage sediments were accumulating by 120 mm per
00 years in average, during Lake Ancylus time
this rate was about 60 mm and only 12 mm during
the Littorina and Limnea Sea periods (Repedka et
Al 1991). Type of sediment distribution on the sea
floor surface points to a further evolution of bot-
'om relicf and widening of stabilization zones.
'he recent bottom relief of the Baltic Sea de-
Prcssion has been formed during the Pleistocene,
it has been modified locally by abrasion and

accumulation. The area studied includes the fol-
lowing orographic units: the Kurish-Sambian and
Klaipéda-Ventspils submarine platcaus, the Gotland
depression and the northern part of the Cidansk
depression with its flat levelled slope (Fig. 1)

METHODS AND MATERIAL

During Lithuanian-Swedish expeditions in 1993-1905,
bottom sediments were sampled at 212 sites by
grab (Van Veen), Niemisto and gravity corers
(Fig. 1). The grain size of bottom sediments was
determined by washing out particles of less than
0.01 mm The sand and coarse aleurite samples
(100-300 g) were dried and sorted by a sieving
shaker “Analizette 3”. The percentages of the frac-
tions from <0.01 mm to >10 mm were determined
in 25 fractions. The sediments with a higher amount
of particles with a diameter less than 0.01 mm
were analyzed by the pipette method (Petelin 1967).
The fractions <0.001 mm, 0.001-0.005, 0.005-0.0]
and 0.01-0.05 mm have been measured. Sieving
has been apllied for sediments containing more than
10% of particles with grain size exceeding 0.05 mm.

Samples from a thin layer (up to | cm thick) of
superficial bottom sediments (lithologically [rom
pelitic mud to fine aleurite) have been taken for
XRD-analysis of their pelitic fraction (less than
I pm). The following clay minerals have been found:
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Fig. 1. Sampling sites and orographic subdivision of the South-Eastern part of the Baltic Sea (after 7. Gelumbauskaie

and V. Litvin, 1990 ).

kaolinite, montmorillonite, chlorite and illite, with
kaolinite and montmorillonite content ranging from
from traces up to 20%. chlorite - from traces up
o 15% and illite — from 60 up 1o 90% (Repecka
& Simkevigius 1994).

Metals have been analyzed in 45 samples. Sedi-
ments were pul into plastic boxes, dried at a tem-
perature of 20-25°C and ground into powder. The
metals have been determined in the “Acme Ana-
lytical” laboratory (Vancouver, Canada). Snmql-.:s
for metal analyses have been dissolved in solution
of HOLO-HF acids by adding a mixture of
HCL-HNO, . “Total” concentrations of As, Cd, P'b,
7n, Ni. Cu, Co, and Cr have been determined by
[P method, and AAS analysis has been applicd
for He The error of analyses is estimated to be
about 10-15 per cenl

26

Total organic carbon (TOC) was deternined a[jl.-r
burning samples to CO, at 900°C and uppl}rulng
automatic coulonometric titration method (device
AH-7529, Russia) in the Institute of Ceography
(Vilnius, Lithuania).

DISCUSSION
Bottom Sediments

The classification used in many monographs, pa-
pers and maps for division of bottom sediments 15
based on grain size distribution and genesis -:_nl'
sediments (Sjoberg 1992, Emelyanov 1988, 1995;
Emelyanov et al. 1994). Some authors classily bot-
tom sediments according to their physical charac
teristics (Ignatius et al. 1981).

Composition of Bottom Surface Scdiments in the South East Baltic Sca

The information available has been generalized
and a lithological map of the south-eastern Baltic
sea bottom surface, reflecting the distribution of
sediments in the bottom surface layer (0-3 cm),
s been compiled (Fig. 2). Bottom sediments are
classificd according to PHezrukov's and PLisilsin's
classification (1960). The correlation of dilferent
sediment classifications is shown in Table 1.

Pre-Ouaternary rocks at the sea bottom surface
are found only in a shallow zone near Licpaja and
un the steep western slope of Gotland  platean.
I'here are outerops of pre-Quaternary rocks on the
castern slope of the Gotland depression (they are
not shown on the map).

Pleistocene glacial deposits (tills) are widespread
i the south-western part of Klaipéda—Ventspils
plateau, southwards from Gotland and in the west-
crn part of the Kurish-Sambian plateau. They
consist of morainic loams, brown-grey, sometimes

grey, hard, containing an admixture of gravel and
pebbles. Locally glacial deposits overlie clay of the
Baltic Iee Lake and Holocene sediments. Next o
Pleistocene morainic loams, there is clay of the
Baltic Iee Lake covered here and there by a thin
(2-5 tm) lamina of ineyuigranular sand containing
an admixture of gravel and pebbles found. This
thin bed of coarse sediments represents residual
deposits formed by abrasional processes. There are
sediments of mixed granulometry, including gravel,
pebbles, inequigranuelar sand and even aleuritic
particles. Poor degree of sorting is a characieristic
feature of these sediments. They are spread al
depths  greater than the sediments of  usual
granulometric composition oceur at. Sediments of
mixed composition - so-called mixtites, correspond-
ing to coarse sand, are observed down to 125 m.
Going deeper, the amount of aleuritic and pelitic
particles increases and the uniformity coefficient

57
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Fig. 2. The Baltic Sea bottom sediments

I¥pes of sediments: | - pre-Quaternary deposits, 2 = glacigenous deposits (tills), 3 - clay of the Baltie lee Lake, 4 -
pebble (100-10 mm), 5 — gravel (10-1.0 mm), & - coarse sand (1.0-05 mm), 7 - mediom sand (05-0.25 qun), & - fine
sind (0:25-0.1 mm}), 9 - different sand (1-0.1 mm}, 10 - coarse alewrite (01005 num), 11 - fine aleuritic mwd (0.05-

UOT mm), 12 - aleuritic-pelitic mud (50-70% <001 mm), 13 - pelitic mud {(=70% <001 mm), 14

- el sediments,
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Table |, Corrclation table of sediment classifications

Sadiment size Baznukow, Lisitzin Clﬂal‘l‘iﬂag&un Wantwaorth, 1922 |Swedish
mm | mm |k iogmm |00 Of SOl USA, - seq|From F Shepara, 19991 | Standiard, 1981
Boulders o | Coarse
= 255 = -8 Boulders Boulders =
L 1p0 (128 - -7 Cobble g Medium
L 50 -84 -0 Coarse i
| oe |-32 = -5 § pacii Coarse L. Coarse
s 4 ]
18 Fine g Pebble 3 iadh
-0  |—8 10-] — —— &
— 5 — 4 — .2 |2 Madium Fins
& Medium Gravel
-25 |2 2000 |- -1 |3 = ~ v
10 1 1000 |- 0 = e i '“c"wu Coarse
05 12 [so0 [ o+ [gb—m—— Coarse 0
& Medum |Z| Medum [B| Medium £ |Medium
L 025 14 250 [~ +2 |0 Fim 5 o == 8
| g4p 18 125 - 43 G - i Eir
116 |—825 | +4 -y doal
- 0,05 .
—1/32 =315  +5 Fine aleuritic £ c”"lu“m Coarse
miud . 5| Med
— —158 |~ +6 aurite = _
o0 108 Aluriic-peiti A <|  Fine = | Medium
| ooo7 [NBT8 = 47 m =
- 1/255 -39 |- +8 'cq’ ’m Fine
- 1/512 |-1.85 [~ +9 |& o
—0001 | 1024 |-008 +10 |&] Peitc Ciay g e
4/2048 |~ 0,48 | +11 i e Clay
=4 4056 —0.24 —+12 oo

grows worse. Sediments of mixed composition are
more widespread south-westwards  from  the
Klaipéda-Ventspils plateau, between Gotland and
Gidansk depressions. Here abrasion processes have
manifested themselves more intensively, and prod-
ucts of Pleistocene moraine desintegration form
scdiments of mixed composition — the mixtites.
Pebbles, gravel, glacial erratic boulders and
incquigranular sand deposits are abundant in the
zone of intensive abrasion. In the shallow zone,
there are only local occurrences of inequigranular
sand, gravel and pebbles. Farther apart from the
dynamic shore line, particles of sediments become
smaller. Nevertheless, fine sand of the same com-
position (Md - 0.166) is spread at the depths of
the sea of 4.0; 30.5; 62 and 84 m. These levels
with sediments of the same lithological composi-
lion could be related to fluctuations of the sea
level during different stages of the Baltic Sea evo-
lution. Coarse sediments are widespread in the
region of the Kurish-Sambian and Klaipeda-
Ventspils plateaus having no direct hydrodynamic
relationship with the dynamic shore line. These
sediments oceur locally in the shallow zone, too.
With depth increasing, fine sand is substituted
by coarse aleurite. Its distribution is analogous to
that of coarser sediments. Coarse aleurites are
widespread westwards from Klaipeda., Here already
at a depth of 10 m sand grades into coarse aleurite
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which is substituted by fine aleuritic mud at depths
of 60-70 m. On top of the Baltic lce Lake sedi-
menis  coarse  aleuritic  deposits  of  mixed
granulometric composition arc found ot a depth of
107 m.

Fine aleuritic mud is observed on depression
slopes and [eet of separate hills at the depths of
65-140 m. With water depth increasing. these sedi-
ments are substituted by aleuritic-pelitic mud. Poor
sorted sedimenis of mixed granulometry, found in
the zone of morainic loam, make an exception,

Aleuritic-pelitic mud is spread at the margins
of the Gotland and Gdansk depressions and at the
feet of large elevations between 80 m oand 160 m
of depth. Poor sorted aleuritic-pelitic mud is ob-
served near the margins of arcas with Pleistocenc
moraines and sediments of mixed composition.

Pelitic mud is widespread in the Gotland and
Gdansk depressions at depths more than 120 me [
is well sorted, thus showing a high degree of sedi-
ment differentiation. The pelitic mud is worse
sorted at the sites where sedimentation is slow, or
on the steep slopes of the bottom. Here (like in
other cases) sediments of mixed composition over-
lic Pleistocene till deposits. The sorting coefficient
is better, as size of sediment particles decreases. [
indicates that the process of sediment differentia-
tion reaches its highest degree in the depressions
of the Baltic Sea. In the shallow parts of the basin

Composition
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poorly sorted muds and sediments ol mixed com-
pusilim:i — the mixtites - adjoining relictic sedi-
mentation zones and outcrops of Pleistocene de-
posits, are observed,

Clay Minerals

Pelitic fraction of fine bottom sediments (pelitic,
aleuritic-pelitic, aleuritic mud) has been studied in
order 1o find out origin of sediments and depen-
dence of sedimentation on physical conditions of
the sea bottom. The distribution of clay mincrals
in the studied arca may be analysed according o
the following aspects:

{a) relief,

{b) water depth,

(¢) lithology of bottom sediments.

Most complete studies on the pelitic fraction
ol sediments have been done for samples of sedi-
ments from the Klaipéda-Ventspils plateau and
the Giotland depression (Figs. 1, 3-6). Other oro-
eraphic regions are characterized only by few
analyses.

18°

The clay minerals in the fraction less than | pm
(of sediments) are distributed in the studied area
as follows and described below ( Figs. 3-0)

Al the Kurish-Sambian plateau (its northern and
north-western parts) the amounts of kaolinite and
montmorillonite are rather constant (10-15%) and
there is everywhere less than 5% of chlorite with
the exception for the area located near the
Klaipéda inlet, where a sudden decrease of kaolin-
ite and montmorillonite amounts o less than 5%
and an increase of chlorite to 5-10% are observed.
Content of illite decreases westwards [rom 85-90¢
to 70=75%. It shows the differentiation of clay
minerals in the area.

At the Klaipéda-Ventspils plateau (its southern
part) kaolinite amounts to 10-15%. There arc small
areas where this amount increases or decreases by
3%. The highest amounts of montmorillonite (10~
15% and locally 15-20%) are abserved in the north-
castern parl of the studied area, Westwards and
northwards they decrease gradually. 1o 5-10¢ and
less than 5%, Everywhere the chlorite amounts are
less than 5%, only in the very northern and south-
ern parts of the platean areas with amounts of
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Fig. 4. Distribution of montmorillonite in clay fraction of bottom sediments.

5.10% and even up to 15% are found. The
amounts of illite increase westwards and northwards
from 60-65% to 75-80% (in some places up
to 85%).

The Gotland plateau is characterized only by
the analysis of sediments from 2 stations, where
kaolinite ranges in 5-10%, montmorillonite is lower
than 5%, chlorite — 10-15% and illite — 75-80%.

Only the very southern part of the Saaremaa
plateau is covered by analyses of the clay compo-
sition. Here 5-15% of kaolinite, 5-107 of moni-
morillonite, 3-10% of chlorite and 70-80% of illite
were found.

Most completely the distribution of clay miner-
als has been studied in the Gotland depression. In
sediments of its western and middle-eastern parts
kaolinite amounts o 5-107, clsewhere 1o - 1=
153%. The content of montmorillonite does not
exceed 5% in the whole arca of the depression,
except for its casternmost part, where the mont-
morillonite content is 5-10%. Chlorite amounts (o
5-10% in a major part of the studied arca, only in
the middle-castern and northernmost parts it makes
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up less than 5% and in small arcas on westem
slopes of the depression — more than 10%. Most
of the sediments of the Gotland depression con-
tain 75-80% of illite.

The northern part of the Gdansk depression
has been studied. In this arca two paris conkd be
identificd by the distribution of Kaolinite: a north-
castern with 10-15% of kaolinite and a south-wesl-
ern one with — 5-109, Montmorillonite behaves
like kaolinite, only its amounts are higher by 5%
The content of chlorite is lower than 5% every-
where. The amount of illite slightly increases [rom
65-70 1o 70-75% going from north 1o south, De-
cause pelitic fraction in the northern part is more
highly enriched by montmorillonite and kKaolinite.

In the uppermost sediment layer, some relation-
ship between the montmorillonite distribution and
the water depth is observed in the area .-;Imliull.
The highest amounts of montmorillonite (10-1577
in local small areas — 15-207%) are found down Lo
the depth of 8090 m and only in the decpef
southern part of the aguatory they gradually oo
crease. Amounts of 5107 are related 1o walcr
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Fig. 5. Distribution of chlorite in clay fraction of bottom sediments,

depth of 120-140 m in the eastern part of the
eatire region studied. Westwards from these depths
the coptent of montmorillonite decreases o less
than 5% or it is absolutely absent, independently
on the water depth,

There are two large arcas where the amount of
chlorite inereases up to 5-10% and locally even to
15%., These arcas are locatled mainly at depths of
maore than 60 m in the northern and western parls
ol the studied arca. Elsewhere chlorites less than
570 are observed, without any dependence on wa-
ler depth.

The distribution of kaolinite and illite does not
depend on the water depth.

The clay fraction of the pelitic mud in the
Gotland depression contains very small amounts of
montmorillonite (less than 539%). An increase of its
amounts (up to 10 and even 1539%) is related here
I an increase ol grain size (aleuritic-pelitic and
hine aleuritic mud) (Figs. 1, 2, 4). On the other
hand, pelitic mud in the Gdansk depression is
chinracterized by a high content of montmorillonite

(10-205%). The same amounts are Tound in litho-
logically different bottom sediments of the Kurish-
Sambian plateau. 1t shows, that the higher amount
of montmorillonite is carried oul [rom Klaipéda
channel to the Ballic Sea.

Almost the entire area studicd of the Klaipéda—
Ventspils platean and the southern part ol the
Saaremaa platean is characterized by an amount
of montmorillonite in the clay fraction ol 5 w0 0%,
It does notl depend on the lithological composition
of the bottom sediments, that is rather diverse in
these orographic regions.

Comparatively high amounts ol chlorite (5-10%7)
are observed mainly in the pelitic mud ol the
Giotland depression and Gotland platean (up 1o
15%), while pelitic sediments of the Gidansk de-
pression are characierized by small amounts of
chlorite (less than 39). The clay fraction of coarser
sediments contains small amounts of chlorite in the
entire studied area (Figs. 1. 2. 5). The amount of
kaolinite and illite is not related o lithological
compaosition of sediments.
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Content of Metals

Table 2 shows data on metals and total organic
carbon (TOC) in different types of surface bottom
sediments. The changing average concentrations of
elements depending on the lithological type of
sediments are shown in Figs. 7, 8 The wvalues
obtained are less than those given in the literature
(Blazhchishin, Emelyanov 1977; JokSas 1994). Ap-
parently they can be related to an incomplete dis-
solution of Al, ¥r, Mn oxides, some sulfides and
other minerals,

The distribution of metals and their accumula-
tion in bottom sediments depends mainly on the
following factors. Sedimentation in a basin is pre-
determined by distribution of terrigenous particles
on the bottom surface. With increasing water depth,
the hydrodynamic activity decreases and accumula-
tion of organic matter increases together with an
increase of the amount of pelitic particles (Fig 7).
It is accompanicd by an increase of the metals
confent in the bottom sediments (Blazhchishin,
Emelyanov 1977; Jokias 1994).
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According to our results, the metals can be sub.
divided into two groups. As and Hg form one
group, and the rest of the analyzed metals (Cd
Pb, Zn, Ni, Cu, Co) = the second. The concentra-
tion of As and Hg decreases in aleuritic-pelitic mud
compared to their portions in fine aleuritic mud
As decreases from 145 to 137 ppm and Hp -
from 184 1o 138 ppb. Such a decrease of Hg and
As concentrations is, apparcntly, related to a change
of physical and chemical (Eh) conditions. This
change of the Eh potential is connected with the
lithological boundary between fine aleuritic mud and
aleuritic-pelitic mud (Blazhehishin Emelvanov 1977),
As and Hg are mobile in an oxic environment and
under reductional conditions they precipitate
(Perelman 1989). The concentration of metals (Zn,
Cu, Cr, Pb) increases evenly with bottom sediments
getting finer and increasing amount of TOC, Ob-
viously, the amount of pelitic particles and organic
matler affects the distribution of those metals most
of all

The distribution of Hg, Zn, Pb and Ni in su-
perficial bottom sediments is shown in Figs. 9-12.

e

L':zqupu-.';tinn aof Bottom Surface Sediments in 1he 5 il East Ballic Sen

‘alc 2 Concentration of metals in dilferent sediment types

- Type of sediments
Element e 2 . s T :
Fine sand I Coarse nleurite l Fine aleuritic mud | Aleoritic pelitie mud Felinie mnd
T 49-110 40 95305 63-330 275295
38 (1) 40 (1) 184 (11} 138 [16) W5 ()
T n 10-59 26 80-192 104-350 P20
(13 26 (1) 126 (12) 173 (17} 200 ,;-||
Tom 49-32 14 27-66 16-78 $2-01)
14 (13) 14 (1) 47 (12 _ju___{_t_‘?_: ah (23
T cd 0,39-0,6 0.39 0.39-1.1 0.39-3.5 3-8
(] {13} 0.39 (1) 057 (1) MR (17 | .0y {__']_
T As <3 <5 7-23 6-25 13-18
<5 (13) <5 (1} 14.5 (12) 4 (17 Lo {2}
I 1.9-6 3 5-25 12-21 20-24
313 iql) 14 (12) 1o (1T ;: ()
B Cr 1.9=27 7 5299 AU
12 (13) 7Ll D 82 (1N
T Ca 1.9-14 4 154 25-30
5 (13) 4 (1) 33 (12) 42 (17)
TN LO-16 8 1958 33-50
[ 3] &A1) 40 {12y 45 (17
oo 0.06-1.7 0.2-2.20 L0140 1.2-38
0.49 (14) 1.2 {3) 2.6 (14} 3.0 {14)
Wote: He and As in ppb; TOC o %; other elements in ppm
content Lhmits (minianm value — g vilie
mean comtont (mumber of samples obtamesd)
M Hg
ERm ppb
23
feialid
Gu
pRm
| Co
[ = pam =hh
| FT -
- Fua ] £n
P
| a4 | 1@ Cd
TOC PR
e * LE k] n‘;ls”.l LH
| .
b " ! 1WEH | R (I
24 cr
b pREm (78] I 1
0w, 1o 120 12 | L2
b 0 1om i N1
1Z |8 B 60 . n.ﬂpF’pUm
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e 7. Drstribunon of Ni, Ca, Co, Cr in differenn types

bottom sedimems, Types of sedinents: F5 — fine sand,

UA - conrse nleurite, FAM — line aleuritic mud, APM -
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Fig, 8 Distribution of Tlg, Zn, As, Ci, Phoin differen
types of bottom sediments.
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Maximum concentrations of metals are related 1o
the depressions. As the maps (Figs. 9-12) show,
the distribution of metals and their anomalies dif-
fer for the Gotland and Gdansk depressions.
Boundaries between different concentrations of
clements have been drawn  according to  the
lithological composition and the average amount
al the dilferent sediment ypes.

Anomalies of Zn and Ni (Cu, Cd, Ph, Cr) are
observed in the same places in the Gotland de-
pression, Maximum amounts of these clements are
[ound around the Gotland Deep and near the easl-
ern margin of the Gotland depression. |nereased
Ph amounts are found in the ecastern part of the
Giotland depression, and maximum Hg amounts -
in the Gotland deep and its northern part. An
anomaly of Hg, I'b, (As, Cu, Cr, Cd) was
determined in the Gdansk depression, Distribution
of metals is similar to TOC in the bottom sedi-
menis ol the Gdansk depression (Fip. 13).

ost likely, two main lactors have cansed such
different multiclemental anomalies: namely, diverse
metal supply and special geochemical conditions,
The Gdansk depression has accumalated metals
supplied by Vistula and Nemunas rivers, whereas
the Ciotland depression is not supplied by rivers.
There are three geochemical zones in the Gotland
depression and two ones in the Cdansk depression

a0

established (Blazhchishin, Emelyanov, 1977). They
seem lo inMience the different distribulion and
accumulation of metals in boltom sedimenlts.

CONCLUSIONS

The sedimentation of pelitic sediments in the south-
castern part of the Baltic Sea depression progres-
sively changes 1o that of coarse sediments on
its slopes. Sand is deposited in the shallow zon
(up 1o 10-30 m of water depth), Lag sediments
are [ound at the sites where cay ol the Baltic lec
Lake, Pleistocene glacigenous deposits (1ills), eon
taining boulders, pebbles, gravel, sand and mixed
sediments crop oul al the sea bollom,

A decrease in amount of montmorillonite and an
increase in chlorite going olfshore seem o be re
lated to their Paleozoie source rocks. An increase in
monimorillonites in the southern parl ol the studied
arca may be related o Mesozoic rocks outeropping
on the sea bottom here and containing high amounts
of this clay mineral. Also, changes in composition ol
clay fraction depend on Pleistocene tills as souree-
rocks of clay minerals found on the sea bottom. The
distribwtion of clay minerals depends on sea bottom
relicl, water depth, lithology of bottom sediments
and hydrodynamic conditions,

Composition of Hottom Surface Scdiments in the South East Baltic Sea

The concentration of As and Hg depends on the
lithological type of sediments and on changes in Eh
potentials. Coneentration of other clements increases
with the increase of finer sediment particles.

An anomalous distribution of Hg, Pb, Ni (As,
(i, Cr, ©d) has been observed in the Gdansk
depression. These clements are more intensively
ditferentiated in the Gotland depression. It is due
not only to different geochemical conditions of the
environment but also to the influcnce of river-
brought alluvial material that has enriched bottom
scdiments in the Gdansk depression by these ele-
menis, oo,
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Povilas Suveizdis, Vita
Rastenien¢ and Viadimir Zui

Suveizdis, I, Rastenieng, V. & Zui, V.
1997: Geothermal field of the Vyd-
mantai-1 borehole within the Baltic
heat flow anomaly, Baltica, Vel 10,
pp. 38-46.Vilnius ISSN 0067-3064
Povilas Suveizdis, Vita Rasteniene, In-
stitute of Geology, 13 Sevéenkos, Vil-
nius, Lithuania 2600; Viadimir Zui,
Institute of Geological Sciences, Acad-
emy of Sciences of Belarus, 7 Zho-
dinskayva, Minsk, Belarus 220141; re-
ceived 16th July; 1996, accepted 16th
December 1996,

Consideration of geothermal data on the onshore boreholes and tem-
perature readings confirm that the geothermal anomaly existing within
western  Lithuania and Kaliningrad aren & stretching imlo the adjacen
territories of the Baltie Sea. Detailed research of geothermal | peisin-
eters for the reference borchole of Vydmantai-l drilled nearby (e
scashore in the western part of Lithuania is conducted. Temperature
measurcments are made in the depth interval from O o 2240 m
(+16,59-2423,4 m NN}, and thermophysical properties for 100 hardrock
samples and 12 bedrock samples are determined. This enables (o
caleulate heat flow density for several depth intervals. The interval
heat flow values range from 52 1o 55 mWim? The results show e
vertical variation of heat Tlow density within sedimary sequence and
the erystalline basement,

Keywords: geothermal anomaly, East Baltic arca, relerence borchol

INTRODUCTION

Temperature measurements within the area have
been fulfilled during deep drillings in the Baltic
Syneclise. The first published results show that the
Baltic artesian basin belongs to areas of high geo-
thermal activity (Erofeev 1986). Temperature val-
ues al the basement surface in some cases exceed
80°C. The peothermal field, as well as heat fow
data beneath the Baltic Sea floor were not studied
before. Heat flow measurements were absent [or
the adjacent Baltic Sea arca. Only a single bore-
hole Viki 532 located in the Saarcmaa Island,
Fstonia, was studied in geothermal respect. Heal
Now density is 42 mW/m? there (Urban, Tsybulya
1988). Heat Mow in the sea was not studied until
now as the traditional marine geothermal probes
did not permit to receive reliable geothermal gra-
dient values for shallow seas. Temperature varia-
tions at the sea surface reach the marine floor
without sufficient attenuation, especially during
storms. The temperature fluctuations propagate into
bottom deposits and perturb the geothermal gradi-
ent in the uppermost part of the sediments. Under
such conditions it is necessary to deploy the
Oceanographic Bottom Stations (OBS) to register
the temperature history at the sea [loor or to use
available boreholes drilled in the sea bottom or
along the scashore,
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The borehole Vydmantai-1 can be considered,
in this respect, as giving an opportunily to inves-
tigate geathermal field parameters in the onshore
part of the anomaly and in its offshore continua-
tion in the adjacent arca of the Baltic Sea oo The
Vydmantai-1 hole is a single borehole in Lithuanis,
drilled into the Precambrian crystalline bascment
for 442 metres. More than 100 hardrock samples
were studied for thermophysical properties, and the
thermogram of the hole is available as well. At the
same lime there are some offshore holes drilled
within the adjoining part of the Baltic Sea, [or
which 4 single temperature readings are availabl
Joint analysis both for onshore and offshore bore-
holes have permitted to draw the course ol heal
flow isolines for the geothermal anomaly (Fig 1)

GEOLOGY

The first deep geothermal borehole Vydmantai-1 is
located at the settlement Vydmantai of near [0
Palanga town. The coordinates ol the Vydmantai-
| borehole are 33°53'42"N:21°08'09"E. the eleva-
tion is 16.59 m. The hole passed through the en-
tire sedimentary cover and entered the Precam-
brian crystalline basement at the depth of 21222
{2104.3 m NN). Borehole's bottom is at the depth
of 2564 (25456 m NN). The main purpose of

CGeothermal Field of the Vydmantai-1 Borehole .,

(for the basement), grain size and mineralogi-

Sl NN B =0 P et B w

cal analysis of sedimentary rocks, as well as
the [iltration coefTicient determination for De-
vonian strata, analysis of cracks, chemistry of
groundwater, confent ol microclements  in
groundwater and thermophysical properties of
crystalline rocks,

During the hole drilling the stem tests has
been used to receive data on productivity of
Lower Devonian and Cambrian rocks. Aller
the hole was cased, the Cambrian hydro-
geothermal complex was tested lo estimate
its planned productivity of 100 m'/hour.

The borehole revealed rocks of the Pre-
cambrian crystalline bascment in the depth
interval of 2112.2-2564 (2104.3-2545.6 m NN)
(Table 1). Three different complexes are dis-
tinguished within this parts of the basement
s¢ by K. KepeZinskas (1993), composed [rom
below of:

Fig. 1. Heat flow anomaly in west Lithuania and the Baltic Sea,
| = marine boreholes: C8, €9, 1, D6; 2 - heat flow density

isoline, mWihm?*; 3 - platformic teetonie fault.

drilling was to carry out detailed geothermal inves-
tigations both within the platform cover and in the
upper part of the crystalline basement,

A wide range of observations was undertaken in
the borehole both under field conditions during its
drilling, as well as after its completion, and during
liboratory measurements. The following logs took
place in the hole: standard logging, caliper, gamma-
ray, neutron, spontancous potential, apparent resis-
tivity, sereened contact log, acoustic, resistivity,
deepmeter and temperature. All hydrothermal com-
plexes, as well as petro-geothermal intervals were
drilled with coring. Rock samples were studied by
different methods: chemical analysis of rock compo-
sition, rare elements concentration within the crys-

(a) Crystalline schists and gneisses of the
ooud texture formed under conditions of pro-
gressive metamorphism and belonging o low
and moderate temperature facics.

(b) Charnockite-hyperstene rocks of an in-
trusive type with imprints of high-tempera-
re regional metamorphism under conditions of
moderate pressure.

{c) Tulls and il breecia are not deformed and
not subjected to the regional metamorphism (Fig. 2).

These complexes were formed in different geo-
Engiu time. The crystalline schists and gneisses form-
ing the volcanogenic-sedimentary complex belong
stratigraphically 1o the Vydmantai Complex of the
Lower Proterozoic. Charnockites belong 1o the
Siupariai Complex of the Lower Proterozoic, and
tuffs and il breccia correspond 1o the Volynian
Giroup of the Vendian,

Rocks of the Vydmantai Complex are observed
within the interval of 2483.8-2526.6 and 2331.3-2564
(2465.5-2508.3 and 2513.0-2545.6 m NN). They

tulline basement, microprobe analysis of minerals represent  dark-grey  and  black quartz-hiotite
Tible 1. Gealogical section of the Vydmantai-1 borehole

Stratigraphy Depth®, ml Lithology Temperature, °C
Uuaternary 504 Morainic clay, sand 14
Iriassic 1804  Clay, marl 7.2
Penmian 2104 Dolomite L7 ;
Upper Devonian 593.4 Clay, dolomite, marl, sand, silt ‘4I?
Middle Devonian 8224 Sand, siltstone, dolomite, marl limesione ;-J.d.
Lower Devonian  1121.0 Differently grained sandstone, silistone, elay, dolomitized silistone o
- amd elay 387
-.H-.'.'I.;Il'lii.ifll 1825.3 Claystone, marl, limestone O7.8
{|.--.Inv|f:|:l-n 1954.2 Organogencus limestone, marl ?-‘1[;
(I imbrian 21043 Dilferently grained sandstone and siltstone, claystone ?;-?
Proterozoie 2545.6  "Tuff, charnockite, schist, gneiss, granite-gnciss !{in

(at 24234 m)

"Depth references below sea level

A0
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potassic-spar and qu:nrlx—mﬂsmwiI.L:-hinlilc-fcltlxpar
ooid crystalline schists. The bedding of rocks of
low-temperature metamorphism 15 bel:w:r the rocks
of high-temperature metamorphism. It witnesses the
existence of an overthrust here. o

The Siupariai Complex rocks are observed within
the interval of 2122.8-2154.1; 2155.3-2483.8 and
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2526.6-2531.3 (2104.5-2135.8; 2137.0-2405.5 ami
2508.3-2513.0 m NM). Chamockites, both light- and
dark-coloured, of intrusive type prevail in the scc
tion. They differ in their mincral composition, st
ture and texture. Series of fine- and coarse-grained
massive and shaly, leucocratic and melanocratic,
similar grained and porphyroblast differences ol
charnockites are found. Despite of these [eatures
charnockites have a permanent paragenesis of miner-
als: Hy + Cr + Bi + Sp + Mt + Ilm + I'l + Kleldsp +
+ O+ Ap + Zr, with percentages ranging rathe
widely. Vein injections of granitoid composition ar.
rather widely developed within both described com
plexes, .

Tuffs in the borchole of Vydmantai-1 and tull
breccia without signs of regional metamorphism
are found in the borchole of Vydmantai within
the interval of 2122.2-2122.8 and 2154.1-2155.5
(2104.3-2104.5 and 2135.8-2137.0 m NN} They
belong to the Vendian age. The existence of
Vendian rocks among more old charnockites can
be explained by a thrust tectonics. The petrogeo-
thermal massil is formed by rocks of the erystalline
basement.

Terrigenous rocks of the Cambrian form th
interval of 1972-2122.2 (1954.2-2004.3 m NN). The
Lower Cambrian is represented by interlayering of
mudstones and sillstones of the typical texture
Jkritksten®. The lower part of the Cambrian s
represented by gentle sloped basal sandstone com-
posed of different grains, guartziferous (97.8-98.27% ),
micaccous (0.2-0.4%), plavconitic (0.4-0.0%). The
Middle Cambrian is mainly composed of sandy
rocks (909:). The sandstones are light and light-
grey, differemly grained (fine-grained, guartzifer-
ous (99.3%), irregularly silly, micaceous {ll.l-n.,l*",]
with irregularly  distributed glaukonite grains
(0.4-0.6%). Sandstones contain n:g#.'mml.n::n'--
quarziferous cement, irrcgularly distributed, which
causes their transition into guartzites, All sedimenis
here are subjected 1o cracking. The cracks are
differently oriented from horizontal 1o vertical ones
Cambrian sequence form a hydrothermal cmnpl_u“-.

Hydrogenlogical propertics within the {'slmhrl.'.m
hydrogeothermal complex are determined by dil-

Fig. 2. Simplified geological column of the crystalling bas:-
ment of the borehole Vydmantai-1. 1 — Volynian Group
(Vv,) il and breccia; 2-5 metavoleanic Vydmantai l'qlu--
plex (PRyvd): 2 - augen biotite and nuscovite _.chL!hI. 3 -
melanoemtic sehistous biotite rocks with amphibolite apd
pyroxenc, 4 — thrusted crystalline schist and gociss, 3=
granite-gneiss; 6=7 - Siupariai Complex (PRap: o
charnockite, 7 - pyroxenite, 8—12 — intrusive rm:k:_H — basic
lava filling up fracture, @ — vein of [elsie intrusive, 11
fine- aned conrse-grained granite, 11 - vein ol gabbro-sy-
enite, 12 — melanocratic biotite-clinopyrosene dike and
veinlet; 13 — zone of granitization and K-feldspar, 14
stratigraphical unconformity; 15 — tectonic unconfornuly
{thrust); 16 — milonitic xone.

Geothermal Ficld of the Vydmantai-1 Borehole .

ferently and coarse grained siltstones of Deimena
Group of the Middle Cambrian and sandy coarse
grained siltstones of the Lower Cambrian. Sand-
stones are quartziferous (99.8%) with irregular
distribution of mica (0.1-0.2%) and glauconite
(0.6%). Sandstones have an irregular cementation,
firmly cemented differences prevail. As il was
mentioned above all rocks have cracks. Laboratory
measurements show a low porosity and permeabil-
ity (1.2-13.1% and 0.1-329.8 millidarcy, respec-
tively). According to the interpretation of logging
diagrams it is found 42 metres of an effective
thickness with the porosity ranging [rom 4.6 o
12.8%. The cased interval of 1972-2030 (1954.2-
20134 m NN) was tested within the Cambrian
complex, where the effective thickness reaches
324 m and the caleulated coefficient of permeabil-
ity ranges from 1319 to 140.6 millidarcy. A geo-
thermal water flow was obtained, The bulk coeffi-
cient of productivity is 32.4 m'/day. The tempera-
lure at the roof of the Cambrian hydrothermal
complex at the depth of 1972 (19542 m NN) is
726 °C, and it reached 75.7 °C at its base at the
depth of 2123 (2104.3 m NN). The aquifer water
has the mineralization up to 1639 glem* and the
density is 1.22 pfem?.

Ordovician overlies the Cambrian ones with
stratigraphic unconformity within the interval of
1843-1972 (1825.3-1954.2 m NN). The geologic
section is composed of clayey-carbonaceous rocks,
represented by claystones, clayey limestones, clayey
dolomites, gquartziferous-glanconite sandstones.

Silurian [1139-1843 (1121.9-18253 m NN)| is
represented by monotonous mudstone-claystone lay-
cring with a thickness of 704 m. The Ordovician and
Silurian form together the extended regional water-
tight layer for the Cambrian hydrothermal complex

Devonian overlies conformly the Silurian in the
interval of 227-1139 (210.4-1121.9 m NN) it is
represented by terrigenous and carbonate-terrig-
cnous section with a thickness of 912 m. Deposits
of all three series are observed in the section.

Lower Devonian, 300 m thick is represented by
the Dittonian and Breconian Stages, between which
there is a regional and structural unconformity sepa-
rating the Caledonian structural complex from the
Hergynian one. Rocks of the Gargzdai Group corre-
spond to the Dittonian Stage. Lithologically the sec-
lion is represented by interlayering of dark-coloured,
mainly red-coloured clayed siltstones, mudstones,
micaceous clays and more seldom of dolomites. The
thickness of individual packets reaches of 8-11 m.
sandstones and coarse grained silistones are bedded
among them with the thickness of packets of 2-4 m.
They comprise 15-20% of the total thickness. Sand-
slones guartziferous, differently grained, irregularly
cemented are distributed non-uniformly mainly within
the lower part of the section.

HE L

The Kemeri Group corresponds 1o the
Breconian Stage. The section is represented litho-
logically by interlayering of sandy and clayed strata,
The former strata prevail and reach up 10 70%.
Their thickness ranges from 2 10 5 and sometimes
from 10 to 18 m. Sandstones (sands) or silislones
(silts) are grey and light grey, differently grained,
potassium-spar (3.2-16.4%), quanizifcrous (69-95%),
irregularly micaceous (0.4-9.4%), sometimes with
an admixture of glauconite. Sandstones are mainly
cemented with clayed or dolomitic cement. Strats
separating them represent the interlayering of clays
with clayed finc-grained silistones,

The sediments of the lower part are saturated
with water, and together with the Parnu Regional
Stage of the Middle Devonian form the Lower-
Middle-Devonian they hydrothermal complex.

Hydrogeological properties of this hydrogea-
thermal complex are much better than those in the
Cambrian one. Dilferently grained with prevailing
coarse grained sandstones are the main porous
rocks there. A high permeability (207.3-6294.9 milli-
darcy) and porosity (20.1-31.2%) is determined by
laboratory tests. The interpretation of geophysical
logs also confirms their high hydrogeological prop-
erties. As a resull, the effective thickness was re-
vealed o be 1155 m An intensive flow of an
aquifer water is observed during the tests. The
estimated permeability ranges (rom 24 10 232 milli-
darcy. The water mineralization is 27.6 —45.7 g/l
with the density of 102 glem?,

The temperature values at the complex roof at
the depth of 839 (8224 m NN) and at the com-
plex base at the depth of 1139 (1121.9 m NN) are
314 and 38.7 “C, respectively,

Piirnu Regional Stage with a thickness of 30 m
is bedded in the lower part of the Middle Devo-
nian. Their lithology is rather changeable and con-
sists of dolomitic claystones, sometimes clays with
interlayers of sandstones and silistones, cemented
by clayed cement. Breccia of claystones, dolomites
and sandstones occur at the base of Pirnu Stage,

The terrigenous-carbonate Narva Regional Stage
with a thickness of %6 m overlays it. These depos-
its are waier-light, they form an aquitard for the
underlied hydrothermal complex.

The Middle Devonian is ended by of the
Upninkai Formation, represented by interlayering
of sands, silts and clays. The sands and silts are
differently grained, potassium-spar (9.4-20.4%),
quartziferous (60-90%), non-uniformly micaceous
(0.6-3.8%) with an admixture of glauconite (0.2-29).
Sometimes the sands and silts are cemented with
clayed, clayed-dolomitic or dolomitic cement and
form sandstones and siltstones. Clays are irregu-
larly silty, micaceous and dolomitic.

The Sventoji Formation begins the Upper De-
vonian. [t is represented by regularly interlayering

+l
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sandstones or sands, silistones or silts, and clays
with scldom interlayers of sandy dolomites, claystones
and dolomites. Differently grained, nonuniformly }iill}.r
and clayed, potassium-spar (6.2-33%), quartzifer-
ous (65-93%), irregularly micaceous (0.2-0.6%)
sands prevail in the section. Sandstones are cemented
with clayed or dolomitic cement. Irregularly sta‘ndy
siltstones and silts are of an analogous composition.
Clays are ununiformly micaceous, dolomitic, some-
times substituted by clayed dolomitic urayslum:.. The
Upninkai and Sventoji Formations form the Middle-
Upper Devonian hydrathermal cnm{ﬂ}:x_

Within the Middle-Upper Devonian hydrother-
mal complex the hydrogeologic prupcrr!iu.-c are
formed by differently grained with prevailing [1r_1l:-
grained sands (sandstones) and coarse sandy silts
(silistones). A high porosity ranged from 32.97 to
36.33%, and low filtration rate of 0.065 m/day was
observed during the laboratory tests. The coeffi-
cient of permeability ranged from 4 to 70 millidarcy.
An interpretation of geophysical log diagrams con-
firmed the results of laboratory investigations. The
derived bulk effective thickness reache 49.8 m with
the porosity of 15-21.3% o

The main part of the Upper Devonian is com-
posed of carbonate-terrigenous deposits, it is repre-
sented lithologically by a complex interlayering of
claystones and dolomites with irregularly gypscous,
cavernous and cracked dolomites, massil dolomites,
interlayering of silistones, clays, dolomites. This part
of the Upper Devonian deposits represents an
aquitard for the underlaid Middle-Upper Devonian
hydrothermal complex.

The Permian occupies the interval from 197
(180.4) to 227 (2104 m NN) Lithologically it is
represented by cracked and cavernous irregularly
clayed dolomites with interlayers of clays.

The Triassic is observed in the interval from 67
(50.4) to 197 (180.4 m NN). It is are lithologically
composed of red-coloured  clays  and clayed
claystones. .

The Cuaternary occupies the interval of 0-67
(+16.59-50.4 m NN). It is represented by till de-
posits with pebble and gravel

TEMPERATURE DIAGRAM
AND GEOTHERMAL GRADIENT

The following data on the borchole Vydmantai-|
are received in during the geothermal investiga-
tions: temperature versus depth diagram, data on
the coefficients of heat conductivity, thermal
diffusivity and volumetric heat capacity. Heat flow
density values are calculated for a number of depth
intervals.

Temperature diagram is registered in a process
of drilling and testing. 1t is well known that in a
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process of drilling the natural temperature distri-
bution along the borchole axis is distorted due to
convection caused by circulating drilling mud. Usu-
ally the upper part of the section is warmed up
and the lower one is cooled, The time since the
drilling was finished and temperature measurements
were undertaken, was not enough fo reach the
complete temperature equilibrium for the borehol
Vydmantai-1 (Fig. 3). The so-called ..n-:utrnl_ Iﬂ}':('r".
or the depth where annual temperature oscillation:
arc attenuated to such a degree that they are nol
visible in the diagram, or the depth where a nega
tive geothermal gradient (for the case of summe:
measuremenis) changes for a positive one, 1s at o
depth around 30 m with a corresponding tempera-
ture of 13.8 “C. For other boreholes CGargidai-&
and Silale-1, situated in western Lithuania, this
temperature is approach 8.2 and 8.3 "C, respec
tively (this corresponds approximately to the an
nual mean ground surface temperature within this
area) observed at depths around 20 and 30 metres
respectively. 1t means that the _neutral layer” is
still warmed up for around 5.5 °C for the momen!
of measurcments. During the drilling mud circula-
tion was longer for the upper part of the hole and
shorter for the lower part, the latter one has no
visible evidences of such distortions and is closer
to the equilibrinm state. ‘

The temperature diagram has five main parts,
where geothermal gradient sufficiently differs: in-
tervals 0-227 (+16.59-210.4)(Permian, Triassic and
Quaternary deposits), 227-1139 (210.4-1121.9) [].Jn: -
vonian sediments), 1139-1972 (1121.9-1954.2)(5:-
urian and Ordovician deposits), 1972-21222
(1954.2-2104.3) (Cambrian rocks) and 2122.2-2504
(2104.3-2545.6) m (crystalline basement). The peo-
thermal gradient within the upper one is 21.6 mK/im,
but as it was mentioned it represents only an ap-
proximate value because of terrestrial temperatuic
field distortion in the rocks around the hole dur-

Depth, m
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Fig. 3. Temperature versus depth diagram for boreholes
Vydmantai-1, Gargadai-8 and Silale-1.

Geothermal Field of the Vydmantai-1 Borehole ...

ing the proeess of drilling. The actual value is
around 27-29 mK/m but less than in the borehole
Gargtdai-8, where the gradient for the same inter-
val reaches 30.2 mK/m. For the next interval of
Devonian scetion it corresponds o 23.6 mK/m and
is still subjected 1o distortions especially within its
upper part. It should be alo more close to the
value 28.2 mK/m, typical for analogous interval for
the reference hole Gargidai-8. Where the Ordovi-
cian and Silurian [1139-1972 (1121.9-1954.2 m NN)|
underlies the Devonian, the geothermal gradient
is again higher and reaches 40.7 mK/m, The next
two - complexes the Cambrian and the Precam-
brian - are composed of rocks with higher heat
conductivity, and they arc characterized by rather
low gradient dropping to 21.3 mK/m within the
Cambrian interval and to 25 mK/m within the crys-
talline basement. A distinct thermal boundary ex-
ists between Caledonian and Hercynian tectonic
complexes. This feature is typical of other bore-
holes of the Baltic Syneclise, where temperature
diagrams were obtained under equilibrium condi-
tions (Zui et al 1985).

Among three temperature-depth curves shown
in Fig. 3. the highest temperature values for com-
parable depths are observed within the borehole
Silalé-1, the closest one to the center of the heat
flow anomaly existing in west Lithuania and the
Kaliningrad Enclave, Russia, Al the same time its
lowest values are found in the barehole Vydmantai-
| drilled at the north-western flank of the anomaly.
lemperature  decreases both  ecastward of the
Vydmantai-1  borchole towards the Mazurian-
Belarussian Anleclise and the Laivia Saddle, and
northwards to the Kurzeme Massil,

For all three boreholes the upper part of the
seological section is represented by loose sediments,
with high permeability promoting rather intensive
sroundwater flow. Especially high filtration rates
cxist within a zone of active water exchange in the
uppermost layer of 200-250 m where the concave
form of the termogram could be explained by the
influence of atmospheric precipitation (Van Dalfsen
1081) prevailing especially during a cold season of
the year (March, April, October, November). Only
when permeable sands are substituted by clays,
mudstones, dolomites, like in borehole Gargidai-8,
the termogram becomes less concave within corre-
sponding depth intervals. For all studied holes the
peothermal gradient within the zone ol active wa-
ler exchange is poorly controled by the lithology of
permeable sediments due to groundwater move-
ment.

Even within the crystalline basement where the
croundwater movement is absent, or a stagnant
regime exists, if the rocks are cracked, and the
ddvective heal exchange is very atlepuated, the
lemperature curve is not a direet line. Its shape is

controled by rock thermophysical properties difler-
ing within individual layers in the upper part of
the basement.

THERMOPHYSICAL PROPERTIES OF ROUCKS

112 rock samples were taken from the drill core 1o
determine their thermophysical properties in the
laboratory (Fig. 4). Among them 100 samples (their
position in the Fig. 4 is shown by closed circles)
belong to the crystalline basement and the 12
samples (closed squares) are taken [rom the sedi-
mentary cover. The general picture of their distri-
bution versus the depth and the heat conductivity
cocflicient show that there is a gap (9350-1950
metres), where samples have not been available.
Therefore, only the uppermost and the lower pan
of the geological column could be characterized by

Depth, m
2007
u m L]
00— ! —
| .
m N
Ta |

. [
10400 ‘ I
i E_ | . Vydmantai - |

5 | |

" | [ ]I. IT 2
(1) 1] A— = i ! | =
1600— 1
.'lﬂl]ﬂ-—

F I
2000/ N

B I P
HM-— 11.__-_ ,_:1_.0_ 1 !

- e 22 4 e

= a® =

L ., u‘_ *»

& B i N

J.IIIITIIIIIIIJ_'jII]IIiII
I 15 3 1.5 3 35

Heat Conductivity, W/(im-K)

Fig. 4. Distribution of rock samples and their heal con-
ductwvity coclficicnts for the borehole Vydmamai-1. 1 -
heat conductivity of the sedimentary cover; 2 - heat con-
duetivity of the erystal line basement,
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‘Tuble 2. Results of measurements of heat conductivily coefficients for samples of sedimentary rocks

Ma, Depth®, m Age Rock type Heat conductivity, Wi{m - K}
] 458 D Silustone sandy 2.39 + (.05
2 4625 D Siltstone sandy 32802
3 4675 I Siltstone sandy 2.78+02
-4 6315 D Siltstone sandy 1.32 = 0.03
5 726.3 D Siltstone clayed 238 = 0.07
[ B6l.2 I Siltstone 1.606 = (.23
7 910 D Siltstome clayed sandy 1.06 = 0.03
8 1956 0 Siltstone sandy 2.30 = (.04
9 1965 .8 8 Sandstone silty glaneonitie 2222025

10 20813 = Sundstone silty clayed 346 =007

11 2086.1 = Sandstone silty clayed 3 =001
12 2106.1 € Siltstone sandy clayed 289 = 0.12

" Depth below ground level

thermophysical properties. Sedimentary rocks were
studied in the Institute of Geological Sciences,
Minsk, and the erystalline samples were investigated
in the Physical Institute of Latvian Universily
(Bormanis 1993). Samples of sedimentary rocks are
used only to measure the heat conductivity coeffi-
cient. The coeflicients of heat conductivity, ther-
mal diffusivity and wolumetric heal capacity were
determined for the rest samples. All samples losi
their natural water content. No artificial water
saturation was applied for permeable samples be-
fore tests. All measurements were done under the
room temperature and atmospheric pressurc.

A transient probe method is applied to mea-
sure thermophysical properties of crystalline rocks,
it is based on the observation of parameters of a
heat wave propagation after the heat pulse was
produced in the sample. The heat conductivity,
thermal diffusivity and volumetric heal capacity
coefficients are determined simultaneously. Two
of them are measured and the third one is calcu-
lated. The heat conductivity of sedimentary rock
samples (Fig. 4) exibit a wide range of its varia-
tion (1.06-3.46 W/(m- K)), that is sensitive 1o the
amount of main rock-forming minerals (Horai and
Simmons 1969), such as quartz particles having high
heat conductivity. Their values are given in Table 2.
Small amount of studied sedimentary samples and
only two main types of studied rocks (siltstones
and sandstones) do not permit o apply statistical
analysis.

A detailed diagram of the heat conductivity
distribution for 100 samples within the crystalline
basement is shown in Fig. 5. A scatter of dots show-
ing the individual values reflects separate layers of
the basement, which in turn, differ lithologically.
The trend at this background shows a general ten-
dency for heat conductivity coelficient to increase
with the depth within the interval of 21258-2563 m.
This trend follows the relationship h.e. = 0.000291d +
+ 15068 Wim - K), showed by a solid line in Fig. 5.
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Fig. 5. Heat conductivity within erystalline basement o
the borehole Vydmantai- 1.

The histogram in Fig. 6 reflects the wide range ol
heat conductivity variation (1.4-3.1 W/m - K)) and
reveals the range 2.0-2.4 W/(m - K) which includes
533% ol measurcd samples. The highest number o
samples (167) satisflies 1o the value in a narrow
range 2.1-2.2 W/(m- K).

The thermal diffusion coefficient (Fig 7) i
analysed for 99 samples, as the lowest valo
0.01 - 10° ms for the sample from the depth ol
2234 m is not reliable one. The most of individoal
values are rather uniformly scattered in the rang
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of (I-1.4) - 10r* m%s with the average value equal
o L169- 10" m*s. A variation of the volumelrie
heat capacity coefficient for 100 samples of crystal-
line rocks arc shown in Fig. 8. The character of
the scatter of individual values is similar 10 the
pattern shown in Fig. 5 for the heat conductivity
cocfficient with the average value of 1.897. 100 J/
M. Major part of the values is within the range
of 1.,5-25 - 10¢ JimK

Heat Conductivity, W/(m+K)
crystalline basement for the borchole Vydmantai-1.
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HEAT FLOW DENSITY

In general, it was possible to caleulate interval
vialues of heat flow density only in the upper 900 m
and the interval below 1950 m, where heat con-
ductivity measurements arc available. But tak-
ing into account that, firstly, only 7 rock samples
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Table 3. Heat Mow density for the borehole Vydmantai-1

Depth Temp. Heat Heat

interval®, | Age | gradient, | conduetivity, | flow density,
m mKim | Wim-K) mWm?

2142-2200 PR 258 203 52
2270-2360 PR 24.1 217 52
22502440 PR 234 232 54
2400-2440 PR 24.1 228 a5
Average weighed heat Hlow density
accepted Tor the borehole 55

" Depth below ground level

were measured within the upper interval with suf-
ficient scaiter of the heat conductivity values and,
secondly, the noticeable distorition of geothermal
gradient was observed here both due to the fact
thai the temperature diagram was registered when
the temperature equilibrium was not reached and
the other near-the-surface factors (groundwater cir-
culation, paleoclimatic variations of the ground
surface temperature, ete) are pronounced, it was
decided to determine heat flow density only for
the lower interval o minimize possible errors.
Results of heat Mow density caleulations are shown
in Table 3.

All four intervals are located within the crystal-
line busement section. Heat flow variation exists in
the basement but the difference between the lowest
and highest interval values is only 3 mW/m’, that
approximately corresponds to the error bar estimated
1o be =£5% or around =25 mW/m’. Vertical heat
flow changeability is the feature of the Baltic
Syncelise, it was observed in other borcholes also
(Zui et al. 1985). Similar situation is observed within
adjacent areas of the Mazurian Buried Salient,
Poland. Geothermal investigations in the boreholes
of Krzemianka and Udrynia (Majorowicz 1960) re-
vealed a concave temperature diagram in the crystal-
line basement up to the depth of 2000 metres. The
main reasons for the vertical heat Now density varia-
tions could be the influence of groundwater circula-
tion in permeable sediments including the area
around the Vydmantai-1 borehole and the subsoil
propagation of long-period temperature cycles pro-
duced by ground surface temperature variations dur-
ing Pleistocene. These eflects are to be estimated in
the course of future investigations.

CONCLUSIONS

A few temperature readings received during the
stem tesis for offshore boreholes D1, D6, C§ and
9 give us the ground to confirm that the positive
geothermal anomaly, existing in west Lithuania and
the Kaliningrad Enclave, is stretching into adjacent
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arcas of the Baltic Sea. Its western margin is still
unknown. Only several boreholes are drilled along
the Polish seashore and studied in geothermal re-
spect, they exhibit increased heat flow. This fact
permils us to suppose that the marine arca was
also subjected to tectonic-thermal aclivation in the
past. But the highest heat flow values above $0-90
mW/m? are obscrved as it was mentioned above
for west Lithuania, the Kaliningrad Enclave and
adjacent parts of the Baltic Sea,

Investigations conducted for a number of bore-
holes in the central part of the Baltic Syneclise
show the vertical variations of interval heat [Mow
values, Typically the observed heal flow is higher
for decper horizons ol the sedimentary cover
Detailed geothermal data from the relerence bore-
hole Vydmantai-1 showed that the vertical heat fow
variations were still detected in the uppermost parl
of the crystalline basement. Probably it is caused
by groundwater circulation in cracked basemend
rocks, and the stagnant regime expected in the
overlying sediments was not reached yet at the
sediments-basement interface both in the onshore
and offshore parts of the anomaly.
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Late Quaternary Rodents from the Southwestern

Baltic Sea
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Four taxa of rodents have been recovered from submarine depos-
its from the soutliwestern Baltic Sea. A [ind of Andeale foresrs

represents the fist record of Younger Dryas age (rom this re-
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gion. & Late Boreal record of Clethronons glarolus Trom south
of Bornbolm indicates that this species was formerly a member of
the Bornholm fauna. Finds of Apodemus flavicollis and Microtus sp.
probably date from the Middle Holocene. The Late- and Postgla-
cial history of these rodents in nenbwestern Europe is reviewed.
Keywords: Baltic Sea, macrofossils, rodents, Ouaterniry, biogeog-
raphy, taphonomy, local extinction

INTRODUCTION

After the last deglaciation, the Baltic Sca has ex-
pericnced a complex evolution involving large and
rapid shore level changes (Bjorck 1995). In the
south the net eustatic sea level rise has surpassed
the isostatic rebound. Major areas now part of the
Baltic Sea were dry land, mires or isolated lakes
during parts of the Late Glacial and Early Ho-
locene, and drowned tree stumps, notably of pine,
are well known from some areas (Kolp 1967).

There are some reports of bones from large
mammals recovered by sand-pump dredgers (Aaris-
Sprensen [988), but o our knowledge there have
been no previous reporis of rodent remains from
the Baltic Sea. However, from Uresund remains of
a vole (Microms sp.) has been recorded from
submarine deposits (Jessen 1923),

1989). Such deposits are rare in northern Furope
and fossil remains must be sought in other con-
texts, such as tufa and lacustrine deposits. In gen-
eral, little is known about Late Quaternary rodents
in this part of Europe and the chronology of the
finds is also poorly documented (Sutcliffe &
Kowalski 1976; Heinrich 1990). It is now possible
to directly radiocarbon date small mammal remains
from the Late Quaternary by the AMS technique,
as applicd by Bennike et al (1994) 10 Danish lem-
ming remains.

During macrofossil analyses of submarine de-
posits from the sonthwestern part of the Baltic Sea
(Fig. 1), remains of vertebrates were found 1o he
lairly common. By far the majority are bones and
scales of fishes, but a fragment of a tasometatarsus

The Late Glacial and Early Holocene im-
migration of rodents o eastern Denmark,
Sweden and Norway following deglaciation was
dependent on land bridges. Such land bridges
were extensive during periods when the Bal-
tic Basin drained trough narrow outlets via
central Sweden, Yresund or Storebzlt, prior
to the Atlantic transgression that transformed
the eastern parts of Denmark into an archi-
pelago (Bjdrek 1995).

Most of the Quaternary rodent [aunas - 50 km
from western and central Europe have been g GERMANY ]
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loess deposits (Toepfer 1963; Sutcliffe &
Kowalski 1976; Sutcliffe 1985: MNadachowski

Fig. [. Map of the southwestern part of the Ballic Sca showing
the location of the rodent inds.

47



Erk ¢re Heibere and Ole Bennibe

of an unidentificd small passerine bird was also found
(K. Rosenlund, pers. comm., 1994), in addition o
four rodent remains, on which we report here.

MATERIAL AND METHODS

The samples were taken from up to 6 m long
vibracores that were collected by the Geological
Survey of Denmark and Greenland in connection
with raw material mapping, Sample size was about
250 ml, and a total of about 4000 samples have
been analyzed. Sediment samples were wel sieved
using (0.4 and 0.2 mm sieves. The rodent remains
were identified by comparison with extensive refer-
ence material Details of the stratigraphy will be
presented elsewhere. The nomenclature follows
Suteliffe & Kowalski (1976). The material is stored
at the Geological Museum, Copenhagen (MGUH
VI no 3333-3350).

ANMOTATED LIST OF TAXA

Family Cricetidac Rochebrune, 1883
Genus Anicola Lacépede, 1799

Arvicola terrestris (Linnacus, 1758) Water Vole, One
well preserved fragment of the distal end of a right
mandible of an adult water vole was recovered
(Fig. 2). The fragment is dark brown,

found in Allerpd and Boreal-Subboreal deposits on
Men, where local extinelion scems 1o have occirmod
in the Late Subboreal (Heiberg [1993), and ip
Allerpd deposits from northern Jutland  (Aaris.
Serensen 1995). It is interesting to note that A, e
resiris no longer occeurs on Mpn, Lolland, Falsiep
or Bornholm (Fig. 3). The local extinction of A, /o
restris on Man, Lolland, Falster and possibly also
Bornholm must be ascribed to the rise of the rel.
tive sea level that turned the areas into islands,
and the effects of the isolation that followed (Bepon
et al. 1990). The water vole has been recorded from
Late Glacial deposits in Britain, Germany and
Poland (Toepler 1963; Sutcliffe & Kowalski 1970;
Stuart 19582; Nadachowski 1989; Heinrich 1990). In
Sweden and Norway the fossil record of the waler
vole goes back to the Atlantic chronozone (Fig ),
and in Estonia and Latvia it goes back 1o the Sulb-
boreal (Lepiksaar 1986). The species has [requently
been reported from Middle Holocene Danish sites
(Winge 1904; Degerbal 1926, 1928; Aaris-Sprensen
1980; Andersen & Johansen 19806; Bratlond [993;
Heiberg in Noe-Nygaard 1995; Heiberg 1995; Aaris-
Serensen & Andreasen 1995) and from a lew Lale
Boreal sites (Degerbpl 1943, Richter 1952).

A, terresiris is oat the present distributed over
much of Europe and Asia. The species is amphibi-
ous and wsually lives in dense vegetation near walcr
(Macdonald & Barrett 1993).

the surface is hard and shiny, it is
not worn apart from insignificant
rounding of the [ractures. The frag-
mentation was probably caused by a
predator with weak gastric juice, such
as an owl (Mayhew 1977; Dodson &
Wexlar 1979; Kowalski 1990).

The bone fragment was recovered
from core 564024, 230-240 cm below
sea [oor (bsl). The coring site is
located south of Falster, at 54%24.28'N,
12°00.50°E (Fig. 1). The bone was
found together with a Late Gilacial
flora with abundant Bemda nana re-
mains and Empetrum  nigrum en-
docarps. Betula nana leaves [rom
260-270 em b.s.f. have yielded an
AMS radiocarbon date of 10350320
N years BP (AAR-1918), which indi-
cates that the bonc is of late Younger
Diryas age. The bone fragment itsell
is too small to be dated by the AMS

technique. The sandy sediments were
probably deposited near the shore of
the Baltic lee Lake.

There are no previous Younger
Dryas records of A. rerrestris [rom
Denmark, but the species has been
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Fig. 2 SEM photogrphs of the s A Lateral view ol o [ragiment o
a right mandible of Andeole rerestrie. B Lateral view of @ fragment ol o
molar of Clethronomys glarcalus. O, Oblique occlusal view of a fragmeil
of a left lower second molar of Micrame sp. D Occlusal view of o lell
lower first molar of Apoderus flavicallis. Seale bars: 1 mm.
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Fig. 3. Compilation of the Late Glacial and Holocene fossil record in northwesthern Burope of water vole, root vole,
figld vole, bank vole and yellow-necked mouse. The data are compiled from Winge (1904), Holst (1906), Lemehe (1926),
Degerbal (1926, 1928, 1943), Tocpler (1963}, Suteliffe & Kowalski (1976), Petersen (1978), Richter (19823, Andersen
% Juhansen (1986), Lepiksaar (1986), Madachowski (1989), Heinrich (1990), Hefberg in Richter (19913, Bratlund (1993),
Heiberg in Moe-Nygaard (1995), Heiberg (1995), Aaris-Serensen & Andrcasen (1995), Aaris-Sorensen (1905) and this
paper. Chronozone boundaries follow Mangerud et al. (1974), although the Older Dryas is now believed to be some-

what older (Bjorek 1984,

Uienus Clethrionomys Tilesius, 1850

Ulethrionomys glareolies (Schreber, 1780) Bank Vole.
A single well preserved enamel loop of a molar,
most likely the left M, of an adult individual, was
lound (Fig. 2). The enamel is shining, bluish-black
with some lighter bluish areas, especially along the
rounded fractures. The specimen is of an ontoge-
netie age where the formation of enamel has
siopped and the formation of the root is well
ddvanced (Corbet 1964). Nearly all of the dentine,

as well as the tartar between the enamel loops, is
missing.

The fragmentation of the tooth can be ascribed
to a predator (Mellett 1974; Mayhew 1977: Dodson
& Wexlar 1979; Kowalski 1990) that may also be
responsible for the missing dentine and cementum,
as well as the rounding of the fractures, although
the latter could perhaps also be ascribed to other
taphonomic processes, such as diagenesis following
deposition of the tooth.
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The tooth fragment was recovered from core
326187, 365-380 em bs.f The coring site is lo-
cated on Adler Ground southwest of Barnholm, at
54°948.24'N, 14731.77E (Fig. 1). An AMS "C dal-
ing of terrestrial plant remains from the sample
yiclded an age of 8050x100 U years BP (Ua-
4839}, corresponding to the Boreal chronozone. The
sediments with the molar fragment are sandy and
were probably deposited in an environment close
1o the shore of the Ancylus Lake.

The bank vole does not live on the island of
Hornholm at present, nor is there any fossil record
of this specics from the island. However, the fossil
find from Adler Ground indicates that . glareolus
was a member of the Early Holocene mammalian
fauna of Bornholm. The time of local extinction of
the bank vole on Bornholm is unknown (Fig 3).
The Farly and Middle Holocene fauna of Bornholm
also included a number of larger mammals that
subsequently became extinet on the island (Aaris-
Serenscn 1988),

The known fossil range of bank vole in Den-
mark and Sweden goes back only to the Early
Holocene (Lepiksaar 1986; Heiberg 1995), although
Lepiksaar (1986) and Aaris-Serensen (1988) sug-
pested a Late Glacial arrival, Bank vole remains
are frequent in Middle Holocene Danish faunas
(Winge 1904; Aaris-Sprensen 1980; Heiberg in
Richter 1991; Bratlund 1993; Heiberg in Noe-
Nygaard 1995; Heiberg 1995, Aaris-Sercnsen &
Andreasen 1993), and on the island of Men where
its record extends back 1o the Boreal, it is the
most [requently found fossil rodent (Heiberg 1993).
On the other hand, there have been no fossils of
this species found on Lolland and Falster (Fig. 3).
To our knowledge, there are no Late Glacial or
Holocene finds from the northern parts of Ger-
many or Poland, whereas there are records further
south (Nadachowski 1989; Heinrich 1990). In Brit-
ain, the species probably disappearcd during the
Middle Weichsclian, and it scems lo reappear in
the Boreal (Sutcliffe & Kowalski 1976).

. glareolus is presently widely distributed in
Furope. although it is absent from the southern-
most and northernmost parts. 1t is also widespread
in the northern and central parts of Asia. The
species  lives  primarily in  forest and  scrub
(Macdonald & Barrett 1993).

Gienus Microtus Schrank, 1798

Microtus sp. Unidentified Vole. One well preserved
fragment of a left molar (M,) was recovered
(Fig. 2). The breadth of the tooth is 1.20 mm. The
enamel is black and shining and the dentine is
dark brown, The cementum is missing, but there is
no trace of abrasion. Depressions in the dentine
of the occlusal surface and the missing cementum
conld indicate limited etching by the pastric juice
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of a predator (Mellett 1974; Mayhew 1979 Kuo-
walski 1990).

The tooth [ragment was recovered in core
564037, 410420 em bs.l The coring site is south
of Lolland, at 54°32.67N, 11°39.55°E. The sediments
were deposited in a marine environment. and the
sediments containing the tooth fragment are provi-
sionally dated to the Middle Tolocene.

The tooth fragment most likely comes from
cither Micromus agrestis (Linnacus, 1761) (ficld vole).
a species that is common in Denmark today, or
from M. oeconomus (Pallas, 1776) (root vole), a
species that no longer lives in Denmark, but prob-
ably became locally extinet during the Subatlantic
chronozone (Fig. 3). In Denmark, the ficld vole is
known [rom the Late Glacinl and the DBoreal
chronozone (Heiberg 1995) and from the Middle
and Late Holocene (Aaris-Sprensen 1980; Heiberg
in Richter 1991; Bratlund 1993; Heiberg in Noe-
Nygaard 1995; Heiberg 1995, Aaris-Serensen &
Andreasen 1993). A previous report ol Leld vole
from Allerd deposits in northern Jutland by Jessen
& Nordmann (1915) has not been confirmed by
recent studies (Aaris-Sprensen 1995), The roul vale
has been recovered from Late Glacial and Middle
Holocene deposits on Mpn (Heiberg 1995), and
from Allerpd deposits in northern Jutland (Aaris-
Serensen 1995). 1t is also known [rom the Late
Glacial of southernmost Sweden  (Holst  1900:
Lepiksaar 1986). In Britain the root vole was lor-
merly widely distributed, but it disappeared during
the Early Holocene (Sulelilfe & Kowalski 1976).

Family Muridac Gray, 1821

Cienus Apodenus Kaup, 1829

Apodemus flavicollis (Linnaeus, 1758) Yellow-Necked
Mouse. One left molar (M) measuring 185 * 110
mm (length * breadth) with two roots preserved
was found (Fig. 2). The enamel is black and shin-
ing and the dentine is dark brown. The tooth is
unworn and well preserved.

The twoth was recoverced [rom core 5640206,
40-35 cm bes.l, southeast of Falster, at 347I8.62°N,
12°03.83°E (Fig. 1). The sandy scdiments were
deposited in a shallow-water marine environment.
Marine molluse shells from 110120 em bs L yielded
a reservoir corrected radiocarbon date of 494090
years BP (AAR-2288). Thus the tooth is believed
to be of Subboreal or Subatlantic age.

The European fossil record ol the yellow-necked
mouse is sparse, primarily due 1o difficulties in
distinguishing remains of this species from the
closely related wood mouse (A Svivaricus) (Suicliffc
& Kowalski 1976; Nadachowski 1989), but also due
to the late acceptance of A. flavicollis as an inde
pendent species. The yellow-necked  mouse was
regarded a large form of the wood mouse into the
beginning of this century (Degerbpl 1935). In Den
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mark, the record of the species extends back to
the Boreal chronozone (Heiberg 1995), and it is
frequently found in Middle Holocene deposits,
notably on Men, but there are fossil finds from all
parts of Denmark, including Bornholm (Fig. 3)
(Aaris-Sprensen  1988; Heiberg in Richter 1991
Bratlund 1993; Heiberg in Noe-Nygaard 1995,
Heiberg 1995). In Sweden the record goes back 1o
the Atlantic (Lepiksaar 1986), and in Britain there
are a few finds, probably of Holocene age (Sutclilfe
& Kowalski 1976). In Poland, A. favicollis is
thought to have arrived in the Holocene (Nada-
chowski 1989). We do not know of any Holocene
finds of yellow-necked mouse {rom the northern
parts of Germany and Poland.

The yellow-necked mouse is corrently widespread
in castern and central Europe. 11 occurs as far
west as southern Britain and north o southern
Norway, Sweden and Finland (Corbet 1978). The
species lives primarily in or near forest and scrub
(Macdonald & Barrett 1993).

CONCLUSION

O results show that it is possible o find and
identify remains of rodents in submarine Late- and
Postglacial deposits in the southwestern part of the
Baliic Sea. However, it is necessary 1o sieve large
amounts of sediment 1o obtain rodent remains, and
an extensive reference collection is indispensable
for the identification wark.

Despite the limited number of [finds, they are
of importance for unravelling the history and ar-
rval time of terrestrial microvertebrates 1o the
region, particularly since the presently available
information is scanty. In addition, they are useful
in palacocnvironmental reconstructions. The effect
of isolation of islands that caused local extinction
of small mammals is a topic for future analyses.
Also, the finds can add 1o the understanding of
the taphonomic  processes that alfect
microvericbrates,
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Eolian formations cover a considerable part of Lithuanian area -
L.7%. Al of them have been developed in Pleistocene and Ho-
locene. The comtinental colian formations are represented by dune
ridges developed in the sites of periglacial basins and fluvioglacial
terraces. Later om, when the climale became milder and plant
cover developed, the colian processes in the continenmal part of
Lithuania almost stopped,

The Holocene colian formations in Lithuania are spread on the
Baltic Sea coast, Even today the conditions for colian processes
are favourable. By their morpbhometrical parameters of the sur-
face the coastal colian forms differ considerably from the conti-
nental dunes. Lithologically both segments of relicl are uniform,
whereas grain size distribution of continental dune sand & more
diverse.

Keywords: Continental and coastal dunes, eolinn forms, eolian
form ages.

INTRODUCTION

Eolian formations in Lithuania cover
about 1.7% of its territory (Fig. 1).
Their development ook place in the
late phases of Pomeranian stage. Dur-
ing South Lithuanian phase, numerous
shallow limnological basins situated in
the south east part dried up. They were
replaced by Dzikija colian relief. When
the glacier paused in Central Lithuania
several  larger  limnoglacial  basins
sireiched at ils external edges: ie. at
Kazly Riada, Kaifiadorys and Viegvilé.
When the glacier moved northwards
these basins dried up in a short time
and colian massive formations, some-

what smaller than the Dzikija one,

developed.

The next phase of colian relief for-
mation was related to the Baltic Sca
development stages. In the Litorina
stage fine sands predominated in the
Nemunas delta. Some time later they
were  redeposited. The  Baltic Sea

Fig. 1. Glacial edge formations and largest eolian massives in Lithuania,
Glacial edge fommations: | — Brandenburg Stage, 2 — Frankfurt Stage,
3 = Pomeranian Stage East Lithuanian Phase, 4 - Pomcranian Stape
South Lithuanian Phase, 5 -~ Pomcranian Stage Middle Lithuanian
Phase, 6 — Pomeranian Stage North Lithuanian Phase. Largest eolian
massives: | - Didikija, 11 - Vilnia, 111 - Vidukle, IV - Kazly Ridn, V -
Kaiiadorys, V1 — Zalioji Giria.
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Fig. 2. Morphometrical types of Holoeene colian fonna-
tinns on Baltic Sea coast [A Cesnulevidius, 1995]: 1 — small,
low, 2 — small, high, 3 — small, high, 5 — mecdium size, high,
f — medium size, high, 10 < waves, 11={lat plain.

oscillations  in  Holocene  predetermined  thi
sand deposited on terraces was later redeposite
by colian processes. Folian processes in th
Lithuanian coastal zone take an active course (o
day as well,

The coastal colian Lithuanian reliel i comprise|
of two segments (Fig. 2). The colian formulation
situated northwards from Klaipeda occupy o nas
row strip of coast forming a beach and foredune
ridge. Southwards from Klaipeda a sand  spo
has developed with by far more diverse colinn
reliel.

METHODS

The article analyses morphometrical, lithalogical an
mineralogical peculiaritics of the Lithuanian coast)]
colian relicl and compares it with the contineninl
colian relicl, The studies on colian reliel Torns
were based on the morphometrical reliel Torm clas-
sification compiled at the Institute of Geography
(Cesnulevicius 1995) (Table 1). The reliel forne
are classificd according to three major parameter:
height, length and inclination of slope.

For lithalogical analysis 5 intervals of grain si;
{ractions were used: below (L1, 1-0.25, 0.25-075,
(0.5-1.0 and above 1.0 mm. Predominating fractions
were determined for eolian (ormations of differen
age. Besides, for separale eolian complexes cum-
lntive curves of grain sice composition of deposiis
were drawn,

The mineral structore of deposits was determined
by caleulating the content of different mlnumlu‘ pur
volime unit and their pereentage distribution given

Table 1. Morphometrical classilication of reliel forms (Cesnulevidius 1993).

Formms and their size Height (depth) of [orms Lo (shallow) Medium High (decp)
S-10 m 10-20 m over 20 m
Smiall Slope length (m) up to 50 5:]:|£J[:I over lEHr
{hilloscks, l:i"!.‘:\‘h fills, S s dhaa bt e 1 PUTRRR———— __I ?“"""""""."".w'jl_ :
hillspurs, basins, pits,  Slope inclination (%) over 7 over (VL
circusses, lobes, - = = =
channels, gullies, Arcas (ha) | 3 I
ravines, valleys) :
Medinm size Slope length (m) 30100 lE}K{—El}u v.wm; 3000
1 L e e . B W R ——————r e N A . -
(ridges, hills, BllSPUTS,  ~rwmreemscomscmmsmsesarenaressen s oo 4 # oo :? 5
kuitles, channels, Slope melination (7) 3-7 o
ravines, valleys) = - S—— =
Areas (ha) 3 13 30 I
Laree Slope length (m) 100200 lﬂ-[]—lfll.l' uﬂ.n'l::rI -Il]ll
{ridpes, hills, hillspurs, AR [P ] , --.-.-.---............l :
kettles, valleys) Slope inclination (%) I_-vﬁ |3 -.
Areas (ha) 15 a0 (1]

Wives

10* Heigln (depth) of fonns — uan 5 m, slope length — up to 50 m, slope inclination — up b

Plains [1* Surface inclinatiom below 1%

= - NWumber of morphometrical types of reliel.

Muorphometrical, Lithologieal and Minemlogieal Trits of Bolion Fomamions

MORPHOMETRY OF EOLIAN RELIEF

Three phases may be distinguished in the course
of development of eolian relicl. The first one -
the pause of the glacier in the Middle Lithuanian
phase of Pomeranian stage. The second one - the
pause ol the glacier in the North Lithuanian phase
of the same stage. The third one — Holocene stage.
The colian reliel developed in the place of shallow
periglacial basins. The blowing winds, thickness of
sand layer and its bedding conditions predetermined
the diversity of colian [orms.

The colian reliel developed during the Middle
Lithuanian phase includes two large scgments: middle
one s in a course of the Vilnia River and middle
and Jower courses of the Merkys River. Eolian forms

| 6 1 2 |
8% 8% 4o

5 4 3 |
23% 3% 1585
|
8 9 1

5 4 3 2
9% 16%

Fig. 3. Morphometrieal structure of different age colian
formations: A — Middle Lithuanian Phase, | — small, low,
2 small, high, 3 — small low and high, 4 - wediom size,
low, § — medium size, low and high, 6 - waves: B — North
Lithuanian Phase, | - small, low, 2 — small, high, 3 — small,
low and high, 4 - small, high and high, 5 - medium size,
low, 6 - medium size, low and high, 7 - lage, low, 8 - waves;
U= Holowene, 1 — small, low, 2 — small, bigh, 3 - small, low
iniel height, 4 = medinm swe, low, 5 — medium size, b, 6 -
nedinm size, high, 7 = lirge, high, & — waves, 9 - llat plains.

are represented by small low and medivm high dunes,
parabolic duncs, barchans and dra. All forms ane
with steep slopes in many phascs, the inclination
reaches (OF and more. About 207 of colian reliel of
this phase is represented by medium-size forns. Slope
inclination reaches 56 and length is S0-100 and
more meters. Eight percent of reliel are represented
by undulating plain. It is a slightly folded surfaoe
with 2-3 m high clevations and long slopes (50 m),
their indination values exceed 3°

In the North Lithuanian phase several complexes
ol colian relicl developed: Zalioji Giria, Kazly
Riida, Viedvile. Small eolian dunes prevail there
including the whole spectrum: from small high 10
small low. Medinm size and unduliting forms oe-
cupy larger arcas.

The shapes of Holocene ecolian formations are
more diverse. [n the continental part predominate
small Tow and small high forms of relicl with a lat
plain prevailing (in the beach), In the colian reliel
of the Kurfiy Merija spit a few strips can Lo dis-
tinguished. A narrow sloping plain (beach) stictehes
along the shore. It is followed by a HN-2N m
wide strip with small, low and medium size, high
dunes. Further to the east a llat colian pain is
situated, These plains are about 0.5 km wide. Still
further there is a belt (100-200 m wide) ol small
low dunes. In the east a belt of medium-size and
large duncs can be found. They are 3040 m high.
Between Pervalka and Juodkranté and southwards
from Nida these dunes are abruptly sloping into
the RKurdiy Marios lagoon. The slope inclination
reach of there 30° Close 1o the Kuordiy Marios
lagoon a flat and wavy plains spread on the capes.

The morphometrical structure of various-aged
eolian formations is given in Fig 3, whereas the
contours of colian form of reliel are shown in Fig. 4.

LITHOLOGICAL STRUCTURE

All eolian forms are composed of fine and me-
dium-size sand. s granulometric struclure was
predetermined by several [actors:

I. Grain size of subsiratum developed by other
peomorhological processes,

L The distance which had 1o be covered by
blown sand,

3. Duration of the process.

4. Wind regime.

5. Morphological structure (exposition and in-
clination of slopes).

Various-aged colian formations differ in grain
size. Fine sands prevail in colian complexes devel-
oped  during  the Middle  Lithuanian  phase.
(Kristapavicius 1961a, 1961b). The colian segment
of Merkys lower course is typical of fine sands
(01425 mm) making 50-60%% of the total sand

-
i
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Fig. 4. Average morphometrieal parameters of eolian reliel: 1 — small, low, 2 — small, high, 3 — small, high, 4 — me-
dium size, low, 5 — medium size, high, 6 - medium size, high, 7 — large, low, 8 - large, high, 9 — waves, 100 — flat plains

Table 2. Grain size in the colian sands of Middle (M.LPh.) and North (N.L.Ph.) glacier phases and Holocene {Cudelis.

Stauskaité 1959; Klimavidiene 1964, 1968, 1974).

Girain size, mm

HoRRLEIGh less 0.01 00100 | 01025 | 02505 | 0510 more 1.0
M.L.Ph. 0.32 774 60.79 20,30 170 0.06
N.L.Ph. 1.77 19.32 53.26 22.61 2.83 0.21
Holocene - 2.70 45.20 47.80 3.40 (B0

Tilbsle 3. Grain size of sea and beach parts of constal zone (Gudelis, Michaliukaiie 195%; Postelnikov [982).

Cirain size, mm

i less 0.0 O01-=0.1 .1-0.25 (.25-0.5 0.5-1.0 more 10}
Seaside slope 36 321 - 303 - -
Bar 5.3 392 - 555 < =
Coastal #one = 394 - (ll.6 - -
Beach 0.5 05 T6.5 5.0 4.0 4.0

mass, The [raction of 0.1-0.25 mm in the middle
course eolian segments makes up even 45% of sand
mass. ldentical data are given by R Vaitoniene who
thoroughly investigated the south-east Lithuanian
relicl (Vaitoniené 1976 a, 1976 b; Gudelis, Vaito-
niene 1974 a, 1974 b).

The eolian formation developed in the MNorth
Lithuanian phase has also fine (0.1-0.25 mm)
sands prevailing. [However, a considerable part
(10-307%) belongs to medium-size sand, as well
(Table 2).

The eolian reliel of Kurfiy Marios lagoon is
typical of medium size sand fraction (0.25-0.5 mm)

3l

prevailing. They make up to 50% of the total sand
mass. Especially distinctively Tine—grained fraction
prevail in the bell of large dunes (Table 3).
After the grain size analysis of colian [orms
tions in Lithuania a cumulative curve of deposits
was drawn (Fig 5). It shows the tendency of in-
erease in the amount of coarser fractions when
moving from east 1o west, It must be noted that in
1919 ESalgeri determined that the grain-size vl
dune material in the old valleys of Polish rivers
decreased moving from east 1o west. In 1958 his
opinion was supported by B.Krygowski. However,
further investigations of Polish rescarchers did nol

Morphometrieal, Lithological and Mineralogical Traits of Eolian Fommations ..

Fig. 5. Cunmlative ecurves of grain size composition of eolian sand. Middle Lithuania Phase: | = arcn of Varéna {Mika-
lauskas (974}, 2 - area of Ridninkai. North Lithuania Phase: 3 — area of Kazly Rida, 4 — aren of anmn}rs, S = firen
of Eitiai (Kilimaviicne 1904). Holocene: 6 < area of Nida (Gudelis ev al. 1959},

confirm this assumption and determined a close
reciprocal dependence between the grain-size of
dune material and substratum. The grain-size of
dune material in old valleys vary moving from east
to west and only in a short sector of the territory
the mentioned regularity can be observed (No-
waceyk, 1986).

Similar environment of sediment [ormation is
characteristic of eolian sands mentioned above —
in this place ponds and deltas existed in the late
glacial — the only difference is in the duration of
colian cover development. We make an assump-
tion, which must be proved by additional investiga-
tions, that colian processes in southeast Lithuania,
presumably, ook place for by far longer time, than
in the coastal arca.

MINERAL COMPOSITION

Ouartz should be regarded as one of the indicator
minerals of colian formations. It is resistant to
decay and various mechanical impacts. For this
reason the amount of guarlz in colian formations
of east Lithuania is higher than in its western part:
the content ol guartz in eolian formations of the
Middle Lithuanian phase reaches 89-919%, Narth
Lithuanian - about 85%. Holocene — nol more than

80%. The distribution of epidote, pyroxene and
feldspars is different, These are casily decaying and
mechanically abraded minerals. The distribution of
feldspars is especially intensive. Their content in
colian formations of Curonian spit developed in
Holocene reaches up to 209, whereas, in south
Lithuania — only 10-117%. The use of epidote and
pyroxene for indication purposes is o problematic
one, Their content in colian formations is rather
small — only several tenths of percent. The oscilla-
tions in their contenl may be most important lor
age interpretations of the deposits,

In this sense the colian formations of Curonian
spit are especially complicated. The amount of
quartz reaches there up 1o 809, whereas the
amount of ilmenite and magnetite {10-1875) in-
creases considerably. The content of leldspars is
comparatively low, The increase in ilmenite and
magnelite can be caused by the fact that blown
sand had covered a short distance from the source
tll the sea beach.

V. Gudelis (Gudelis 1992) pointed ont that the
sand of coastal dunes contained a large amount of
glavconite (24 %) which was carried by the
nearshore sediment transport [rom the Sambian
peninsula. This heavy metal was not Tound in the
conlinental colian sands (Klimaviciene 1968). The
mentioned works state (Bakker et al. 1990 tha
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on the Baltic coast there exist a close penetically
relationship between the dune and marine sands.
The use of morphometrical, granulometrical,
lithalogical and others supplementary  paramelers
{e.g. polishing of grains) in the analysis of colian
formations would make it possible to determine
the influence on these formations of substratum
and duration ol colian processes. As was deter-
mined by some authors (Kabailiené, 1990) the
absolute age of Lithuanian continental dunes is by
6-7 thousand years longer than that of coastal
dunes. Futher investigations into this question would
help 1o determine the relation age of these forma-
tions, i.¢., the duration of eolian processes.

CONCLUSIONS

The eolian formations of Lithuania cover about
1.7%% of its territory. Their development took place
in the Middle Lithuanian, North Lithuanian phases
of Pomeranian stage and in Holocene. The morpho-
metrical, lithological and mineralogical peculiarities
of Lithuanian coastal eolian reliel arc compared
with the continental colian relicl.

The morphometrical parameters of Holocene co-
lian formations are more diverse than those of Po-
meranian stages. Bolian forms and their inclina-
tions increase moving from south-cast to north-west
Lithuania.

Uirain size analysis of colian formations shows
the tendency of increase in amount of coarser [rac-
lions moving from east 1o wesl,

Mineralogical analysis of colian sands reveals that
the amount of indicator minerals is dilferent in the
Lithuanian territory. For example, the amount of
quartz in eolian formations of east Lithuania is higher
than in its western part. The distribution ol epidote,
pyroxene and feldspars is different too.

Morphometrical, lithological, mineralogical and
others supplementary investigations (grain polishing,
palynological analysis) will enable 1o evaluate the role
in formation of coastal and continental colian [or-
mations of the duration of colian processes and
composition of substratum. 5o far, 3mlm]ing o the
data of other authors it is assumed that the absolute
age of coastal colian sands is by 6-7 thousand years
shorter than that of continental sands.
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