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Characteristic of till formation during the Baltija (Pomeranian) Stage
of the Nemunas (Weichselian) Glaciation in Lithuania
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Studies of the till structure and composition of the Baltija (Pomeranian) Stage of the Nemunas (Weichselian) Glaciation in Lithuania has
enabled recognition of a multilayered till structure. This can be seen visually (colour, bed structure, interlayers, insertions of different
composition and so on) and established from features determined by analytical and statistical methods (physical and mechanical proper-
ties, material composition, orientation and dip of longer axes of pebbles). Borehole log data from boreholes drilled during geological
mapping showed heterogeneity within the subglacial till of the Baltija Stage and provided a preliminary picture of variations of its multi-
layered structure from S to N. This showed that two layers predominate in the subglacial till in the area of the South Lithuanian Phase
while three layers are present in the area of the Middle Lithuanian Phase farther north. The petrographic composition of the gravel
fraction as well as the orientation and dip of the long axes of pebbles measured in till beds in natural exposures and quarries further dem-
onstrated the multilayered structure of the Baltija till. Research at key sections in areas of the subsurface extent of till of the East, South
and Middle Lithuanian phases of the Baltija glacial recession confirmed the increase in the number of till layers from S to N. The physical
and mechanical properties of the till also reflect its multilayered structure. Relative entropy values calculated for the grain-size frequency
distribution of the Baltija till enabled evaluation of a change in its sorting along the direction of glacial ice advance from N to S. There is a
correlation between the higher values of entropy of grain-size distribution and the rate of development of preferred orientation of longer
axes of pebbles throughout the till section vertically. The formation of the multilayered structure of the Baltija till is ascribed to cyclic dy-
namics of the subglacial processes associated with the receding ice sheet; consequently, the number of subglacial till layers may be re-
lated to the marginal moraine ridges of different phases left by oscillation of the ice sheet margin during glacial recession.
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INTRODUCTION such lithological variation to the multilayered structure of the till
beds. Furthermore, the multilayered till structure invite an as-

sumption of the subglacial till sedimentation mechanism as relat-

Basal till plains and marginal moraine ridges of the Nemunas
(Weichselian) Glaciation are widespread across most of Lithua-
nia. There is a larger diversity of depositional facies of till, but
these have been poorly studied to date. However, many proper-
ties of till are of uncertain origin and this hinders correlation of
till units and the making of palacogeographical interpretations.
Available data on the rhythmic patterns of structure and compo-
sition within the till beds in the Quaternary succession of Lithua-
nia and adjacent regions (Cepulyte, 1967; Gaigalas, 1971, 1979,
1989; 1995; Gaigalas and Marcinkevicius, 1973; Matveyev,
1976; Rzechowski, 1980; Halicka, 1986; Marcinkevicius, 1988;
Abolting, 1989; Baltriinas, 1995, 1996, 2002; Ber, 2000) relate

ing to repeated accumulation due to oscillations of ice at particu-
lar stages of glaciations. So the subglacial till layers should, theo-
retically, coincide with the marginal zones (end moraine ridges)
of different phases of glacial recession.

The properties of till determining the character of such mul-
tilayered structure are usually related to glacial dynamics
(Lavrushin, 1980; Gaigalas, 1989), genetic aspects (e.g.
Vereisky, 1978; Dreimanis, 1989; Brodzikowski and van
Loon, 1991; Sinkiinas and Jurgaitis, 1998; van der Meer et al.,
2003), variation of grain-size distribution (Kriger, 1978) or
post-sedimentary and anthropogenic processes (e.g. Ignatavi-
Cius, 1986; Rackauskas, 2003). All these factors are considered
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as having caused macroscopic, physical and mechanical differ-
ences between individual till layers in Lithuania (Baltriinas,
2002). Valuable insights have been obtained in regions of pres-
ent glaciation, especially as regards processes taking place
within the bottom layers of the glacier (e.g. Lavrushin, 1980;
Serebryanny and Orlov, 1989; Brodzikowski and van Loon,
1991; Hindmarsh, 1996; Alley et al., 1997; Czerwonka et al.,
1997; Knight, 1997; Boulton et al., 1999, 2001; Stea and
Pe-Piper, 1999; Knight et al., 2000; Khatwa and Tulaczyk,
2001; Lysa and Lenne, 2001; Miiller and Schliichter, 2001;
Piotrowski et al., 2001; Waller, 2001; Stokes and Clark, 2002).
This paper focuses on the till characteristic of the Baltija (Pom-
eranian) Stage of the Nemunas (Weichselian) Glaciation in re-
lation to the glacial dynamics during deglaciation, and demon-
strates the nature of the multilayered structure of this subglacial
till to allow better interpretation of this phenomenon. For this
purpose the structure, composition, physical and mechanical
properties of tills were examined along a line which traverses
the Last Glacial till units deposited during successive phases of
glacial recession from the maximum of the Baltija (Pomera-
nian) Stage in Lithuania (Fig. 1).

SITES INVESTIGATED

Geophysical logs of radioactivity, electrical potential and elec-
trical resistance in boreholes made during the geological mapping
were studied to investigate the character of the multilayered struc-
ture of the Baltija till. Logs from 31 boreholes were analysed. The
most complete logs of the Baltija till were obtained from bore-

holes in three areas situated around the towns of Prienai (East
Lithuanian Phase) and Kaunas (South Lithuanian Phase) and on
the till plain of the Middle Lithuania Phase (Fig. 1).

Till sections at exposures and in quarries located on sur-
faces formed during different glacial recession phases of the
Baltija Stage of the Nemunas (Weichselian) Glaciation were
studied (Fig. 1). The Baltija till in the area affected by the East
Lithuanian Phase was investigated at Balbieriskis. The till out-
crops there on the high left bank of the Nemunas River in the
central part of the Simnas—Balbieriskis glaciolacustrine plain,
which stretches between marginal moraine ridges of the East
Lithuanian (maximum) and South Lithuanian phases of the
Baltija Stage. The thickness of the macroscopically homoge-
neous bed of till overlain by varved clay reaches 5 m.

In the area affected by the South Lithuanian Phase two expo-
sures, Rokai and LasSiniai, situated in between the marginal mo-
raine ridges of the South and Middle Lithuanian phases of the
Baltija Stage, were examined. The Rokai exposure is situated on
the high right bank of the Jiesia River, the left tributary of the
Nemunas River in the western part of Kaisiadorys—Garliava
glaciolacustrine plain; here, the till, overlain by varved clay, is up
to 5—-6 m thick. The LaSiniai exposure is on the right bank of the
Stréva River, the right tributary of the Nemunas River (Fig. 1).

The Baltija till in the area of the Middle Lithuanian Phase
was investigated in the Paliepiai exposure and in the Klovainiai
and Petrasitinai quarries that lie between the marginal moraine
ridges of the Middle and North Lithuanian phases. The Paliepiai
exposure is on the left bank of the Sugvé River, the right tributary
of the Nemunas River on the Middle Lithuanian till plain; here,
the thickness of the Baltija till reaches 7 m. The Klovainiai sec-
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tion is located in the dolomite quarry that lies on the northern part
of the Middle Lithuanian till plain in the Pakruojis district
(Fig. 1), where a 3-3.2 m-thick layer of the Baltija till overlies
the Upper Devonian dolomite. Less than 10 km to the north, a
glacigenic succession up to 8 m-thick overlies the dolomite and
marl beds in the Petrasitinai quarry section.

The Skaistgirys section is situated in the dolomite quarry in
area of the North Lithuanian Phase on the till plain near the
Skaistgirys borough of the Joniskis district; here, the thickness
of the Baltija till is 2-3 m.

Additional test boreholes were drilled using a vibro-drill on
the Balbieriskis, Rokai and Paliepiai outcrops to examine the
till beds. We have also used data earlier obtained, during the
lithological investigations of till along the Merkiné—Linkuva
subsurface profile (Baltriinas et al., 1989; Baltriinas, 1995,
2002); this profit, oriented N—S, crosses the Last Glacial till
succession deposited during the different phases of glacial re-
cession from the maximum of the Baltija Stage (Fig. 1).

METHODS

The character of the multilayered structure of
the Baltija till was initially analysed using logs of ra-
dioactivity, electrical potential and electrical resis-

exposure, also for liquidity index (/). The apparent cohesion
(c,) of core samples was estimated using the vane test
(Lancellota, 1995). The radioactivity of tills from some bore-
holes, natural exposures and quarries were examined using the
Russian-made RKSB-104 Geiger counter. The subdivision of
till sequences on the basis of dispersion and average values was
controlled using the Student criterion.

RESULTS OF INVESTIGATIONS

ANALYSIS OF LOG RECORDS

Logs of radioactivity, electrical potential and electrical re-
sistance from 31 boreholes drilled during geological mapping
showed the multilayered nature of the Baltija till in subcrops of
the East (maximum), South and Middle Lithuanian phases of
the Baltija glacial recession (Table 1). Correlations of the logs

Table 1

The multilayered structure of the Baltija till in the areas of East Lithuanian
(maximal) (EL), South (SL) and Middle (ML) Lithuanian phases of the Baltija

glacial recession according to log data from the boreholes

tance from boreholes drilled during the geological Phase | Num- | Thick- Number of till layers | Estimated
mapping of the study area. Then, sections in natural ggltt}f; ber of | ness of (g}fé’afflgg;ﬁ?é% according to: number
exposures and quarries were examined and de- Stage | hole [m] Ra EP Re layers
scribed in detail. The orientations and dips of pebble 306 2.0 plain 1 1 1 1
long axes in till beds were measured and samples 307 7.0 | marginal zone 2 3 2 2-3
were taken for petrographic and grain-size analysis EL 312 4.3 plain 1 1 1 1
of the till. Dip angle and orientation of long axes 313 L5 plain 1 1 1 1
were measured for 50100 clasts at each section. 317 1.3 | endmoraine ! ! ! !
The petrographic composition of pebbles was 159 | 110 plain 2 1 2 2
analysed following Gaigalas (1979) using the i% 2 '; p}:g ; ) 5 ;
categories: crystalline rocks, sandstone, dolomite, 185 9:0 g lain 5 5 5 5
Ordovician and Silurian limestone, limestone of 188 | 224 plain 4 , 4 49
other types, Mesozoic carbonates and group of SL 191 7.7 plain 2-3 2 2
other rocks. The petrographic indices were calcu- 177 9.7 plain 1-2 2 2 2
lated according to the methods proposed by Ber et 117 | 18.0 plateau 34 | 34| 34 34
al. (1998), Gaigalas and Melesyte (2001), iég i ; g - fliit:fuone g ? g g
Pettersson (2092) and Lisicki (2003) . 164 173 mariinal zone >1 > 9
. Ten grain-size frachogs of till rpatepal were .ob- 165 18.0 | marginal zone | 3-4 | >3 >3 >3
Famed dupng granulometric analysm using the siev- 51 153 olain w: " 73 34
ing and pipette methods. The relative entropy (R) was 152 5135 plain 5 ) 5 5
calculated using all 10 fractions and then 8 fractions 153 9.9 plain 3 27 3 3
after summing of the finest fractions. The results ob- 155 | 113 plain 34 | 27 | 34 3
tained and their interpretation have been discussed in 158 6.1 plain 3 2?7 2 2-3
earlier publications (Baltriinas and Pukelyte, 2003; 167 6.2 plain 2 2 2? 2
Baltrtinas and Gaigalas, 2004). The relative entropy ML 121 12.0 plain 273 3 g i?
was also calculated for Baltija till grain-size data ob- 32 ig;‘ g:zﬁ ; { ;2 _22 >§
tained earlier along the Merkiné-Linkuva subsurface 179 | 150 plain 3 ~ > 3
profile for 21 fraction and then after summing them 184 12.8 plain >3 3? - 3-4
for the same 8 fraction as in the other sites (Baltriinas 181 12.7 esker > > > >
et al., 1989; Baltriinas, 1995). 123 10.0 | marginal zone 3 1-2 3 3
Samples of core from test boreholes made us- 156 5.0 | marginal zone | 2-3 2 2 2-3

ing a vibro-drill were taken for assessment of
moisture content () and, from the Balbieriskis

Ra — radioactivity, EP — electrical potential, Re — electrical resistance



420

Valentinas Baltriinas et al.

W
[m] 1.6
% 0.19
A/B  Dp/Wp
15
o L] e L
ME: T
H\‘ ]
22 —] i / 6
20 — 7
L e o 0.06
P 10(|)% ° s A/B  Dp/Wp
18 —
0.3 0.05
] KW A/B  Dp/Wp
3.3
16 —]
1.8
0.4
— soil 0.12
OK K/ A/B Dp/Wp
fine-grained sand 18
14 — : 18
p 1 i \‘:":2 XS
D silty sand T N o/ ~ A ,\}Q’.ﬁ »% 1 0.
Petrographic groups: il s et st R S 0.18
] 180
IE silt @ crystalline rocks OK K/W A/B  Dp/Wp
2 pu—
E varved clay sandstone
7.2/] brown solid Baltia tl ELI_II dolomite
F ; ; Ordovician and
o B2 sdhadseys oo MMM s imestone
borehole % limestone of other age

N

e

sample site and number

diagram of orientation S
i L4005
and dip of pebble long axes B

77

@®

Mesozoic carbonates

other rocks and minerals

Fig. 2. Glacigenic deposit sequence in the Balbieriskis exposure

Petrographic coefficients: O/K — total of sedimentary rocks/total of crystalline rocks and northern quartz, K/W — total of crystalline rocks and northern
quartz/total of limestone and dolomite, A/B — total of rocks non-resistant to destruction/total of resistant rocks, Dp/Wp — dolomite/Ordovician and Silu-

rian limestone

shows that the multilayered till structure shows regular changes
from S to N: two layers dominate in the area of the South Lithu-
anian Phase and a three layers are typical of the area of Middle
Lithuanian Phase farther north.

INVESTIGATION OF TILL SEQUENCES

The 5 m-thick till bed in the Balbieriskis exposure is macro-
scopically homogeneous; the orientation and dip of the long axes

of pebbles show vertical variations through the till section
(Fig. 2). The preferred orientation of the long axes of pebbles in
the lower part of the till bed (ca. 1 m thick) is dominantly E-W,
although the dips may be to either E or W. The middle part of the
till bed (1-2 m thick) is characterized by very weakly developed
preferred, or random, orientation of the long axes. A well devel-
oped preferred orientation and dip to the S and SE was measured
in the upper part of the section, although at the top of the till bed it
again shows a more random character.
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Fig. 3. Variation of physical and mechanical properties of Baltija till in the sections:
A — Balbieriskis, B— Rokai, C — Paliepiai, D — Skaistgirys

Explanations as on Figures 2, 4, 5 and 8

The petrographic composition of gravel and pebbles is gen-
erally uniform throughout the till bed, although it differs
strongly from the underlying more weathered till of the Grida
(Brandenburg) Stage, the maximal stage of Nemunas (Weich-
selian) Glaciation.

Physical and mechanical properties of till deposits sampled
in the borehole drilled at this outcrop enable subdivision of the
Baltija till bed into two parts (Fig. 3A). The lower part (1-1.25 m
thick) of the till bed shows considerably higher values of appar-
ent cohesion (175-215 kPa) and lower values of liquidity index
(1) (2.12-0.16). The upper part of the till bed is characterised by
consistent physical and mechanical properties: values of appar-
ent cohesion range from 165 to 117 kPa and the values of liquid-

ity index range around ca. 0.16, while values of moisture content
(W) show a narrow range of 8.2—14.2%.

The 5-6 m-thick till bed in the upper part of the Rokai ex-
posure is overlain by varved clay (Fig. 4). The orientation and
dip of the long axes of clasts vary slightly throughout the till
section (Fig. 4). The middle part of the till displays no pre-
ferred orientation, whereas the orientation and dip of pebble
long axes in the lower part (ca. 1 m thick) suggest that the till
accumulated during ice advance. However, the petrographic
composition of the coarse fraction of the till bed is more vari-
able, especially in the transition from the lower to the middle
part. A gradual upwards increase in radioactivity (10—-16 uR/h)
was observed.
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Fig. 4. Glacigenic deposit sequence in the Rokai exposure

Other explanations as on Figure 2

The moisture content values () measured in the borehole
are consistent (9.6-10.4%) throughout the till bed (Fig. 3B).
However, the values of apparent cohesion at a depth of
3.9-4.5 m range from 190 to 225 kPa, while in the upper and
lower parts of the till bed they are much lower and weakly vari-
able (85-160 kPa).

In the LaSiniai section earlier investigations (Baltriinas,
1995, 1996, 2002) demonstrated that the multilayered structure
of the till reflects two glacial advances during the Baltija Stage.

The lower part (ca. 1.0 m thick) of the Paliepiai exposure
(Fig. 5) is composed of the Griida till. The orientation and dip
of pebble long axes in the lower part (ca. 1.5 m thick) of the
Batija till section (total thickness up to 7 m) in the Paliepiai ex-
posure are dominantly from the north. The middle part of the
till sequence (ca. 3 m) is characterized by more random orien-
tation and dip directions of pebble long axes. A dark brown
clay layer separates the middle and upper parts of the till se-
quence. This glaciolacustrine clay interlayer is 0.4 m where ex-
posed and 10 m away in a borehole it reaches 1.1 m thick. The
till which overlies the clay is laminated for 0.6 m. The long axes
of pebbles are clearly N—S orientated with a dominant dip to the
north. In its upper part (1.5 m thickness) the till is clayey, fria-
ble and shows a similar orientation and dip of pebble long axes;
it grades upwards into sand of variable grain-size.

The petrographic composition of the till coarse fraction is
consistent throughout this sequence but differs strongly from
the underlying greyish brown till of the Gruda Stage.

Values of radioactivity reflect the heterogeneous character
of the till. Both in the borehole and in the upper part of the ex-
posure these do not exceed 9-18 uR/h, though in the exposure
they notably decrease downwards.

The values of apparent cohesion of till (Fig. 3C) in the up-
per part of the borehole (up to 1.5 m in depth) average 160 kPa;
in the depth interval 1.5-4.5 m they vary over a considerably
smaller interval (50—120 kPa) and drop to 60—100 kPa beneath
the clay interlayer. The values of apparent cohesion show that
the sequence may be subdivided in to three layers of different
till strength, the moisture content shows low variation within an
interval of 8.9-13.5%.

In the Klovainiai quarry the till bed (3—3.2 m thick) is pale
and yellowish-brown, friable in its upper part (0.3 m thick), and
gradually grades into solid brown till in its lower part (0.5 m
thick) that overlies an Upper Devonian dolomite (Fig. 6). A
preferred orientation of pebbles long axes is not developed in
the lower part of the till bed, but the dips are mainly towards the
NW, N or NE. However, a NW-SE orientation in the upper
part is apparent with almost equal proportions of dips to oppo-
site directions. The content of crystalline rocks and sandstone
in the till decreases upwards whereas the content of dolomite
and limestone of other types increases. The proportion of Ordo-
vician and Silurian limestone is somewhat smaller in the middle
part of the till sequence.

The 4.5-5 m-thick till bed overlying the Upper Devonian do-
lomite in the lower part of the section in Petrasitinai quarry
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Other explanations as on Figures 2 and 4
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Fig. 6. Glacigenic deposit sequence in the Klovainiai quarry

Other explanations as on Figure 2

(Fig. 7) is dark brown in the lower and upper parts of the bed and
grey and yellowish grey in the middle part where it contains a
large amount of coarse material. This till bed, widespread in
Northern Lithuania, is usually attributed to the Grida Stage of
the Last Glaciation (Gaigalas and MarcinkeviCius, 1982;
Marcinkevicius, 1988).

The bed of pale brown sandy till of the Baltija Stage
ca. 4.0 m thick, in two layers separated by glaciolacustrine silt

and very fine-grained silty sand, occurs at the top of the se-
quence. Unlike the underlying older till which has a poorly de-
veloped preferred pebble orientation, the lower layer of the
Baltija till displays a well developed preferred orientation of
clast dip to the north, becoming more scattered in the upper
layer of the till.

All three till layers have different petrographic compositions
of the gravel fraction. The Grida till contains a large proportion
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Other explanations as on Figures 2 and 6
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Other explanations as on Figures 2 and 6

of Ordovician and Silurian limestone and a small quantity of
other limestone types, sandstone and dolomite. The lower till
layer of the Baltija Stage differs from the upper one in a higher
content of Ordovician and Silurian limestone and dolomite and a
reduced content of sandstone and limestone of other types.

In the lower part of the Skaistgirys glacigenic section a bed
ca. 0.5 m thick of unsorted yellowish grey till with a high con-
tent of angular dolomite clasts (60—65%) 1-3 cm in diameter
occurs (Fig. 8). In places this turns sandy or grades into
morainic sand that overlies the Upper Devonian dolomite. This
till bed underlies a layer 2—-3 m thick of brown, massive, com-

pact sandy till. The lower boundary of the underlined bed is
sharp and very irregular.

A preferred orientation of pebble long axes is generally
developed only in the lower and upper parts of the section.
The orientation of long axes in the middle part of section is
random, indicating till accumulation beneath passive ice. The
middle part of the till bed is notable for its considerably higher
content of Ordovician and Silurian limestone and smaller con-
tent of dolomite.

The values of apparent cohesion (Fig. 3D) in the upper part
of the sequence down to a depth of 2.25 m range within a rather
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narrow interval: 42—67 kPa. Downwards, the values of appar-
ent cohesion of the sandy till drop sharply to 16-30 kPa.

TILL LITHOLOGY ALONG THE MERKINE-LINKUVA
SUBSURFACE PROFILE

The variation in till composition across phases of Baltija
glacial recession was investigated along the N—S oriented
Merkiné-Linkuva subsurface profile (Baltriinas ef al., 1989;
Baltriinas, 1995, 2002) that crosses the Last Glacial till suc-
cessions deposited during different phases of glacial reces-
sion from the maximum of the Baltija Stage (Fig. 1). The tills
of the East and South Lithuanian phases appear similar ac-
cording to the majority of criteria used (petrographic, min-
eral and chemical compositions) in comparison to tills of the
Middle and North Lithuanian phases which compositionally
are closely related to each other. However, the grain-size
distribution data suggests that the till of the East Lithuanian
phase (less clayey) is more comparable with the till of the
Middle Lithuanian phase. The same could be said about the
tills of the South and North Lithuanian phases (more
clayey). A comparison of values of relative entropy showed
that the highest values of relative entropy are characteristic
ofthe till of the East Lithuanian (maximal) Phase (Table 2).

Along the profile investigated the values of relative entropy
decrease considerably in the area of South Lithuanian Phase, in-
crease in the area of the Middle Lithuanian Phase and again de-
crease in the area of the North Lithuanian Phase (Fig. 9). The
sharp reductions in relative entropy values are related to the mar-
ginal zones of the North, Middle and South Lithuanian phases.

DISCUSSION

The multilayered structure of the till beds in Lithuania have
been described (Cepulyté, 1967; Gaigalas, 1971, 1979, 2001;
Gaigalas and Marcinkevicius, 1973; Marcinkevicius, 1988;

Table 2

Mean relative entropy of grain-size frequency distribution
of the Baltija till for the areas reflecting different glacial phases
along the Merkine—Linkuva subsurface profile

Phases of the | Number of <lz)rh?)clti§;1n Relative entropy (R)

Baltija Stage samples [%] 21 fraction | 8 fractions
EL 14 27.1 0.8584 0.8844
SL 17 34.9 0.8088 0.8560
ML 19 25.5 0.8371 0.8723
NL 15 39.9 0.7651 0.8396

etc.), but the reasons for this phenomenon have been little dis-
cussed. Possible causes that have been considered are: sliding
of ice along shear planes; interaction of neighbouring glacier
lobes, and superposition of the till beds left by them; ice margin
fluctuation during glacial recession; differences in till genesis
(by lodgement, melt-out, flow and so on); and the effects of
post-sedimentary processes (e.g. compaction, weathering).

Usually, clear characteristics of lodgement tills or basal tills
are absent or are dominated by other characteristics
(Brodzikowski and van Loon, 1991); such subglacial tills show
amixed character and may be referred to as till complexes. The
characteristics of the Baltija till suggest consideration of it as
subglacial till complexes composed of alternating layers of
lodgement and melt-out till.

Analysis of the till sequences in the Balbieriskis, Rokai and
Paliepiai exposures and Klovainiai, Petrasitinai and Skaistgirys
quarries confirms the multilayered structure of the Baltija till
originally indicated by the log data. Furthermore, the number of
till layers are different in areas affected by different phases of
the Baltija glacial recession. The number of till layers deter-
mined at exposures accords with the number distinguished in
borehole log records.

The nature of till composition variation throughout the ar-
eas affected by different phases of the glacial recession, as in-
vestigated along the Merkiné—Linkuva subsurface profile, may
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Fig. 9. Variation in relative entropy (R) of the grain-size frequency distribution of the Baltija till along the Merkine—Linkuva subsurface profile

SL, ML, NL — limits of South, Middle and North Lithuanian phases of the Baltija Stage respectively; see Figure 1 for a location of the profile
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Table 3
Median grain-size (Md) and relative entropy (R)
of grain-size distribution (10 fractions) of the Baltija till
Fraction
. Number Md
Sites of samples <O'([)02 ]mm [mm] R
4 21.30 0.049 0.8642
. 3 25.49 0.071 0.9159
Rokai 2 23.26 0.067 0.8420
1 19.16 0.153 0.9263
10 34.00 0.047 0.8695
o 9 24.00 0.073 0.9090
Lainiai 8 24.60 0.077 0.9109
7 20.50 0.094 0.9152
3 23.57 0.076 0.9109
Klovainiai 2 23.49 0.069 0.9026
1 25.41 0.070 0.9190
3 6.74 0.178 0.8617
PetraSitinai 2 24.95 0.068 0.9244
1 18.36 0.090 0.9107
4 17.95 0.091 0.9232
Skaistei 3 19.36 0.085 0.9098
1,
AISIgHys 2 21.82 0.075 0.9097
1 6.93 0.269 0.9180

explain the overall stratigraphic variation in till properties, but
it does not explain the variation within the till of a single phase.
Commonly, increased values of the relative entropy of the
grain-size distribution in the till correlates with more strongly
aligned pebble long axes in the till. For example, the lower part of
the till in the Rokai exposure (South Lithuanian Phase of the
Baltija Stage), showing a strongly preferred orientation and dip of
the long pebble axes to the north, also shows increased values of
the relative entropy of till grain-size distribution (Fig. 4, Table 3).
The increased values of the relative entropy and well-de-
veloped preferred orientation of the long axes of the coarse
fraction are also characteristic of the lower part of the Baltija till

in the Klovainiai and Petra$itinai quarries (Middle Lithuanian
Phase) and of the upper part in the Skaistgirys quarry (North
Lithuanian Phase) (Figs. 6--8).
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The more strongly developed preferred orientation of long
axes of pebbles indicates that the till sedimented from the ice of an
active glacial stream. In the case of the Paliepiai section (Fig. 5),
the preferred orientation and dip of pebble long axes show that the
lower part of the till bed (ca. 1.5 m thick) was formed by an active
ice sheet advance from the north. The middle part of the sequence
(ca. 3 m thick), characterized by more random orientation and dip
directions of pebble long axes, presumably formed by the melting
of passive ice loaded with till material. The ca. 1.5 m thick layer of
laminated till above the clay layer shows a return to accumulation
from active ice, as shown by the obvious N—S orientation of peb-
bles and their dip to the north.

Modelling studies by Christoffersen and Tulaczyk (2003)
show that horizontal advection of ice can trigger a switch from
basal melting to basal freezing even under relatively warm ice
sheet conditions. This can cause uneven consolidation of till
with depth. Thus, basal melting and basal freezing could alter-
nate and so cause till sedimentation from active and passive
states of ice sheet respectively. In such situations, the repetition
of composition and other features throughout the till sequence
can be explained by cyclic loading of bottom layers of the gla-
cier with till material (Fig. 10). This phenomena may have been
associated with ice sheet activation and stabilization phases
which are geomorphologically marked by end moraines
formed in ice-marginal zones. Such processes could have oc-
curred time-transgressively in a submarginal melting bed zone
several hundred kilometres wide (Punkari, 1997). The forma-
tion of the multilayered structure of the Baltija till succession
may be related to the cyclic dynamics of subglacial processes in
the receding ice sheet, and consequently the number of
subglacial till layers may be related to the marginal moraine
ridges of different phases left by oscillation of the ice sheet
margin during glacial recession. The layers of the till succes-
sion and the rhythmic change in its properties and composition
may reflect the intensity of till material loading.

CONCLUDING REMARKS

Investigations of till beds left by the Baltija Stage of the
Nemunas (Weichselian) Glaciation in Lithuania showed that
the Baltija till has a multilayered structure, which can be ob-
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served visually (colour, structure, interlayers and patches of
different composition and so on) and on the basis of features re-
corded analytically and evaluated statistically (physical and
mechanical properties, composition and degree of mixing, ori-
entation and dip of pebble long axes, etc.). Borehole log re-
cords (radioactivity, character of the changes of electrical po-
tential and electrical resistance) reflect the heterogeneity of the
Baltija till and provide a preliminary view of the variations in
the multilayered structure along the direction of ice sheet ad-
vance. A bi-layered till structure predominates in the area of the
South Lithuanian Phase and a tri-layered structure occurs in the
northern zone of the Middle Lithuanian Phase. The multilay-
ered structure of the till is also reflected in changes in the pre-
ferred orientation and dip of clast fabric and in the petrographic
composition of the gravel fraction. Research carried out on
more complete sections in the areas of the East, South and Mid-
dle Lithuanian phases revealed an increase in the number of till
layers from S to N up the ice flow direction.

The relative entropy of the grain-size frequency distribu-
tion, reflecting the degree of mixing of till particles, changes
rhythmically throughout the till sequences vertically and

along the direction of ice sheet advance. Increased values of
the relative entropy of the grain-size distribution of the till co-
incide with a more pronounced preferred orientation of pebble
long axes in the till.

The formation of the multilayered structure of the Baltija till
succession may be related to the cyclic dynamics of subglacial
processes in the receding ice sheet, and consequently the number
of subglacial till layers may be related to the marginal moraine
ridges of the different phases left by oscillation of the ice sheet
margin during glacial recession. The layers of the till succession
and the rhythmic changes in its properties and composition likely
reflect the intensity of till material loading.
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