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Abstract. The North Lithuanian region since long ago hambeswn as a zone of dominant glacial erosion. The
Pleistocene bed in the central part of North Litiiaas overlying the Upper Devonian dolomite, méirhestone,
clay, and gypsum layers. The varying resistandbese deposits to mechanical and chemical impaocteel as dif-
ferent bedding and tectonic conditions were resipa$or different scale of erosion in various &ed the region.
Geological and geomorphological investigations tigio digging of test pits and investigation of oofis, field ob-
servation and interpretation of aerial photograpbee the basis for the geological-geomorphologieabnstructions.
Macroscopic description, graphic fixation and plypéphy of the quarry walls were used to examinePtleéstocene
succession of the study area. Two types of clayagiaacustrine sediments were investigated acogrth data of 2
boreholes. One type was formed in supraglacialrsiitnment, i.e. in glaciolacustrine kame terrandtte marginal
ridge of North Lithuanian phase. Another type wapioglacial subenvironment, i.e. on the territofyce-dammed
proglacial lake bottom. Regularities of the disttibn, bedding conditions and structure have beeealed for both
types as well as their grain-size distribution gedchemical differences according to Al, Ag, B, Ba, Cng Cu, Ga,
La, Li, Mn, Mo, Nb, Ni, P, Pb, Rb, Sc, Sn, Sr, Vi,Y, Yb, Zn and Zr.

Keywords: clay, kame terrace, glaciolacustrine plain, graae,schemical element contents.

1. Introduction

Clay is well known as a good natural isolating coive.
it is almost impermeable. However, its permeabdigpends
on grain-size. The differences in the latter pripemight be
predetermined by the origin of clay. Till as naltusalating
cover and its sedimentation in glacial environnieag been
already investigated (Baltrunasal. 2005a;Cesnulewtius et
al. 2005). Clay is even more impermeable. Most of dey
posits are related to glaciolacustrine facies. Sgeoehemical
peculiarities of soil of glaciolacustrine plains revenvesti-
gated (Zinkut et al.2010).

Glaciolacustrine facies are one of the seven tgpés-
cies distinguished and discussed in detail by Bkodzski
and Van Loon (1991). According to these researcienst
glacigenic lakes are in proglacial subenvironmfzwiés 11-B-
4), however, they also occur in terminoglacial suiven-
ment (facies II-A-4), supraglacial subenvironmdatiés I-A-
4) and subglacial subenvironment (facies I-C-4).

lacustrine sediments formed in supraglacial sulvenvi
ment can also be found. It is accepted by manyareke
ers that kames and kame terraces contain supralglaci
sediments (Klatkowa 1972; Schwan and Van Loon 1979;
Schwaret al.1980; Shaw 1972).
The term kame terrace usually describes formslief re
that have been developed between the glacier and a
neighbouring valley slope. It was originally used Salis-
bury (Salisbury 1894). Most kame terraces were aatggt
by glaciofluvial activity, but glaciolacustrine fos also
occur. Kame terraces mostly form at the edge déyajla-
ciers, but sometimes also at the margins of lagenasses.
Sediments of proglacial and supraglacial sediments
subenvironments are also spread in North Lithuartis
region since long ago has been known as a zonerofd
nant glacial erosion where Quaternary sedimenid#dn
and has a specific structure. The Pleistocene betthd
central part of North Lithuania is overlying the fép De-
vonian dolomite, marl, limestone, clay, and gypdayers.

Most of glaciolacustrine sediments were formed inThe varying resistance of these deposits to mechlaand

in proglacial subenvironment, because accordirigyroal-

chemical impacts as well as different bedding @&utbhic

zikowski and Van Loon (1991) mainly these depositsonditions were responsible for different scalemision in
have a reasonable chance of survival. However,igylac various areas of the region. The thickness of that€)-
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nary deposits varies from 1.0 to 39.0 m. The théhfeyer

of the Quaternary deposits is in the river valleysereas
the thickest layer is related with the altitudetted present
relief or with rare palaeovalleys of the sub-Quadey

surface. The thickness of the Quaternary depcsit®+12
m on the average (Fig.1).
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Fig 1. Structure of Quaternary stata of North Lithuadia:
—till; 2 — gravel and cobble; 3 — sand with graaed cob-
ble; 4 — various grained sand; 5 — fine sand; fty-sand;
7 — silt; 8 — clay; 9 — peat; 10 — shear lines-Xblomite
(D3); 12 — genetic and stratigraphic index of deposits
(g@md — Medininkai till; g@Qnm — Nemunas basal till;
g'Q; — Nemunas deformation till; f§;nm — Nemunas
glaciolacustrine kame terrac&Qinm — Nemunas glaciof-
luvial kame; Ig@nm — Nemunas glaciolacustrine; gQ
deluvial); 13 — borehole

The morphosculptural relief of the area was formed
by the MiSa-Levuo and Ziemgala glacial streams and
their melting water, so the relief is characterizgdflat
and slightly wavy moraine plain. Part of the religas
formed and reworked by postglacial exogenic praess

Glaciolacustrine formations (supraglacial and pro-
glacial subenvironment) are not widespread in North
Lithuania. The glaciolacustrine sedimentation haspe-
radic and rhythmic character in time.

As North Lithuanian phase glacier retreated, clayey
sediments were accumulating ina&& proglacial basin.
Clay deposits of this basin are not characterizgd b
greater thickness or better quality. Accordinglgrthare
only limited possibilities of discovering deposis clay
in this area. All largest deposits of clay werecdigred
during the previous prospecting.

However, glaciolacustrine supraglacial areas were
discovered in the Linkuva marginal ridge, the thieks
of the useful bed in the areas is more than inptioenis-
ing areas discovered in theiBa glaciolacustrine basin,
but the quality of this clay is less stable.

The aim of research was to find out grain-size and
geochemical differences between clayey sediments of
glaciolacustrine kame terrace located on the teyribf
North Lithuanian phase marginal formations and ice-
dammed proglacial lake formed during the same phase
These deposits were formed in different sedimentary
conditions: supraglacial and proglacial subenvirentn

Two boreholes were selected for detailed investigat
of clayey sediments accumulated in different sulvenv
ment: No. 3 located on the territory of glacioladns kame
terrace of Linkuva hill-ridge (§Q;nm) and No. 4 located on
the territory of MiSa ice-dammed glaciolacustrine basin of
North Lithuanian phase (Igm) (Fig. 2).

Test boreholes were made with vibrating drill. The
number of tested samples was 41 in borehole Nod334
in borehole No. 4. Sampling depth in borehole Nave®
from 0.3 to 9.8 m, in borehole No. 4 from 1.5 {6 ih.

2. Methods
Geological and geomorphological investigations

Digging of test pits and investigation of outcrofis/d
observation and interpretation of aerial photogsaph

The lower (older) till complex somewhere has a tri-(scale 1:17000; year 1952) were the basis for éudogi-

nomial structure (Baltinaset al 2005b). In the lower part cal-geomorphological

it is composed of brown clayey solid till with pboex-

pressed orientation of the long axes of gravelgetibles.
Somewhere in the middle part of the complex (up.fom
thick), the brown clayey till merges into grey ladayey
till with a greater portion of gravel. In the uppamrt of the
complex, the grey till merges into comparable brdilin
According to research data of intertill depositss ttill

complex is preliminary attributed to the Middle iBlecene
Medininkai sub-formation. They are underlying acifga

reconstructions. Macro-scopic
description, graphic fixation and photography of th
quarry walls were used to examine the Pleistoceice s
cession of the study area.

Grain-size composition investigations.The grain-
size distribution analysis was carried out using shev-
ing and pipette methods. It was carried out usiBg 1
sieve set where dry debris was subdivided intoftie
lowing fractions: >10; 10-5; 5-2; 2.0-1.0; 1.0-00%—
0.25; 0.25-0.1; 0.1-0.05; 0.05-0.01; 0.01-0.0080%-

complex of the Baltija Stage of the Nemunas (Weich0.002; 0.002-0.001 and <0.001 mm. Grain-size was an

selian) Ice Age. The complex is composed of titlstemu-
lated in two phases by a glacier advancing fronmi\tbgh.
From older tills they differ by smaller amount afported
clastic material and higher content of local materi

lysed at the laboratory at the Geological Survey of
Lithuania. Sediments and their grain-size fractiame
described using classification suggested by L3 1P
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Fig 2. Geomorphologic scheme of marginal ridge with gigiustrine kame terrace and glaciolacustrine mine-dammed
lake: 1 — glaciolacustrine kame terrace; 2 — btisalain; 3 — marginal ridge; 4 — solifluction ebt; 5 — glaciolacustrine plain
of ice-dammed lake; 6 — plain formed by sedimentdiféerent genesis (glaciofluvial, glaciolacustirlacustrine, etc.); 7 —
kame; 8 — glaciofluvial ridges and eskers; 9 — nmlain; 10 — steep slope; 11 — prevailing altitofleclief, in metres; 12 —
borehole

Geochemical investigationsAll samples were ana- rank correlation coefficients R were determinediesn
lysed in laboratory of the Institute of Geology &Bdog- the content of this element and each fraction alé age
raphy. Optical atomic emission spectrophotometryespective p-values. Then maximum R value and tespe
(OAES, spectrometer DFS-13) was used for determindive fraction were found for each element.
tion of real total contents of 25 chemical elemeXi{sAg,

B, Ba, Co, Cr, Cu, Ga, La, Li, Mn, Mo, Nb, Ni, Pp,/)5c, 3. Results and discussion

Sn, Sr, Ti, V, Yb, Zn and x-ray fluorescence (XRFay  3.1. Regularities of the distribution and grain-sie

spectrometer ARF-6) for determination of real tatah-  composition in two areas

tent of Rb. Before AOES the samples were air-dried,

homogenised and milled. Sample preparation foryx-ra Glaciolacustrine kame terrace.lt is 22 km long and
fluorescence was analogous, only pellets were fdrme0.5-1.0 km wide and located on the distal slogh@North
from milled material. Lithuanian ice marginal moraine ridge (Bitinetsal. 2004).

Statistical methods. Cluster analysis dendrogram Its surface is slightly inclined southward and hescup to
was used to find out the geochemical similaritywsetn ~ 65—70 m in absolute height. The northern edgeeofeirace
samples of 2 boreholes. To create this dendrograns bound by the marginal ridge, which rises moeat80 m
Ward's method of amalgamation and Euclidean digtancabove sea level. The surface of the kame terrab@-it5 m
as a measure of similarity of the samples wereiegppp  above the glaciolacustrine plain of ice-dammed bl is
standardised contents of 26 chemical elements, hwhidocated to the south of the terrace. Ravines ietéthe slope
have been determined. Mann-Whitney U-test was tsed of the kame terrace. The solifluction debris isedeped in
reveal for each variable (chemical element of weighthe eastern part of terrace foot.
percentage in defined fraction) the significant (®4) In general, the kame terrace consists of glacislacu
differences between boreholes. Median, mean, mimmu trine sediments: their fixed maximal thickness $31m.
and maximum values of variables as well as coefiid These sediments are presented by brown clay ofifmass
of variation were determined in both boreholes. &ach  structure (or silty clay), in some places with dnhehses
chemical element according to all clay samples Bpaa (up to 1-2 cm thick) of fine-grained sand. The hinyic
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structure of clayey sediments was determined anffgw
places. Clay particles (fraction <0.005 mm) compaiseut
70-75% of sediments, whereas silt particles makenip
20% (Fig. 3). The rest, sandy fraction, amount&G®o of

3.2. Grain-size distribution and geochemical differ
ences between clayey sediments in two boreholes

Aiming to compare only clay, 4 samples from borehol

sediments. Theontent of gravel and carbonaceous concreNo. 3 at a depth from 5.5 to 5.9 m were eliminaetause

tions (diameter up to 10 mm) in clay sedimentspidau3—
5%. The massive clay of this lithofacies is theultesf

suspension settling. The homogeneous characterabedi
that clay particles could settle equally all over lake.

the content of clay there is lower than 50 %. Theght
percentage of sediments in clay fraction (<0.005) rism
significanty (p<0.01) higher in borehole No. 4, mehile
the weight percentages in silt fraction (0.005-008) and

It must be emphasized here that the thicknesseof thcoarse fraction (>0.05 mm), on the contrary, ayeificantly

massive clay is unusual when related to the dinoessbf

higher in borehole No. 3 indicating great differehetween

the lake. Such thick massive clayey sediments a# w the boreholes according to grain-size (Table 1§ fEsults
known from glaciomarine deposits, where they areshow that median percentage of clay fraction igiglacus-

formed by prolonged settling of large amounts okfi
grained suspended sediment (Miall 1983).

Ice-dammed glaciolacustrine basinlt was formed
to the south from the North Lithuanian marginalggd
after glaciolacustrine kame terrace was formed. dlbeo-
lute altitudes of the surface of the glaciolacustplain are
45-55 m. It has been established that the maxime-t
ness of reddish-brown clays reaches up to 13.%nme ffan
average thickness is 4.5 m). Glaciolacustrine sedism
overlay the till of the Middle Lithuanian phasiaf the
Nemunas Glaciation Baltija stadial. The contactlatio-
lacustrine sediments with the basal till is digtir@orrela-
tion between the thickness of glaciolacustrine reedis
and till roof is significant negative (-0.82).

trine plain sediments is 1.09 times higher thakame ter-
race. Fine clay fraction dominates in both borehdididdle
clay fraction is on the second place.

The content of each of these two fractions is fiigni
cantly (p<0.01) higher in glaciolacustrine plaiespective
medians are 1.12 and 1.16 times higher in bordkoled.
The difference between the boreholes accordingémse
clay and fine silt fraction is not significant (p8Q). For
most of the coarser fractions (coarse silt frac8dib—0.01
mm, 3 sand fractions from 0.1 mm to 1 mm and oasejr
fraction 5—-2 mm), the opposite regularity is obgpue.
sediments of kame terrace are significantly (p<0&i-
riched in these fractions. The relationship betwaean
values in two boreholes is analogous to relatigndia-

According to the lithological composition and char- tween respective two median values. As concernsdbg

acter of lamination the sediments are represenyethtk
grey-brown massive clay without visible laminatidrne

ficients of variation, in most fractions they arighter in
borehole No. 4; however, in two finest fractions atdy

fractions of 0.005-0.001 mm and <0.001 mm (56—74%hey are higher in kame terrace sediments. To adaclin

predominate in clay (Fig. 4). The glaciolacustrisedi-
mentation had a sporadic and rhythmic charactéinia.
According to varvelyear counting, the North Lithizgan
glaciolacustrine basin existed for about 166 yékexza-
kauskas and Gaigalas 2005).

%

comparison with kame terrace sediments, glaciotenes
plain sediments are enriched in the finest frastiohclay
and the content in these two fractions is lessibéei

There are also many significant geochemical differ-
ences between two boreholes with sediments frofardif
ent subenvironments (Table 2).
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Fig 3. Granular compositions of kame terrace clayey sedimin borehole No. 3
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Table 1. Weight percentage characteristics in fractionlsa&holes on kame terrace and glaciolacustrine plai

Means in boret Medians in | Coefficients
Fractions holes boreholes | of variation Range in boreholes | Ratio of medians in
(mm) in boreholes No.4 to No.3
No.3 No.4 No.3 No. 4 No. 3 No. 4 No. 3 No. 4

<0.005 66.4 | 73.2| 665 | 725| 6.5 | 6.6 52.8-73.5 65.3-84.3 1.09
0.05-0.005 229 | 186 | 225 | 186 | 9.4]19.4| 19.2-29.%5 10.6-25.0 0.83
>0.05 10.7 | 8.1 | 10.0 | 6.7 | 34.1| 475| 4.98-22.8 2.64-18.4 0.66
<0.001 40.3 | 46.4| 41.0 | 46.1| 8.3| 10.4 31.3-459 38.2-59.1 1.12
0.002-0.001 11.5| 13.0| 11.2 | 12.9 | 20.0| 15.5 7.15-16.,5 8.45-17.6 1.16
0.05-0.01 122 | 79 | 123 | 8.1 | 175/ 35.6| 7.13-17.6 2.17-12% 0.66
0.25-0.1 191 | 1.33| 1.76 | 1.06 | 34.7/ 88.5| 0.90-3.97 0.23-5.07 0.60Q
0.5-0.25 1.08 | 0.73| 1.02 | 0.63| 36.3] 75.0| 0.49-2.52 0.21-2.39 0.61
1-0.5 0.88 | 0.43| 0.83 | 0.40 | 43.1) 50.8| 0.36-2.20 0.07-0.83 0.48
5-2 0.34 | 0.13| 0.23 | 0.11 | 97.6| 93.1 0-1.44 0-0.43 0.46

Note. Only the fractions for which Mann-Whitneyttesvealed significant (p<0.01) differences betwtenboreholes are pre-
sented. The first three fractions are generalietiter 7 fractions are from 13 investigated. Thehbigvalue from two means,
two medians and two coefficients of variation iboid

Table 2. Geochemical characteristics of boreholes on dglacistrine kame terrace and glaciolacustrine plain

. . .| Coefficients of Ratio of .
Ele- Means in borer  Medians in variation in Range in boreholes | medians Fraction
ment holes borehole boreholes in No.4 MaxR| (mm) of
No.3 No.4 No.3 No.4 No.3 No.4 NO. 3 No. 4 to No.3 MaxR
P 545 865 450 900 39.8 16.2 250-1000 500-1200 2.000 0.304 <0.001
Pb 21.1 309 21.0 305 12.8 11.4 15-27% 2640 1.452 0.418 <0.001
B 102 140 100 140 13.5 12.2 76—121 100-180 1.40Q 0.479 <0.001
Li 37.0 51.8 38.0 52.0 11.2 7.7 25-45 44-6Q 1.368 0.614 <0.001
La 248§ 322 240 325 110 13.7 19-33 25-48 1.354 0.418 <0.001
Cr 88.2 116 88.0 115 13.2 7.5 62-11(¢ 100-150 1.307 0.499 <0.001
Yb 2.5 2.9 2.4 2.9 14.1 5.4 2.1-4.G 2.6-3.3 1.208 0.415 <0.001
Nb 9.0 10.6 9.0 10.5 26.9 6.9 6.0-17.5 9.8-13.0 1.167 0.28(Q <0.001

Mn 497 562 490 550 19.0 8.9 350-86( 480-680 1.122 0.28] <0.00%
Ba 499 590 520 580 217 11.0 20-64( 500-780 1.115 0.354 <0.001
Rb 144 161 145 161 5.0 5.0 130-162 145-179 1.106 0.623 <0.001

Ti 3828 4123 3800 4200 14.4 9.4 2900-570p0 3300-5000 1.105 0.199 0.002-0.00L
Co 13.2 148 13.0 143 25.0 134 8-21 12-19 1.096 0.417 <0.00%
Mo 1.0 1.2 1.1 1.2 19.8 9.0 0.7-1.9 1.0-1.4 1.095 0.316 <0.00%
Sr 111 119 110 120 7.4 5.4 84-123 108-129 1.089 0.4864 <0.001
Ga 227 255 23. 25.0 15.9 4.8 14-31 24-28 1.087 0.248§ <0.001
Ni 52.6 55.2 52.0 555 130 8.5 38-7( 47-66 1.067 0.202 0.01-0.00%
Ag 0.056 0.054 0.05Q 0.053 58.2 10.5 0.030-0.2300.045-0.07p 1.05Q 0.251 >10
Sn 4.5% 4.62 4.5 4.7 11.2 5.3 3.3-6.( 4.2-5.2 1.044 0.209 0.005-0.002
Vv 130 127 130 130 11.9 5.9 92-16( 110-150 1.00Q 0.178§ 10-§
Cu 319 331 33. 33.0 30.7 9.3 12-6( 28-45 1.000 0.265 10-§
Zn 915 924 90.0 90.0 245 164 35-14( 70-130 1.00Q 0.221] 0.1-0.0%
Y 248 219 240 220 11.g 110 19-33 18-28 0.917 0.465 0.05-0.01
Al 7.5 6.4 7.6 6.4 11.9 8.5 5.8-10.% 5.4-7.6 0.847 0.50] 0.5-0.2%
Zr 180 147 176 147 8.3 5.5 158-241 129-158 0.83Q0 0.633 0.05-0.01
Sc 15,7 114 140 11.0 18.4 10.§ 12-23 10-13 0.786 0.531] 0.05-0.01

Note. The elements for which U-test revealed sigaiift (p<0.001) differences between the borehalesrabold. The higher value
from two means, two medians and two coefficientsarfation is in bold. MaxR — maximum Spearman datien coefficient be-
tween element and one of 13 fractions, this fracisan the last column

159



%2
90

'A
. 4
80 o pree —
Fractjon < 0.005 mm ,»‘\_Ax’ twtT T -
A .’4. A - 7
20 5 - < A, TN — - N
kN e AT L e = o »

Iy k% £
60
30

Fraction 0.05-0.005 mm »
—— <
-~ - 7N\,
20 S — — P = B «” NN \\\
/ | _ o gl NP, A ,——.—"\\

Ner /\ Fraction > 0.05 mm N4 \,/’ <

10 S A b e
NS
S e e e e Tt o s e S S S S e o o T e taSo S e Lo fa fo Rl tn ®
.61 bl %I %} 9} .wl (.bl PI 6} 'bl $I %} 9} '\I (‘bl ‘glﬂ:ﬁl '\I 'bl .61 «I 9/ '\I%’bieqihﬁiegib.\,b'b,bﬁibﬁi«.\'«:b,«.%'

Tree Diagram for 75 Cases
Ward's method
Euclidean distances

[
>

Al

Linkage distances

NOOOIMNMUONANNT NN HO WO T O] MANHO g OI\GQ‘HNgl\\—!mmOH N MOOODATMHD

NN("’)NN(\IINNNHHHO’)O’) NHHO’) O’)O’)NQDLOQ‘HHHHQCOOON MOOONNNS M MHHHHNG)HOOCV)(\I(\I mNHHNHHmmNmMNH‘OVNH
T T T I I I T I T I I T I H I LT D AN D Y M) HH I chth IO ) A I A A DN A ) 0D HHHEH Th
Fig 5. Cluster analysis grouping of kame terrace and &erded lake clayey samples according to their cher@mposition

The contents of 16 chemical elements (P, Pb, B, Liabove-mentioned enrichment of clayey sediments from

La, Cr, Yb, Nb, Mn, Ba, Rb, Ti, Co, Mo, Sr and Gag
significantly (p<0.01) higher in borehole No. 4 quemed
to borehole No. 3.

proglacial subenvironment in 16 chemical elements.
As concerns clayey sediments of supraglacial envi-
ronment, they are enriched only in Yb, Al, Zr, Stiese

Their median values are from 2 to 1.087 times highe4 chemical elements are mostly correlated with srar

in glaciolacustrine plain compared to kame terrdidee
same tendency is characteristic of mean valuehexet

chemical elements. For all these elements, except T

maximum Spearman correlation coefficient, whiclsig-
nificant (p<0.05) is with the content of fine cléwpction

fractions: Zr, Sc, Yb with coarse silt (0.05-0.0tn)jrand

Al with medium-grained sand (0.5-0.25 mm).

For other 6 chemical elements (Ni, Ag, Sn, V, Cu,
Zn) no significant differences were determined lgew
sediments of different subenvironments. Three eifrtifV,

(<0.001 mm).Maximum Spearman correlation coefficient Cu, Zn) have even equal median values in both lbtgsh

of Ti is with medium clay fraction, however, finéag is

These chemical elements are also mostly correlattd

the next fraction according to magnitude of Spearmadifferent coarser fractions: Sn with coarse clay0@6—

correlation coefficient. Though both coefficiente anot
significant (p>0.01), some influence of the finelsty frac-
tions on the content of this element is obvious.

As the content of fine fraction is significantlygher in
glaciolacustrine plain than in kame terrace, tRjgains the

0.002 mm), Ni with fine silt (0.01-0.005 mm), Znthwi
very fine sand (0.1-0.05 mm), other elements witivej
fractions (V, Cu with fraction 10-5 mm, Ag with &t&on
>10 mm). As there is no significant difference begtw the
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boreholes according to all above-mentioned frasti@ira- coarse silt (0.05-0.01 mm) and Al with medium-
ble 1), the geochemical differences are also iifsignt. grained sand (0.5-0.25 mnHor other 6 chemical ele-

The coefficients of variation of all chemical ele- ments (Ni, Ag, Sn, V, Cu, Zn) no significant differ
ments, except La, Rb and Yb, are higher in borehole ences were determined between sediments of differen
No. 3. This is in accordance with higher coeffi¢geof subenvironments, they are also correlated withsaar
variation of the finest clay fractions in kame sse com- fractions.
pared to glaciolacustrine plain (Table 1).

While there are many significant geochemical dif-
ferences between sediments formed in different rstibe
ronment, the excellent separation of samples frdfard
ent boreholes is quite reasonable (Fig. 5).
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