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ABSTRACT

A set of 18 surface sediments form the Lakki bay were collected and analysed for sedimentological
properties, mineralogical composition and the geochemical properties of the fine pelitic fraction. The
sediments are sandy, with high carbonate and organic carbon contents. The minerals identified are: quartz,
feldspars, amphiboles, clay and carbonate minerals. The major and trace elements were grouped according
to their geochemical similarity and distribution: i) Si. Al, K, Ti, Rb are related with detrital
aluminosilicates; ii) Ca, S, Ni, biogenic group; iii) Fe, Mn, Zr, and V, related with the erosion of post-
alpine formations with Fe-minerals and iv) Cu, Pb and Zn, related with human activities. The computation
of I index, revealed the enrichment of the eastern, southeastern part of the bay in Pb, Zn, possibly due

Zeo
to the past and present port activities.
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Ta WApaTo ELval ¥V0imsg quuundovs ouoTaons, e peydir TepErTikoTyTe 08 avbpaxiza. To
UEYOAVTEQN TOGOOTA TNG ¥AAONS TNG AUUOT TUQATNOVMVTAL XOTA (KOS TWY AXTMV ®OL ETLONG 010 NA
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TOV UITOAOYLOIO TV OUVIEAEOTMHV OUOYETLONG XUl TN YEWYOUEIXY RATOVOIY] TV ¥NIUKWY OTOLKELWY,
SLAUOQPWOUY TLE THQAAATH OPASES yNuHmy atolelmy i) Si, Al, K, Ti, Rb, axetilovral e Ta xepooyevn
agyeomupiTixd, iy Ca, Sr, Ni, Broyevig opada, iii) Fe. Mn, Zr, V, Tpofoyovial ard 1y asroodBpnon
UETORTLK Y TETRORATWY e Fe-ovrges evaoelg wau iv) Cu, Pb, Zn, otouyela mov oxetiCoviar pe
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1. INTRODUCTION

Leros‘siand belongsito thel Dodekanisa island complexglocated between the Patmos and Kalymnos
islands, in rthv.: SE Aegean sea, The island is covering an aréa of S3km?, the total coastline is 71km long and
the population is about 8.000 inhabitants. The area under investigation concerns the Lakki bay (Fig. 1a),
located in the SW part ol the island. The Lakki bay 1s a semi-enclosed marine area, with a very narrow
enirance of approximately 400m.. It is the major port of the island and one of the safest ports of the
Mediterranean, also used as a naval base during the 2™ world war. The city of Lakki has a population of
2.400 inhabitants.

The present study aims at giving information upon the oceanographic status of the Lakki bay. as far as
it concerns the bottom topography and the quality of the surface sediments, represented by their
sedimentological properties, their mineralogical and geochemical composition. The latter parameter. will
also reveal possible human impact in the area, taking into account the levels of the heavy metals in the
surface sediments.

Geological setting

Leros island lies in the eastern part of the ntermediate metamorphic field of “Hellenides™ and the
geodynamic evolution of the formations is similar to those ol Kyklades islands.

The part of the island within the watershed of the Lakki bay (Fig. 1a) is composed by non metamorphic
post-alpine and metamorphic alpine and variscan formations, The main types of the post-alpine
formations are loose detrital sediments. occurring mainly in the valleys and the coastal areas, and molassic
sediments with clastic rocks and marly limestones. The latter, are characterised by the presence ol fine Fe
compounds in oxidised form.

The basement of the post-alpine rocks is represented by alpine and variscan metamorphic formations.
The alpine formations comprise the mesozoic cover and its underlying polymorphic clastic rocks, with
carbonate lenses and metavolcanites of intermediate basicity. Compact and dispersed Fe compounds, both
in reduced and oxidised forms, are observed in tectonic zones of the latter rock types. The variscan rocks
are composed ol different types ol schists with amphibolitic bodies and small marble lenses.

The creation of the bays ol Leros island is due to intensive movements. in an extensive field, vertical to
the long axis of the 1sland and related with the exhumation of metamorphic formations of the *“Hellenides™
intermediate metamorphic lield,

2. MATERIALS AND METHODS

The field work was carried oul during a cruise of R/V Aegaeo in the Dodekanisa area. A set of 1§
surface sediment samples was collected with a Reineck stainless steel grab, The sampling stations location
is illustrated in Figure 1b. Bathymetric measurements were performed along tracks, with a narrow beam
echosounder (Furuno FE-824). The Integrated Navigation System of R/V Aegaeo (GPS, gyro compass,
speedlog) was used for the positioning during both the sampling and the bathymetry.

The samples were treated with H,0, 10% solution. in order to remove the organic matter and passed
through a 63pum sieve (Folk. 1974). The fine fraction was analysed in a Sedigraph (Micromeritics 5100)
grain size analyzer, to determine the silt and clay contenl. The determination of the total carbonate
content was performed with the ‘carbonate bombe' (Milller and Gastner, 1971) and the total organic
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#The diffractometer emploved CuKd radiation,sgraphite monochremator. whilst the powdered samples
|' were scanned in the range 2°-50° 2q. The scanning conditions were: scan speed 1°/min, voltage 40kV and

Current. 26m A

} The geochemical analyseswere performed in the pelitic (<opm) fraction of the sediment, which was
W geparated in settling tubés. The major and trace elements were determined by the Energy Dispersive X-
Ray Fluoresenge methnd (Traeor TX 15000 system). in the labaratories of Technische Universitdt
Hamburg-Harburg. The accuracy ot the measurements was 15% for Cr, 20% for Cu and between 5-10%
“for the othér elements. checked by a set of international reference materials (NBS 1646 ‘Estuarine
Sediment’ =sNTES No.. 2 ‘Pond Sediment”, BCR 277 'Estuare Sediment’, BCR 280 ‘Lake Sediment’, BCR

320 ‘River Sediment’).

The comparison of the present heavy metal levels with background values, not affected by human

activities, was performed with the *

Index of Geoaccumulation™, introduced by Miiller (1979):

Cn is the measured concentration ol the element “n" in the clay sediment fraction (@<2pm) and Bn
represents the geochemical background concentration of element “n™ for the “average shale™ reterenced
from Turekian and Wedepohl (1961). The factor 1.5 is introduced to include possible variations of the
background values due to lithogenic effects. Igeo value is a measure of heavy metal contamination and it is

defined in the following scale:

Lo L., class Designation of sediment quality

>3 6 Extremely contaminated

4-5 5 Strongly to extremely strongly contaminated
3-4 4 Strongly contaminated

2-3 3 Moderately to strongly contaminated

1-2 2 Moderately contaminated

0-1 1 Uncontaminated to moderately contaminated
<) 1] Uncontaminated

The method can be applied also in the fraction @<6um, if the content of the @<2pm particles in the
samples is very low (Karageorgis et al, 1997a). The methods” performance is not altered significantly,
because the clay minerals (major carriers of the trace elements) are the major component of the @D<6pum
fraction as well. The [ index has been determined for the sediments of various sites of the Hellenic

Eea

territory. providing useful information about the sediments quality (Anagnostou et al.. 1996; Anagnostou
et al., 1997; Karageorgis et al., 1997a; Karageorgis et al., 1997b). The relationships between the chemical
elements were studied by the use of summary statistics and the correlation coefficients matrix, calculated
by the soltware package Statgraphics Plus (Statistical Graphics Corporation, 1994).

3. RESULTS AND DISCUSSION
Bottom topography

The Lakki bay bathymetric map is illustrated in Fig. 1b. The general bottom topography is
characterised by steep slopes along the northern and the southwestern coast and smoother NE and SE
parts. The inner bay is more flat (depths between 30 and 50m). The deepest part of the bay is the SW, max.
depth around 75m close to the the narrow entrance.

Grain-size properties

The surface sediments grain-size properties are presented in Table 1. The sediments are consisted
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Figure 1. {a)Rock formations within the Lakki bay drainage basin
{Stavropoulos and Gerclymatos, 1995), (b)Bathymetric map of the Lakki bay,
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more coarse sand.fragtion (>63um). Shows that sediments are less sandy in the NE part of the bay, whilst
higher percentages are observed along the northern coast, up to the bay entrance (Fig. Za). In the inner SW
part, the sand ¢ontent is significantly smaller (station LE- 11}

Lii general, the grain-size distribution is reversibly proportional to the depth, that is coarse sediments
appearin theshallow ‘watér and fine grained sediments in the deeper parts, as 4 function of the
hydrod¥namic conditions. In the case of the-Lakki bay this rule is not exactly applicable, since the lower
sund content is covering the shallow NE part of the bay and higher values appear in the deeper SW area. It
seems that _Ehc hydrodynamic status in the NE part is lower and fine grained sediments dominate this
relatively calm environment. "On the contrary, the sedimentaiion in the SW is regulated by the sharp
coastal-morphelogy and is alsois-alfected by stronger coastal currents, resulting to higher sand content
(stations LE-12, 13, 14). The inner SW part (LE-11) is dominated by finer sediments due to the significant
increase of the depth (=50m) and hence, the hydrodynamically more calm environment.

Table 1.Grain-size, carbonates, organic carbon and major elements (<6pum), of the Lakki bay surlace sediments.

Sample  Sand Silt Clay  Carbo- Org. 510,  ALO, Fe,0, CaO K.O0 TiO,

T % % nate % carb.% % T % To % o

LE | 424 57.6 0.0 474 378 4122 17.80 6.73 8.71 294 0.88
LE?2 41.7 51.9 63 447 300 40.28  16.63 725 9.04 2.94 0.89
LE 3 48.6 47.6 3.8 526 252 40.38 17706 6.35 8.30 328 0.52
LE 4 40.4 534 62 539  2.00 3952 1546 .65 10.48 2.76 0.86
LES 81.6 154 00 855  1.68 3851 14,10 5.31 10.64 2.51 0.65

LE®6 69.3 28.8 1.9 632 310 36,55 1345 6.00 11.36 2.38 0.69
LE 7 62.2 34.8 3 645 (.83 3743 1414 6.80 12.37 2.43 0.82
LE & 69.8 9.3 209 592 083 3676 1475 1.22 11:52 2.51 0.54

LE9 73.6 234 3.0 579 08I 36.51  14.60 721 12.15 2.46 0.82
LE 10 523 447 30 658 087 3800 14.67 7.42 12.35 2.39 0.584
LE 11 32T 56.8 105 500 142 3432 1325 8.54 12.75 2.28 0.70
LE 12 785 19.5 2.0 697  1.08 3408 1358 6.51 12.92 2.28 0.69
LEI3 761 199 4.0 658  1.25 3479 1404 6.958 12.54 2.35 0.73
LE 14 858 12.6 1.6 86.8 142 3520 1304 554 13.62 2.05 0.65
LE 13 2.1 250 00 75.0  1.39 3706 14.02 5.87 13.26 2.24 0.67
LE 16  79.7 203 00 474 070 39.80  14.60 7.40 11.14 2.21 0.78
LE17 493 447 6.0 592 113 3861 1616 7.35 11.05 271 0.87
LE 18 257 62.7 116 42,1 278 4345 1780 6.62 3.69 2.84 0.80

Carbonate content

The carbonate content is generally high, varying between 42.1% and 86.8% (Table 1). Principal source
of the carbonate material is the various marine organisms, which use calcium carbonate to build their
shells. The distribution patterns are similar to the sand [raction. denoting the presence of carbonates
prelerably in the coarser part of the sediment.

Organic carbon

The total organic carbon varies berween 0.70 and 3.78% (Table 1) and it is considered as high.
Especially the northwestern area is carrying most of the organic load. Nevertheless, this phenomenon is
due to the decomposition of sea- weed, rather than human impact.

Mineralogy
The mineralogical composition is following the typical characteristics of the coastal sediments. The

minerals identified W' BBMIBND A PECBRATI e T MM ARG & ThBnerals (illite, chlorite and



smectite) and carbonater minerals (calcite, Mg-calcite, aragonite). The samples with strong peaks of
carbonate minerals are nicely correfated with 'the sand distribution patterns (and apparently the total
carbonate contentidistribution), indicating that these minerals appear mostly in the coarse fractions.

}

|, Table 2 Traceelements and lgeo index, of the Lakki bay surface sediments (<bpm).

[

W}[ﬂe Mi. o lgeol Cu-d Wgeol BB UUIgeow! Znll Wlgep Cr Igeo  Ni lgeo  Sr Rb Zr V
ppm  ¢lass ppm class_ppm class  ppm class ppm  claSs  ppm  class  ppm  ppm ppm ppm
IE 11 22474 81 1 68 7 168 | 148 1 68 0 450 125 162 176
[P 347 - ) 85 1 120 13 257 | 144" 1 65 0 471 125 184 204
EE3 256 0O B3 2 2 128 0 57 0 428 124 177 171
LE 4 6 0 90 | 116 2 235 | 133 0 74 0 517 119 205 208
LE S 248 0O 67 0 B85 2 162 1 16 0 63 0 532 94 134 169
LE & 289 0O 89 1 182 3 260 1 41 | 77 0 608 101 152 173
LE 7 350 74 1 8] 2 178 1 127 0 77 0 573 107 184 154
LE 8 376 0 92 1 89 2 174 1 143 1 73 0 559 115 188 156
LE9 379 0 69 | 74 2 177 1 a0 79 0 558 108 183 197
LE10 418 0 1 1 66 2 164 | 132 0 3 0 540 104 203 199
LEIl 414 0 71 1 84 2 196 1 126 0 81 0 587 98 175 208
LEl2 322 @ 121 1 19 2 3 2 1230 73 0 629 102 144 179
LE 13 353 0O 85 | 68 2 160 | 123 0 77 G 605 14 (67 172
LEI4 318 0O 57 0 57 1 125 0 138 1 7 1] 615 63 175 155
LE15S 331 O 58 0 40 1 125 0 137 1 81 §] 553 96 153 150
LE16 373 O 74 | 63 2 154 1 134 0 76 0 420 99 190 190
LE17 344 0O 86 1 93 2 187 1 138 1 7 0 508 112 167 177
LE1¥ 308 0 Moo 80 2 152 1 127 0 70 0 392 114 141 183 ]

Geochemistry of the pelitic fraction

The results of the geochemical analyses of the pelitic fraction (<6pm) for major and trace elements are
presented in Tables 1 and 2. The correlation coelficients matrix is presented in Table 3.

The fine pelitic fraction is mostly composed of aluminosilicates, hence Si and Al are the dominant
chemical elements, exceeding the 60% of the total concentration (Table 2). 5i, Al, K and Ti show high
inter-correlations (Table 3, Si-Al:0.87, K-AL:0.92, Ti-AL0.72, K-5i:0.74, e1c.), denoting their common
geochemical behaviour. These elements are torming the group of detrital origin elements, related with the
aluminosilicates. Rb and the organic carbon go with this group as well, The spatial distribution of the
aforementioned elements is very similar (the representative distribution of SiO, is illustrated in Fig. 2b).
The general pattern is an increasing trend of the concentrations in the direction SW-NE, indicating that the
major source of the aluminosilicates in located in the NE part of the bay.

CaO and Sr [rom the minor elements are forming the biogenic group. They show negative correlations
with the detrital origin group (Table 3, Ca-AL-0.91, Sr-Si:-0.94, Ca-51:0.84) and positive correlations with
the carbonates and the sand content. Likewise, Ni is attracted to this group (Ni-Ca:0.80). These elements
illustrate also an opposite aerial distribution, that is, an increase from the NE towards the SW.

Studying the correlation coefficients matrix. as well as the sparial distribution ol the trace elements, we
recognised a group of elements with similar properties. Fe is not related to the land derived aluminosilicates,
but seems to form another group together with Mn, Zr and V (Fe-Mn:0.81. Fe-Zr:0.635, Fe-V:0.70), partly
with Ti (Fe-Ti:0.53) and also positively related with the silt and clay fractions. Their spatial distribution is
quite similar (Fig. 2¢). The maximum concentrations appear in the deepest SW part of the bay and the NE
area. This is probably a group related with the erosion of Fe compounds in the posi-alpine formations
occurring in the western side of the drainage basin of the bay. Another potential source is the majority of
the metamorphic rocks of the area und specifically an existing Fe mineralization zone (Fig. 1a) comprised of
magnetite, hematite. h#¥ngexiBipAodhkmi@edepaorog)pdigpaidwiayiagrAid1 995 ).



Table 3, Correlanon coeiffigients matrix of the major and minor clemeénts, the grain-size, the carbonate and the organic
carbon results.(n=[8, significance level 0.05).

510, AL Fe Q= 0h0 KO o, “Mn o Po " Zn or Ni St Rb Zr V Sand Silt Clay Carb.
i .00
AL BT
Fe0, ' 004 Ho08
Ca0d R8T -9 0
Kp u_}t L9 00 00
Tio, 058 072 053 058 (047
Mn 0328 -027 081 044 036 034
Cu 006 008 018 013 021 021 D05
Ph 003 007 -0 033 033 008 033 057
n 004 000 006 016 023 012 009 083 080
r 020 026 004 017 017 047 018 -0.04 009 001
N1 056 064 0M 080 077 024 068 -020 030 021 013
Sr 094 DS -000 084 069 056 020 006 DO 019 0I5 D55
Rb 063 085 029 079 090 085 008 036 029 030 042 D56 0H58
Zr 001 oo 065 007 0 057 069 -0 008 003 03 021 006 030
v 18 018 070 024 020 038 041 Ot6 022 039 O 002 024 026 039
Sand  -056 -0.66 052 060 065 -058 0.7 003 018 016 012 021 D53 064 006 052
Silt 059 067 042 060 065 052 009 -003 016 005 009 -023 056 059 001 054 096
Clay 004 006 046 013 018 032 030X G611 0 012 000 006 033 G210 008 039 40l
Car, 57 066 064 064 058 069 027 022 021 023 031 009 066 070 029 057 073 068 037
Orgcar. 05% 060 023 073 064 019 053 008 046 026 032 054 042 054 031 012 051 058 009 4W

The elements Cu, Pb and Zn lorm another group (Cu-Zn:0.83, Pb-Zn:0.80. Cu-Pb:0.57). The
distribution of Pb is nicely representing this group (Fig. 2d). The general trend is an increase of the
concentrations from NW to SE, parallel to the axis of the bay. The elements are not correlated with the
detrital groups and seem to have another source.  The calculation of the [, index (Table 3), shows that
the Lakki bay is enriched in Pb, reaching the class *Moderately to strongly contaminated’, in the eastern,
south-eastern area (see also Fig. 2d). 1., values for Cu and Zn are significantly lower, but still they reach
the class ‘Uncontaminated to moderately contaminated’. This could be related with human activities which
took place during the past, since Lakki served as an ltalian naval base during the 2™ world war, but also the
present activities of fuel storage and loading facilities, located along the southern coast.

4. CONCLUSIONS

The Lakki bay is a semi-enclosed marine area, with steep slopes along the north coastline and
southwestern coastline and a smoother inner and NE part. The surface sediments are classified in general
as muddy sands and silty sands. They have high carbonate (biogenic origin) and organic content, the latter
due to the decomposition of sea-weed.

The mineralogical composition comprises quartz, feldspars (plagioclase), amphiboles. clay minerals
(illite, chlorite and smectite) and carbonate minerals (calcite, Mg-calcite, aragonite).

The geochemistry of the fine pelitic fraction (<6pm) and the further statistical analysis revealed four
groups of major and trace elements;

i) Si, Al, K, Ti, Rb, which are related with detrital aluminosilicates.

it) Ca, Sr, Ni, which form the biogenic origin group.

i) Fe, Mn, Zr, and V, related with the erosion of Fe compounds of the post-alpine formations located
mainly in the western part of the drainage basin.

iv) Cu, Pb and Zn, elements related with human activities during the past (naval base during the 2™
world war), oWrpaxriBiBAic8rkn JOsdygpeoTegt wTidipadiewloyiag. A.M.0.
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