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ABSTRACT

Investigation of 40 samples, taken from water depths ol 15-380 m, were carried out in order to
decipher the lateral distribution of sediments and of clay minerals in fine-grained clastic seafloor sediments
from the south Cyclades marine area of the Aegean sea. The sediments of the area are mainly characterised
by relatively high concentrations in carbonates. The distribution of grain size classes follows more or less
the bathymetry, coarser sediments in depths up to 150-180 m. finer sediments in deeper areas. The
distribution pattern of the phyllosilicates (crystallites or aggregates) illite/muscovite, chlorite, kaolinite,
smectite and mixed layers is, in contrast to the fractions <2um, most evident in the fraction 6-20 um:
Ilite/muscovite are dominant in the northeastern part of the Aegean sea between the islands of
Sifnos/Folegandros and in the Santorini caldera. and chlorite near Folegandros and Sikinos. Mixed layers
are found in the entire area with low variations in concentration.

The distribution pattern is predominantly influenced by three factors:

I. source area (Milos and Santorini: volcanic rocks, Folegandros: chloritic schists, Naxos:

metamorphic rocks and acid magmatites),

ocean currents (the currents of this region seem to modity the primary source area pattern),

grain sizefwater depth (smectite is dominant in the fraction <2um, independent of water depth;
however, the dominance is most evident in the more than 200 m decp area north of
Folegandros/Sikinos).
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NEPIAHWH

Ty mEQLOYY Ty votlov Kuxhadoy  avahvbnxay 40 emupoveiaxa oeiypota Cnudtov. Ta
AMOTEAEOUATA TV UVOAUTEMV [LWUG EMETOEPUY TNV UITOTUTWON TS HUTAOTAONS NG KUTAVOUNS TtV
WNUATOY OTO (00 KL TNG OQVATOROYIOS TV @QyLAWY. TNV TEQLOYY EMLKOUTOUY LLNIUTH TAOVOLL OF
QVOROKIKAL KO 7] KOKHOUETOURY TOUS ®OTUvoWY ovoyetiletar pe 10 Pabog. Emxoatovy adpopon
ROt appmdong veng ota Baon péxot 150-180 m xal AETTORORAC LAVUOYLAWMON OTU peyuhuTepa b,

Ta gyl OQUATY TG HOXKKOUETOUKNG TAENS g apylhov (P<2pum) gaivetar 61U Ogv
auoyeTiCovial e To Paboc.

H auEnpévn ovppetoyn 100 OUEXTITN 0T STOSOOT TWY UOYLAALKWY 0RUXTWY EENYE(TOL wS N
EMLOQMON TV YELTOVIXMY YEOOWY, OV (WTOTEAOIVTUL OJTO NEULOTERA TETOmpuTa (Mnhog L
Zavtopivn). Ou thumoets @aoels (2-6 wm zaw 6-20 pm) oxeTiCOVIUL JE TO HWOO TOOEAEVOTS TOU VALAOD.
YYMAES OUYHEVTQMOELS TOU ¥AwQLTY EXOUV Gay YN TQOELELANS TOVUS FAWQLTIAOVS 0¥LoTOABOVE TNg
doréyavdopor rat Sixvov, H emxpdtnon tov thiltm/pooyopitny ota BA g wid PEAETN Te0uo0ns
OUOYETICETOL [LE T HETAUOQEHUOILEVA KUl OELVa TTETROIaTa TNg Natou.
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1. INTRODUCTION

' This paper studies the grain size distribution of surface sediments and their clay minerals, in the marine
trea ofrsoutiem Cyclades islunds. The.area under investigation is the marine basin between the isiand
complex Milos, Paros, Naxos. [os; Sikines and Folegandros (Fig. 1). Supplementary and for comparison,
closed gulfs of Milos and Santorini were also examined.

The ared has the_character ofran epicontinental sea with island complex. 1t belongs to the wider
epicontinental Cyclades plateat and 1t is differentiated from the other Aegeun regions due to relatively
shatfow,_depths. Depths reachiup 1280 m in the marine basifl between the island complex. The marine area
forms an clongated and“asymmetric basin of 75 km lepgth and 25 km width, with the long axe oriented
SW-NE and bends mainly in a SW direction. Coastal zones are characterised by steep slopes. In the NE
part of the basin reliel is refatively smooth up to 100 m (dips up to 0.13°). followed by a steeper slope up (o
200 m (dips up to 0.77°). After this dips are getting smaller again (0.57°) and finally relief becomes smooth
while depths are varying between 250 and 280 m.
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Fig. 1: Working area, bottom morphology and surface sediment samples locations.

In contrast 1o the submarine morphology the islands have an intense relief. with hights up to 1000 m
(Naxos isl.). However hights vary between 300 and 1000m.

From the geological point of view Cyclades islands belong to the metamorphic zone of Atticocycladic
mass (JACOBSHAGEN. 1986). Some small areas are covered by neogene and quaternary sediments and
recent volcanic formations. The metamorphic Atticocycladic mass is represented by gneiss. schists,
quarzites and marbles, Metamorphism ook place in phases [rom Eocene to M. Miocene, The post-alpidic
sedimentation begun in M. Miocene and in the most recent geological history volcanic activity took place
in the area (Pliocene and Quaternary in Milos, up today in Santorini).

Similar sedimentological studies in the area under investigation are limited to a paper about sediments
between Paros and Naxos isl. (MUELLER, 1975). In Santorini area similar work is referenced
(PUCHELT. et al., 1973) and the recent works about the sediments in Milos gulf. 1993, KARAGEORGIS
el al, 1997a, KARAGEORGIS et al. 1997b). On the other hand in the wider area and within the research
scopes of National Centre for Marine Research (NCMR), several publications study and map the

sediments quality (ANAGNOSTOU et al, 1993; KARAGEORGIS, et al., 1993; 1996; VOLAKIS &
ANAGNOSTOU ';’qu;tglam"] BiBA0Brkn "@edppacTog” - Tunua Mewloyiag. A.M.0O.



This study has been.carried out in.coeperation with the department of Marine Geology and Geophysics
of National Centre for.-Marine.Research (NCMR), Athens and the Institute of Geology in the Ruhr
Wniversity in Boghum, Germany within the frame of NCMR's research project “Oceanography of the

| Greek Open Seas™
L2 METHODS

Sediment: samples were collected in two phases during July 1986 and December 1987, with the research
vessel “AFGAIO" of NCMR.which, utilises the necessary j€quipment (for positioning, depth and
sampling). sediments were collected mainly with a REINECK grab (NCMR s construction) and a short
gravity corer. The final sampie was the top:1-2 em of the sedimentcolumn coming up on the deck. Sampie
locations are presented in Fig. 1. Sediment samples coordinates. depth and macroscopic characteristics are

listed in Table L.
Table I: List of sediment samples, co-ordinates and depths of sampling, macroscopic characteristics of the sedimenis

Sample No  Latitude Longitude Depth Macroscopic characteristics

A 17 36,990° 24.647° 200m sandy mud. grey-brown

AR 36.881° 24 526° 200 m sandy mud, grey-brown

Al9 36,708 24 4540 30m sand, grey-brown

AZD 36,7200 252190 70m sandy mud, grey-brown

A2l 36,792¢ 24,338° 180 m mud, brown

A 22 36,7229 24.447° 15m sand, grey-green

A24 36,697 24 446° 44 m sand, grey-green

A26 36,5920 24 876" 130 m sand, grey-green

A28 36,393 25.373¢ 210m sand, brown

A 20 36,396° 25.417° 285 m sand, brown

A 30 36,4400 25.366° 380 m muddy sand, brown

A3l 36,4540 254100 330m muddy sand, brown

A 32 36,8977 25.247° 75 m sand, green-grey

A 34 36.973° 24 583¢ 150 m sand. green-grey

DS 36,7100 24,666° 237 m sandy mud, vellow

Do 36,746 24, 764° 265 m mud, vellow-brown

D7 36,815° 24,696 21l m mud. brown

D8 36,857 24.661° 272 m mud. brown

D9 36.869° 24,7440 220m mud, brown

D10 36.871° 24 822¢ 185 m sandy mud, brown

D1l 36,802° 24.844° 230m mud, brown

D12 36.739° 24,843 257 m mud, vellow

D13 36.669° 24.553° 107 m sand, green-grey

D14 36,706 24 947 270m mud, brown

D15 36.651° 25,037° 240m biogenous sand, green-grey

D16 36.745° 25,109 270m mud, vellow

D17 36,788° 25,175° 190 m coarser sand

D18 36,872¢ 25.116° 102 m mittle sand

D19 36,843° 25,0490 230m mud. brown

D20 36,766" 24,978° 255 m mud. brown

D2l 36,8270 24.940° 225m mud, brown

D23 36,939 25.011° 95 m sand with biogenous debris brown
D24 36.,954° 25.091° 55m sand. brown

D25 36,953 25.163¢ 30m sand with red algae debris, green-grey
D26 36.910° 25.247° 79 m sand with biogenous debris, green
D27 36,835 252700 73m sand with biogenous and red algae debris, green
D28 36.826° 25.355¢ 82 m sand with biogenous debris. green
D29 36887 25,440 81m muddy sand, green

D30 36,961° 25319° 51m sand with biogenous debris, green
D 31 37 (¥neiaxn BiBAoBrxn "OgdppacTog” < T pa Mewkoyiagn A M:ris, green




In the laboratory grain size-analysis was earried out. At first sample was separated by wet sieving in
iffe classés >63 [im, and <63 (. The class ©>63 um was further separated by dry sieving in the classes 63-
B0 fumn, 90-123 pin, 125-180,um, 180-250 wm, 250-335 um, 355-500 pum, S00- 1000 um and >1000 pm.

The fine part of the samples was treated with H,Q, and EDTA for the removal of organic material and

« carbonatesres pectively ~Afterwards‘thessubsample wasturther separated in classes <2 pum, 2-6 pum, 6-20

5

urm and 260-63 pm ip Atterberg cylinders (MUELLER. 1964). Total earbonates concentration in the sample
"was measured [with SUHEIBLER appdratus] &hich calculates the CO, volume produced during the
carbonates reaction with acid (MUELLER, 1964). ‘

Oriented ‘mounts were prepared{rom the sub-samples of the €lasses ®<2 pm, 2-6 wm, 6-20 um, by
sedimientation on @ glass slide. in order to identify clay minérals-by X-ray diffraction. Size separation in the
mounts. and therefore analytical bias, was faced by the use of certain quantity of material, well
homogenized in certain volume of water, in order to produce a thin film totally penetrated by the X-rays.
All samples were measured in normal condition. glycolated. heated in 370 °C and heated in 500 °C.
Equipment used was XRD-Philips PW 1050/25 with AMR monochromator (alternatively nickel filter) and
generator PW 1130/00 with Cu tube. The measurements conditions were 40 kW/35 mA and paper speed 1
or 2 cm/min. Semiquantitative estimation of clay minerals abundance was obtained by area calculation of
representative peaks in diagrams of glycolated and heated in 370 °C samples. Final results assume the sum
ol the weighted peak areas to respresent 1009 ol the material,

3. RESULTS

Grain size sediments characteristics and distribution: Grain size analysis data show a variety of
sediment types, from sand to silty-clay. Distribution of the grain size classes, which is presented in figure 2
indicates that the line Sifnos - los sets boundaries of two areas with different grain-size features. The NE
area 1s dominated by sandy sediments, while in the SW area sediments are finer (silt + clay).
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Fig. 2: Distribution of the percentages of the grain size classes <2pum (a), 2-6um (b), 6-20um (¢) and of the fraction
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Sediments-distribution follows mere or less the bathymetry, Sandy sediments dominate up to 150-180
m depth, while in the deeper parts.of the basin the fine fraction comes up to 64%. This distribution is more
obvious in figure 2a, where the clay fraction distribution is presented. Comparing these data to the
. carbonales content of the sediments (Fig..3) and as well as to the macroscopic description, we come to the
:._Lconcl‘usion that despite detrital sand. sand fraction is-related. 1o biogenous shells and debris. Sorting is a
parameter related to the dynamical processes during sedimentation. Sorting values vary from “very poor”
to “well”™ (Fig, 4). In the'NE shallower aréa sorting is better than the SW deeper area. This indicates a
higher hydrodynamical status in the NE area.
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Fig. 3: Distribution of the total carbonates in the surface sediments

Carbonates distribution: Carbonate content of the samples is presented in the Table I1 and the
regional distribution is illustrated in Fig. 3. Sediments are generally rich in carbonates. Sediments easiern
of the line Folegandros-Sifnos show high percentages >60%, while concentrations in the western sediments
vary for 50-65%. Sediments form the closed areas of Milos and Santorini show low concentrations. Mainly
carbonate content in the area is coming from shells and biogenous debris.

Clay Mineralogy: Identified clay minerals in the area under investigation are: illite (=Muscovite),
Chrorite, Smectite, Kaolinite and a Mixed-Layer. The results of the semiquantitative analysis of the clay
minerals abundance for each sample, dilferentiated in the grain size classes <2um, 2-6um and 6-20um are
listed in Table Il. Representative X-ray diffractograms in the different measurement conditions are
illustrated in the Fig. 5. Illite major peak is observed in 10 A and remains stable after the various
treatments. In the coarser classes (2-6 um, 6-20 um), a part of the peak is due to muscovite, Chlorite is
observed in 14.2 Aand 7.1 Aalong with Kaolinite. Smectite is an expanding mineral and so after the
treatment with glycole its peak is moving towards lower angles (higher d values 16.5 - 17.0 A). In higher
temperatures (e.g. 370 °C) smectites crystal structure is destroyed and it's degraded to illite (see Fig. 5).
Kaolinite is observed in 7.1 A and remains stable after glycole treatment and heating in 370 °C, but it is
destroyed after heating in 500 °C (see Fig. 5). Mixed-Layer shows up like a curve without a distinct peak in
the area 10-12 A and Wagiar BIpMoBIKH COEBpPEstogt X Tmiticer snoyide YANRODS & HOWER, 1970).



S¢mi quantitative calculation was earfied ott'in the classes d<2 (m, 2-6 um, and 6-20 pm, after BISCAYE
f(l%ﬁ; and let us:
a) correlate darato grain Size and

|  b) [ differentiate the area under investigation according to the clay percentages.
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Fig. 4: Surface sediments sorting according to the method of Trask

Fig. 5: Representative X-ray
diffractograms, from the
sample D11, in the different
measurement conditions,
normal, glycolated, heated in
370 °C and heated in 500 °C.
The d-spacing values are
illustrated on top of the peaks
{Sm=5smectite, Chi=Chlorite.
M.L.=Mixed Laver,

Kaol =Kaolinite).
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Correlation of clay minerals to grainssize: Clay minerals distribution in every grain - size class
(avérage of all samples) shows a reduce of smectite and increase of chlorite while grain - size is getting
coarser=A. similar 'behavioursis, observed-forillite and.chlerite which both increase with grain - size. For

} kaolinire'and mixed-layer we didn/t-observe any linear variation between percentages and grain - size.

.7, It is very important to note that in samples from the island complex smectite and illite have the same
abundance in-the tlass <2 am while,in Milos, arid Santorini areas smectite dominates relatively to illite.
Concentranons of the'other clay minerals do not vary tonsiderately in the diagrams.

Table iz CarBfionate content ol the samples @nd the results of the semiquantitive analysis of the clay mineral abundance
for each sample, differentiated in the grain size classes <2um, 2-6pum. 6-20um

Sample % CaCO, Clay Minerals Smectite % Mixed Layer % lllite % Chlorite % Kaolinite %

Al7 16 % <2 um 76.6 1.8 134 2.5 5.7
2-6 um 41.9 2 36.1 9.4 9.4

6-20 um 35.0 5.0 38.9 12.7 8.4

AlS 55% <2 pm 55.6 3.9 22.1 74 11.0

2-6 um 34.6 6.4 35.5 11.8 1.7

6-20 pum 255 6.2 465 13.1 8.7

A 19 32% <2 pum 735 31 12.3 33 7.8
2-6 um 26.8 2.8 472 13.9 9.3

6-20 um 39 36 59.7 295 3.3

A20 48% <2pum 38.2 4.6 34.3 92 13.7

2-6 um 24.0 2.2 473 13.0 13.0

6-20 pm 7.2 34 62.5 215 5.4

A2l 67% <2 um 60.0 59 185 4.7 109

2-6 um 293 44 46.3 10.0 10.0

6-20 pm 10.5 6.8 587 16.8 72

A22 42% <2um 67.9 4.9 15.7 23 92

2-6 um 232 1.5 476 13.9 13.8

6-20 um 12.3 9.8 44 8 232 9.9

A 24 19% <2 pum 62.0 34 20.1 44 101
2-6 pum 25.1 " 484 14.3 95

6-20 pm 11.6 44 50.7 300 3.3

A 26 2% <2 um 29.3 6.7 34.4 17.7 11.9
2-6 pm 6.9 39 52.7 292 7.3

6-20 um 2.9 2.0 56.0 37.2 1.9

A28 % <2 um 56.8 6.6 22.0 7.3 7.3

2-6 um 383 6.2 321 11.7 1.7

6-20 pm .0 18.7 54.2 18.8 8.3

A29 6% <2 um 60.3 2.6 208 9.8 6.5
2-6 pm 33 35 39.3 18.2 7.7

6-20 um 14.6 7.8 46.6 21.7 9.3

A 30 11% <2um 56.9 12 25.9 4.0 6.0
2-6 um 31.9 56 9.1 14.0 9.4

6-20 pm 15.4 9.8 46.6 11.3 16.9

Al 0% <2 um 88.3 1.0 7.8 06 2.3
2-6 pm - - - - -
6-20 um - - - - -

A 32 T5% <2 um 285 5.2 41.0 10.1 152
2-6 um 7.0 5.6 64.9 135 0.0

6-20 um 2.3 114 70.1 11.4 2.8

A 34 T6% <2 um 353 54 36.6 9.1 13.6
2-6 um 6.9 6.9 64.3 13.2 8.7

6-20 um 27 5.4 74.3 1.6 3.0

D5 51% <2 um 49.9 6.4 29.6 3.0 12.0

2-6 um 10.8 25 54.9 20.7 11.1

6-20 pm 6.4 39 592 244 6.1

Do 65% <2 um 35.8 7.2 40.6 8.2 8.2
- 5. 573 4 10.
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D30 GO < 2 pm 36.4 T 40.6 8.6 8.7

: 2-6 pm 4.4 45 7.7 9.7 9.7
. 6-20 um 1.2 8.6 775 8.9 38
D3l 62% <7 pm 14.4 . ) 60.1 10.1 10.1
2-6 (tm 8.7 [ 63.0 9.5 116
620 um o 5.9 786 8.7 5.8

The average of clay minerals abundanee-inithe 'marine area between the islands of Milos, Paros, Naxos,
Jos, - Sikinos and Folegandros—lies #in the boundary of maximum-minimum, in comparison fo
EMELYANOV & SHIMKUS (1986) data (Table II[).

Geographical distribution of clay minerals: The geographical distribution for smectite and illite in
the class ®<2 pm are presented in figures 6 and 7. Both distributions don’t show a linear relationship
versus depth. Nevertheless a complementary relation is observed between the distribution of the two
minerals, any increase of smectite is followed by the decrease of the illite and vice versa. We note that high
concentrations for smectite are encountered in the volcanic islands Milos and Santorini area. In the island
complex area we observe lower values [or smectite in accordance to EMELYANOV & SHIMKUS (1986)
data (Table 1), Chlorites distribution is influenced by detrital contribution, since high concentrations are
encountered near the islands of Folegandros and Sikinos.

4. DISCUSSION

Sediments in the area under investigation are mainly characterised by relatively high concentrations in
carbonates of biogenous origin. We observe wellsorted coarse sediments(mainly of biogenous debris
constitution} in the NE part of the area. :
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Fig. 7: Distribution of illite in the class <2 um

This is related to a re-sedimentation mechanism of biogenous shells and debris because of the currents
status in the area. Currents carry the fine particles to the deeper parts of the area.

This mechanism, as well as detrital supply, controls clay minerals distribution. Clay minerals are the
major part of the sediments fine classes.

In the area under investigation we haven't located a distinct area of terrigenous supply. 1t seems that
the wider land area of the island complex supplies the marine area with detrital material. While distribution
of grain size classes follows more or less the bathymetry, clay minerals distribution doesn’t shows clear
trends, Fraction @<2 pum in the area shows high concentrations in smectite, which would be even higher if
semi-quantitative analysis was carried out in the fraction d<1 um, as EMELYANOV & SHIMKUS have.
This abundance is due to the volcanic formations of the islands Milos and Santorini, which supply the area
with terrigenous material through their drainage system and by aeolian transport as well.

Table [11: The average of clay minerals abundance in the study area in comparison to the data showing the boundary
values by EMELYANOV & SHIMKUS (1986). The average of the clay minerals form the volcanic islands
area (Milos and Santorin) is separately presented

Mineral % abundance by % abundance, samples % abundance,
EMELYANOV & SHIMKUS  of the study area samples of Milos and Santorin
(1986) <lpum <2um <2um

Smectite 30-40 39.7 63,0

Mixed Layer - 54 472

lllite 30-40 365 19.9

Chlorite >12 8.8 5.1

Kaolinite Wnoiakr BIBXBBrKn "OedppacToc” - Thfiua Mewhoyiag. A.M.O. 7.8




Thisview is certified.by the domination.of smeetite in the gulfs of Milos and Santorini, The coarser classes

(medium-coarse silt) areé more rélatéd to the area of origin. High concentrations of chlorite in the south

part’ ol the-depositipn area-are possibly due to the chloritie schists of the Folegandros and Sikinos.
| " Abundance ofvillite-miscovite ifl the NE part of the area is related to the metamorphic and the acid
k "'magmatites formations of Naxos.
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