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Dispersion mechanisms and the deposition of fine-grained deltaic sediments are described in three semi-enclosed
shallow marine embayments of Greece. Emphasis is placed upon the origin, relative abundance, and lateral distri­
bution of clay minerals; these arc the main constituents of the clay-sized fraction. Sandy deposits dominate the areas
adjacent to the river mouths (topsets), whilst clays and silts HI'e the main constituents of the delta front (foresets)
and prodelta (bottomsets i areas, respectively. The main clay minerals present are illite (the most abundant), smectite,
chlorito and kaolinite; all of these are of terrigenous origin. There is a tendency for the illite content to decrease to
seawards, whilst the smectite content increases: chlorite and kaolinite are more abundant at the delta front. The
observed distributions can be explained in terms of size segregation and bio-physico-chemical processes ie.g.; floccu­
lation and pelletization I, associated with interaction between the freshwater fluvial outflow and the saline ambient
waters (e.g" plume dispersion and upwards entrainment!. A generalised depositional model, for fine-grained sediments
in such shallow marine environments, is presented.

ADDITIONAL INDEX WORDS: Fine-grained sediments, clay-minerals, deltas, Greece.

INTRODUCTION

The distribution patterns of fine-grained sediments within
deltaic deposits reflect both the interaction between fluvial
and marine processes (WIUGHT, 1985) and the nature of the
suspended particles te.g., particle size, shape, density and
composition) which settle either as individual particles and!
or as floes and pellets.

Clay minerals arc the main constituent of the finest grain
size sediment fraction. Recent studies on the origin of clay
minerals in marine sediments associated with river fluxes
havo shown that, on a world-wide basis, they are predomi­
nantly detrital and of terrigenous origin (WEAVEH, 1989). The
relative abundance of the different clay minerals is depen­
dent mainly upon terrigenous sediment production, with the
clay assemblages developed through weathering reflecting
tho corresponding pedoclimatic conditions (CHAMLEY, 19891.
'I'he composition of detrital clay minerals is modified only
slightly by depositional and early diagenetic processes
(WEAVEI{, 1958: ElJZWALD and O'MEUA, 19751.

The lateral distribution of clay minerals within sea bed sur­
ficial sediments has been documented by several authors
INI,LSON, 1960; PORRENnA, 1967; VENKATAI{ATHNAM and
RYAN, 1971; AOK[ et al., 1974; HEATH et al.. 1974; Gllms,
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1977; SHAW, 1978: CONISPOLIATlS and LYKOUSIS, 1986;
KOLLAet al., 1980; LATOUCHE and MAILLJ-:T, 1985; ROBEHTS,
1985; PARK et al., 1986; STANLEY and LIYANAGE, 1986). On
the basis of these investigations, various processes have been
proposed to explain lateral trends in the abundance of clay
minerals. A distinction can be made between processes relat­
ing to the clay mineral particles themselves and those deter­
mined hy the depositional environment.

Clay mineral particles are affected predominantly by: (a)
chemical alteration (GRIFFIN and INc;HAM, 1955; POWERS,
1957; ,JOHNS and GRIM, 1958); (hi differential flocculation
(WHITEHOUSE et at" 1960; and ElJZWALlJ and O'MELlA,
1975); (c) size segregation (Gllms, 1977); and (d) hiophysico­
chemical interactions, such as pelletization of the finer par­
ticles (WEAV~:R, 19891. The latter process is more intensive
within areas where high planktonic productivity occurs and
causes rapid settling of the land-derived clay particles as fe­
cal pellets and other mucous matter (CIIAMLEY, 19891. Clay
mineral deposition is influenced also by dynamical processes,
which cause circulation and mixing between riverine and sea­
water ti.e., coastal or oceanic currents, waves, salt-wedge es­
tuarine circulation) and the hydrodynamic characteristics of
river plumes.

Many investigations have been published concerning the
sedimentation processes associated with the subaqueous del-
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Figu re 1. Locati on of the riv er-delta sys tems under inves tiga tion: (1'
Arnvrak ikos Gulf; (2) Mal iakos Gulf; and (3) Thermaikos Gulf.

case of th e plu me of th e River Lour os (POULOS and COLLINS,
1994); th ey can be ap plied , in a sim ila r way, to the cur ren tly
investigated r iver-d eltas. Profiles representative of th e sea­
ward dispe rsion of the plume of the Lour os ri ver are pre ­
sented, together with the dom inant mixing processe s cons id­
ered to operate betwe en th e ri ver out flow and the ambient
waters, in Figu re 3.

Previous sedimentological investigations carried out within
th e areas under investi gation include : Amvrakikos Gul f, by
PIPER et al. (1982) and POULOS (1989); Mali akos Gu lf by
TSIAvo s (197 7) and POULOS (1989); and the studies of Co ­
NISPOLIATIS (197 9), CHRON IS (1986) a nd LYKOUSIS an d
CHRONIS (1989) withi n Th ermaikos Bay. In th ese s tudies,
fine-gra ined riverine sed iments were found to be disp er sed
seaward by t he plumes. Suspended sediment concentra tions
along the ma in dispersa l axis of th e plu mes of th e riv ers Lou­
ros a nd Sperchios a re shown in Figure 4, together with ver­
tic al (tu rbidity) pro files obtai ned throughout the water col­
um n to se awards of the mouth of th e Rivers Axios and AIi­
ak mon. Th ese profiles also ind icate th e presence of high sus­
pen ded sed iment concentra ti ons near the sea bed , as bottom

ta ic deposits of th e maj or riv er-deltas of th e world , formed in
open ocean ic environments (Amazon (GIBBS, 1977), Missis­
sippi (ROBERTS, 1985), Nile (STAN LEY and LIYAi\JAGE, 1986),
Ganges (RAO , 1991 ), and Niger (PORRENGA, 1967)).

The presen t contribution is concerned particul arly with th e
distribution of fine-gra ined sediments , together wit h their
clay mineral abundances, which occur seawards of th e river­
mouth of small mountainous rivers . Th ese ri ver s dr a in parts
of the southeastern Alpin e Europe and discharge in to the
sha llow and semi-enclosed marin e embayments of Gr eece .
Within such protected environmen ts of min imal tidal ra nge
« 30 em) and with restricted wave act ivity, delta ic se dimen­
tation is controlled basically by riverine processes (ra ther
tha n th ose as sociated with t ides or waves ). Fin all y, sedimen t
distribution patterns are examined in relation to avai lable
inform ation concern ing th e water column. On th e basi s of th is
inter comparison , the dominant dep ositional mechanisms op­
erating in such protected marine environments a re identifi ed.

THE STUDY AREAS

Th e subaqueous deltaic deposits inves tigate d are located
along the Greek shoreline (Easte rn Mediterran ean Sea), ex­
tending betwe en 38° 30' to 41° 30 ' Nand 20° 00 ' to 27° 30 '
E (Figu re 1). Th ese systems include: (a) th e subaqueous de­
posits of th e rivers Louros and Arachthos whi ch discharge
into Amvrakikos Gulf-an essentially encl osed embaym en t of
the Ionian Sea; (b) th e subaqueous delta of th e River Sper­
chios, whi ch discharges into th e western part of the Mali ak os
Gulf-a semi-enclosed and ra ther sha llow « 25 m) gu lf con­
necting with the open Aegean Sea through northern Euboe­
kos Gulf; and, (c) th e deltas of th e Rivers Axios a nd A1iak­
mon , a long the northwestern coastli ne of Therm aikos Bay­
a semi-enclosed embayment (depths < 35 m) wit hin the
northwestern Aegean Sea . Th e gene ra l geomorp hologica l,
meteorological and oceanographic charac teri stics of the r iver­
delta systems are pr esented in Table 1.

Th e delta ic sediments in vestigated are being deposited
presently in an essentia lly tideless en vir onm ent (TSIMPLlS,
1994); furthermore , th ey are formed in se mi-enclosed sha llow
embayments with limited wave fet ches . Hence, the sediments
are su bjected to only lim ited wave and wave-induced cu rrent
act ivity. Re-work ing of the materi al and a limite d amount of
coas ta l er osion is taki ng place only ver y near the coastline
(i. e., in water depths of < 2.5 m and only during st rong win ds )
(POULOS et al., 1993). Subaque ous deltaic sedimenta t ion is
governed, th er efore, by th e seaward-spreading of the freshe r
and sediment-lade n ri ver plum es. Th e seaw ard dispersion of
the plumes of th e Rivers Louro s (Amvrakikos GuID, Sper­
chios (Maliakos Gul f) a nd Axios and A1iakmon (Therrna ikos
Gu lf) are pre sented on Figure 2, with resp ect to an incre asin g
sa linity from the ri ver mouth in an offshore dir ectio n .

In any sh allow river mouth a rea, under low wave activity
and in th e a bsence of any tid e, a river plume loses it s initial
momentum in respon se to bot tom friction . Farther offshore,
th e riverine input sprea ds out as a buoyant plume; this then
decelerates , du e to the upw ard ent rain men t of th e more sa­
line ambient embay ments waters (WRIGHT, 1985). These pro­
cesses have been des cribed qu anti ta tively elsewhere in the
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Figu re 2. Seawa rd dispe rsion of th e low salinity plum es of th e rive rs Lour os (a ), Spe rchios (b) and Axios and AJiakmon (c), as ind icated by t he surficia l
sa linity dist ribu tions (ppt ) (from POULOS, 1989). Vert icle s tru cture at sta t ions x, y and z is shown in Figure 4.

nep heloid layers . Analogous nepheloid layer s with in embay­
ments of th e Medi ter ranean Sea have been reported in the
Th erm aikos Gulf (DuRRIE DE MADRONet al., 1992; CHRON IS
et al., 1987), th e Rhone River (NAUOIN et al., 1992) a nd th e
Ebro River (PALANQUES and DRAKE, 1990 ).

MATERIALS AND METHODS

Field data were collected from the mouths a nd adjacent
sea ward areas of the rivers Louros and Arachthos during th e
spring of 1986. Th e subaqueous delt aic deposits of th e river
Sperchios wer e sampled during the spri ng of th e following
year. Information on th e surficial deposits to seaward of the

mouth of th e rivers Axios and Aliakmon , presented here,
have been abstracted from CONISPOLIATIS (1979). During the
fieldwork programme, local (wooden ) fishing boats were used
for sa mpling. Th e positi ons of all th e sa mple stations were
fixed by reference to establis hed locat ions on th e adjacent
shoreline. The accuracy of th e position fixing can be assum ed
to be to within ::': 20 m, du e to th e proximity of th e shorelin e
and the pre vailing "fair" weather condition s during sampling.
Eigh ty-nin e surficial sediment sam ples were collected using
a sm all (l lit re capacity ) Van Veen Grab . Th e sampling lo­
cations for all th e areas are pr esen ted in Figure 5.

Grain size analyses were carried out on bed sediment sam-
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Tab le 1. General characteristics of the river Idelta systems under investigation.

River/Delta System

Axios A1iakmon Sperchios Aracht hos Lauro.

14.5 16.5 17.7 17.7 17.9
650 750 785 1,085 925

"terres t rial Medi terran ean to humid Continenta l"

58 73 62 70 19
279 1:37 110 167 3 1

49 21 12 4 10

58 8.3 3 1.9 6.7 24.7
36.6 72.8 57 .1 90.8 738
51.0 6.4 1.2 0.7 1.5

6.5 12.5 9 8 1.8 0 0

1,500
Therrn a ikos Bay

semi- enclosed
35

350
Arnvrakikos Gu lf

en closed
62

Geomorphol ogy

Catchment area (k rn" )
Subaeria l delta'" (k m")

Na me of receiving basin
Type of receiving basin
Max. dep th of rec. basin ( rn )

Climate

Mean ann ua l temp erature (OCI
Mean annual precip itat. ( rnrn )

Climatic variation

Hydrology

Mean annual dischar ge ( rn" sec'!)
Max . monthly discharge ( rn - sec '! )
Min . monthl y discharge (rn " sec '! )

Lith ology of Catchment

Unconsolidated sedimen ts ('!oj

Sedimentary rocks ( '!o)

Metam orph ic rocks ('!o)

Igneous rocks ('!o )

23,747 9,455 1.664
155

Mal iakos Gulf
semi-enclosed

25

1,894 785

" 'The delta a rea s of the rivers Axios a nd Aliakmon and that of Arachthos and Louro s can not be ide ntifie d individually from the available topogr ap hic
and geologica l charts; hence, the a reas (km ) pre sented in the table refer to t he deltaic "complex" of these river systems

Figur e 3. Verti cal current profile along the main longi tu din a l axis of the
plume of the R. Louros (a) and synthesis of t he assoc iated dispersa l pro­
cesses (b) (from Poulos. 1989). Mea su rement locations Cl to C6.
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pies in order to differentiate the sand (>63 p.m ), silt (2- 63
urn ) and clay « 2 p.m) components . A sub-sa mple of eac h
sampl e weighing 15- 25 g was treated with 6% hydrogen per ­
oxid e (HzOz), in order to rem ove the organ ic ma tter . A de­
flocculating agent (di stilled water, containing 10% Ca lgon)
was added to inhibit floccula t ion. Each sample was then spl it
in to sand and mud (i ,e" si lt and clay ) fractions , by wet sieving
through a 63 urn mesh. Th e mud fraction was split fur ther
into its silt and clay fractions usin g the pipette analysis tech­
niqu e (FOLK, 1974 ). X-ray diffract ion analysis was performed
on the clay fracti on « 2 p.m) of all th e sa mp les . The pipe tte­
on-glass slide and air-dry technique (BISCAVE , 1965) was
used for th e prepa rat ion of orien ted clay sa mples . For each
sa mple, na tural , glycola ted and preh eated (at 550 °C) speci­
mens wer e exa mined to iden tify the major clay mi neral
gr oup s . Selected sa mples were heated a t 300 °C a nd 400 °C
in an effort to differen t ia te chlori te from kaolinite. Unfortu­
nately, the at tempt was un successful due to the collap se of
chlor ites at a tem pera tu re of 400 °C.

"Semi-quanti tative" estimates of clay miner al abundances
ha ve bee n derived, based upo n the in ten sities of their Cha r­
acteristic basa l X-ray reflect ions . The re lative clay mineral
(illite, smect ite, chlorite + kaolinite ) pr oportions were det er­
mined by comparing the weigh te d in tensiti es (peak a reas) of
the basal reflections of the differ ent clay mineral s after gly­
cola ti on of each specimen (BISCAVE, 1965). The re flectio ns
and weigh t ing factors wer e th ose proposed by BISCAYE (1965 )
and used by CONISPOLIAT1S (1979): 10 A for illi te ( X 4 ); 17 A
for sme ctite ( X 1); an d 7 Areflection for chlori te + kaolinite
( X2 ). This procedure, es ta blishe d by B1SCAYE (1965) , is still
in us e for clay -miner a l identifica tion (MOORE and REYNOLDS,
1989 ). However , there has been some rece nt skept icism ex­
pressed conce rn ing its application to fully quanti ta tive anal-

IAM OIENT WATERI

Region II

" ."...

Region I

(b)
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Figur e 4. Sus pended sedi ment concentrati ons throughout the vert ical and a long the mai n longitudinal dispersa l axis of th e plum e of R. Louros Ca l: R.
Sp erchios (b) (mea sur ements points sh own ), a nd wit hin th e wate r column (in turb idi ty. units ) at statio ns offshore the mouth of th e River s Axios and
Aliakmon (for station locat ions, see Figure 2) (from POULOS, 1989)

yses (McMANUS, 1991). Use of this technique in the present
investigation is cons idered useful since : (a.) no sup erior tech­
niqu e is availa ble to produce more reli able quantit ative re­
sults , with all such methods being "se mi-qua nt ita tive" in
character; and (b.) the applica tion of this procedure, used in
previous s tudies in the eastern Mediterranean Sea ie.g., VEN­
I<ATARATHNAM a nd RYAN , 1971; SHAW, 1978; CONISPOLlA­
TIS, 1979; CONISPOLIATIS a nd LYKOUSIS, 1986; and, STAN­
LEY and LIYANAGE, 1986), ensures that the sa me systema ti c
errors are involved and th at results can be directly compared .

RESULTS AND DISCUSSION

Sand, Silt and Clay Content

The gr ain-size distribution patterns (expressed as percent­
ages of sand , silt and clay) of the su rficial bottom sedimen ts ,
adjacent to an d offshore from the mouths of th e Rivers Lou­
ros, Arachthos an d Sperchios, are shown in Figures 6, 7, and
8. The sa nd, silt and clay distributions within th e deltaic de­
posits of the Rivers Axios and Aliakmon (abstracted from
CONISPOLIATIS, 1979 ) a re shown in Figure 9.

Th e surficial sea-bed sedime nts of the deltas can be divided
into three regions accord ing to their grain s ize, th e sub aqu e­
ous delta morphology, and as sociated dep ositional mecha­
nisms. Th ese region s are: (a.) the area around the river­
mouth , including the distributary mouth bar and th e nearby
shore line and extending into water depths of about 5 m; here ,
sand is dominant (> 60%), supplied mainly by th e ri ver out­
flow and to a lesser extent modified by coastal erosion and;
occasion ally some offshore and longshore transport of sand is
expected to take place due to wa ve activity. (b.) The delta
fron t region exte nding betw een 5 m and 20 ::':: 5 rn, where th e
sa nd content decreases rapidly with depth to < 5% at water
depths of> 15 m and; silt and clay pr edominate, with th e silt
content exceeding th e clay by approximate ly 20%. (c.) The
prodelta area, incorporating water depths > 20 m; here, silt
content decreases gradually to seawards to < 40% whilst the
corresponding clay content exceeds 60% and; th e (fine) sand
content is very low, i.e., <0.5%.

The distribution patterns described above, resulting from
in teraction between th e fluvial and marine processes , a re
consis tent with tho se associa ted with most subaqueous del-

Journal of Coas tal Research, Vol. 12, No. 4, 1996
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Figure 5. Sea bed sampling positio ns over t he vari ous delta areas: (a ) R. Louros; (b) R. Arachthos: (c ) R. Sperc hios. Bathymetric depths in metres.
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Figure 7. R. Arachthos: sa nd, silt and clay content (%) of th e surficia l sea bed sediments.

taic deposits described elsewhere by SCRUTON (960), COLE­
MAN (1981) and WRIGHT (985).

Th e near-mouth area is dominated by th e sand fraction
whi ch is supplied by the river outflow as bed load te.g., peb­
bles , coarse sa nd ) and in suspension (e.g., medium sand )
when , during high river discharges, the velocity of the fresh­
water outflow excee ds 1 m/s ec; thi s is th e case of Louros River
(Figu re 3). In this region, som e re-working of the depo sited
material tak es place only very ne ar the coastline (z.e., in wa­
ter depths of < 2.5 m) during short periods of high wave ac­
t ivity (POULOS et al ., 1993 ),

The sediments deposited over th e delta front and prodelta
areas are supplied , mainly , by th e sediment-la den river
plumes . These plumes cons ist ing of fresher water move sea­
wards , gradua lJy losing their initial momentum (e.g., plume
of R. Louros (Figu re 3» and transpor ting ability. Thus , de­
position of sus pended sed iment tak es place initially over the
delta front area. Besid es, spa tial and vertical sa lin ity differ­
ences between the fresher plume waters and th e ambien t sea­
water (se e also Figures 2 and 3) is expected to induce floc­
culation pr ocess es , leading to the further depo sition of sus­
pend ed particles (WHITEHOUSE et al., 1960 ). Salinity differ­
ence s > 5 ppt have been measured at the mouths of the rivers
Louros , Arachthos , Sperchios (POULOS, 1989) a nd Axios and
AJiak mon (ROBLES et al., 198 3) during mod er ate to high rive r
discharges (see a lso Figure 2).

Farther offshore , over the prod elta area, the plume is char­
acterized by low velocit ies and only small salin ity differences
compared with those of th e ambient seawater s. Und er such
cond iti ons , th e very fine-grained sediments (i.e., fine silts and
clays ) are expec te d to be deposited primarily as individu a l
particles; and secon da rily, they may be deposited as floes and!
or pellets.

Clay Minerals

Th e re lative per cen tage s of illite , chlorite + ka olin ite and
smecti te conte nts in the < 2 IJ..m fract ions of the surficia l sub-

aqueous deposits in th e areas of th e deltas of the Rivers Lou­
ros, Arachthos and Sperchios a re shown in Figures 10, 11 and
12. The clay mineral distributions within Th ermaikos Bay
(i.e., th e deltas of Rivers Axios and AJiakmon ) have been ab­
stracted from CONISPOLlATIS (1979 ) and presented in Figure
13.

Illite is the most abundant clay mineral present within
each of the area s , varying from about 80% near the river
mouth to 50% over the prodelta . The chlorite + kaolinite con­
tents lie between 10% and 30%; sm ectite ranges from < 10%
near the river mouth , to 30% over the prodelta a rea . Sim ilar
concentrations of illite (40%-50%), smectite (300/0-40% ) ~nd

chlorite + kaolinit e 00%-30%) have been reported for th e
open water areas of the Aegean Sea, by VENKATARATHNAM
a nd RYAN (971 ).

As a micaceous clay mineral, illite is abundant within most
types of rocks a nd their corre sponding soils (KOSTOV, 1967 ;
WEAVER, 1989 ). Moreover , large quantities of illite can be
expected to be supplied from th e alJuvium and ea sily-weath­
er ed clasti c rocks (flysch and molasse ) in the catchm ent areas
of th e r ivers under in vestigation (Table 1). The abunda nce of
illite in th e as socia te d soils of the very young epeirogeni c
mountain region s of southeastern Europe reflects the strong
erosion of the tectonica lly-r ejuv enated reli ef, rather than the
sli gh tly hydraulytic climate (CHAMLEY, 1989 ). High per cent­
ages of ill it e have been reported for the open Aegean Sea
(VENKATARATHNAM and RYAN , 1971 ) and for Kavala Bay, in
the northeastern Aegean Sea (CONISPOLIATIS and LYKOUSIS,
1986).

Th e chlor ite + kaolinite contents over each of the areas lie
between 10% and 30%. Pedogenic kaolinite pr edomin ates
usu all y in areas of high-grade tropical weathering (KOSTOV,
1967; WEAVER, 1989 ); its presence in higher latitude sedi­
ments usually is associated with lateritic weathering pro­
cesses (BIsCAYE, 1965). In contrast, pedogeni c chlorite is usu­
a lly the pr odu ct of mechanical rather than chem ical weath­
eri ng of argillaceous sediments and low-grade metamorph ic
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Clay (%)

Silt (%)

Figu re 9. R. Axios an d R. Alia kmon: san d, s ilt a nd clay con tent ('kl of
the surficia l sea bed sed imen ts (abstracted from CON IS PO l.!;\TI S , 1979).

ass ociated with an increase in the smecti te content. Th e chlo­
rite + kaolin ite are generally mor e abunda nt over the delta
front and at the comm encement of th e prodelta area . Similar
clay mineral distr ibu tion pa t terns have been iden t ified with­
in the offshore surficia l sediments of the Seyhan Delta Region
in th e Cilician Basin of southern Turkey (SHAW, 1978). Thi s
latter area of the ea st ern Mediterran ean receive s sediment

•

N

i

Sand (%) N Sand (%)

i
, .
•
,

Figure 8. R. Sperchios: sand, s ilt a nd clay conten t (% ) of the surficial
sea bed sedimen ts .

and igneous rocks (BISCAYE, 1965 ). Sin ce these rock types are
not dominant within th e ca tchment area s, chlor ite is not ex­
pected to be abundant. Hence, modern form ation of chlori te
and kaolinite is not expe cted to take pla ce within the regions
studied; their presence might be attributed to th e previous
pedogeni c and weathering history of the rocks with in the
catchm ent areas (CHAM LEY, 1989 ).

The low percentages (10%--20%) of smectite found within
the deltaic deposits could be attr ibut ed to th e limited pres­
ence of ultrabasic and pyroclasti c rock outc rops within the
ca tchments of the river s (Table 1). Sm ectite would be pro­
duced by weathering of basic rock ty pes (KOST OV, 1967;
CHAMLEY, 1989). Th e re la t ively high levels of smecti te
(>30%) within The rma ikos Bay may possibly be related to
th e greater pr esence of bas ic and volcanic rocks within the
dr ainage basins of the River Axios and, to a lesser exte nt , the
River Alia kmon.

Seaward s of the river mouths, th e clay mineral dist ribution
patterns show an offshore decrease in the abundance of illite
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Fig-u re 10. R. Louros : clay min er a l distri butions ( '7<.) with in th e surficial sea bed sediments.

from th e numerous rivers an d st reams th a t drain th e Taur us
Moun tains, which are character ised by geological and cli­
matic conditi ons sim ilar to th ose of the Greek river systems
being investigated.

In embayments protected from intense wave action , th e de­
positi on of terrigeno us clay minerals seaward of a river

mout h is mainly re lated to river discharge levels, the relative
ab un dance of the clay minera ls with in the source a reas, an d
the ir rate of sett ling as either floes a nd/or pellets.D ne of th e
facto rs inducing floc formati on is re lated to an offshore in­
crease in chlori nity (salinity) within the riv er plume, du e to
the upward entrainment of more sa line ambient waters (see
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Figure 11. R. Arachthos: clay miner a l distribut ions (%) within the surficia l sea bed sediments .
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Chlorite &
Kaolinite (%)

1-:,:,:,:,:<1 15-20 ~.:::: '::::]20-25 ~ 25-30

plume reaches eve ntually that of the seawa te r (WHI'l't;HOUSE
et al ., 1960). Unfortunately, no da ta are available to be abl e
to investigat e role of severa l biological proce sses.

In the case th a t floc formation is inhibited either by th e
presence of organic matter, coatings on th e suspended par­
ticle s or intensive turbul ence, th e clay minerals are deposited
differ entially according to th ei r physical size (GIBBS, 1977).
Inv esti ga tion of t he size distribution of various sus pended
minera ls t ra ns ported by the Amazon (GIBBs , 1977) and Mis­
sissippi (J ONHSON and KELLER, 1984 ) showed tha t propor­
tion all y illite provides the la rgest particles, smectite th e
smallest , kaoli nite is intermed iate sized whil e chlori te par­
ticl e sizes vary but are never larger than illite or smaller than
sm ectite. As a consequence, CHAMLEY (1989) has indi cated
th at clay mineral segregation by differential set tling usu all y
causes smectite to be transported farther offshore . The bot­
tom sediments adjacent to eac h of the river mouths of the
deltas , covered continuously by th e river outflow even during
very low disch arge levels , are most abundant in illite, Th e
relatively higher percentages of chlorite + kaolinite over th e
delta front and at the initial part of the prod elta are lik ely to
be related to the presence of sediment -laden river plum es,
even during moderate to low river discharges, Thus, the com­
paratively high er velocities (during floods ) ar e capable of
keep ing in su spen sion and removing further offshore the fin­
est of th e clay minerals (i .e., smecti te ), leaving beh ind the
relatively coarser clay mineral grains (illite, chlorite, kaolin­
ite ). Over the prodelta area , th e rem aining very fine suspen­
sates are dep osited. Here, the very low velocities with in the
river plume, and th e high salinities favour the settling of
smectite eit her slowly, as indi vidual particles, or relatively
rap idly as floes and/or pellets.

Simila r distributional trends of clay minerals (illite and
sm ectit e) have been identified within th e near-bot tom nephe­
loid layer (up to 2 m above sea-bed) in the Th er rna ikos Gulf
(CHRON IS et al., 1989). Thus, on th e in ner shelf (extend ing
down to 45 m) and und er th e in fluence of th e plu mes of th e
Axios a nd Aliakmon Rivers , th e smectite/i llite (S/I) ratio in
th e homogeneous bottom sediments increased by three times
from nearby the river mou ths (water dep ths <10 rn) to off­
shore (in water depths of 30 to 40 m ). Simi larly, th e SII ratio
within the observed bottom nepheloid layer inc reased by 4.5
times to sea wa rd; thi s may incorporate some contr ibution
from bottom resuspension. It appea rs , th erefore, that there
is a general correspondence between th e observed clay min ­
eral dist ribution pattern with in the surficial deltaic sedi­
ments and th e associated near-bed nepheloid layers.

Illite (%)

Smectite (%)

CJ] ~75-80 65-70.. . .

~ 70-75 mw 60-65--

CIJ 5-10 1'::::'::::'::::110-15 ~ 15-20
CONCLUSIONS

Figur e 12, R. Sperc hios: clay mineral dist ributions (%) withi n the sur­
ficial sea bed sed ime nts .

Figure 3), In re spon se to such a mechanism, ill ite, chlorite,
and kaolinit e are expected to be deposited closer to the river
mouth, wher e the salinity differences between th e river
plume and the surrounding sea water are higher . Smecti te
settles farther offshore where the increasing salinity of the

Th e sedimentological character istics of th e various sub­
aqueous delt aic deposits in vesti gated are somewhat simila r.
Such similarity reflects their geological, climatological and
oceanographic set ti ng. All the deltas ar e form ed by rivers
draining southeastern Alpin e Eur ope; they are climatically
unifo rm in their setting, pr ogr ading into shallow an d semi­
enclosed embay me nts of the eastern Mediterranean Sea. Tid­
al acti vity is negligible and the wa ves playa secondary role ,
compa red with riverine processes and t heir high sediment
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Figu re 13. R. Axios and R. Alia kmon : clay mine ral dist ribut ions (c:; J with in the surficial sea bed sediments (abstracted from CONISPOLlATIS, 1979).

fluxes (MILLIMAN and SYVITSKI, 1992; and POULOS et al .,
1995).

The seabed profiles of the subaqueous deltas consist typi ­
cally of three regions: the river mouth area (0-5 m), where
the distributary mout h bar is formed; th e delta front (from 5
to 20 :!:: 5 m), with a steeply-sloping sea bed; an d the gentler
sloping prodelta area . Deposi t ion of sedim en ts over th ese
re gions leads to th e form ation of topse t, foreset and bottomset
deltaic facies, respectively. Sand is th e predominan t (> 60%)
constituent material of th e river mouths (topsets); its cont ri­
bu tion decreases rapidly at the delta front « 10%), where silt
and th en clay become abundant (foresets) . The prodelta area
consists mainly of clay-sized (> 70%) particles and some silt;
san d is present only in minimal quantities (bot tornset s). Th e
abse nce of any relict sediments on the sea bed in the areas
covered by the sa mpling programme is ind icative of the dom­
ina nce of fluvial inputs and modern deltaic deposit iona l pro­
cesses.

The clay min eral distribution patterns, con tained within
the clay frac tion «2 u rn) of the surficial bottom sediments
of the su baqueous delta pr ofile, show th at illite is th e domi­
nant (50-80%) clay min eral pre sent. It is more abu ndan t a t
t he rive r mouth, decreasing gradua lly seawards . Chlorite and
kaolinite (10- 30°/0) are more abu ndant than smectite near th e

river mouth and with in the transiti on zone, between the delta
front and th e prodelta. Smect ite increases with incre as ing
dis tance from the river mouth and is relatively more abun­
dant (about 30%) over th e prodelta area. Similar dis tribu­
t iona l tend en cies have been observed within bot tom neph e­
loid layers in Th erma ikos Gul f by CHRONIS et al. (1989).

For suc h deposit ional environments , subj ected to minimal
tidal and limited wave activity, subaqu eous deltaic sedi men­
ta tion (duri ng moderate to high river discharges ) is asso ci­
a ted with: (a ) sea ward dispersion of the river outflow; and (b)
processes related to the settling of the suspend ed material ,
such as flocculati on and differ ential set t ling (i.e., size sorting)
and pelleti za tion . Near th e mouth of th e river, fresh water
out flow undergoes rapid deceleration and th e coarser fraction
of th e sus pended sediment (i .e., sand and coarse silt) settles
and contributes to th e formation of the river mouth bar. Be­
cause of the dominance of th e freshwater input over this re­
gion, differen tial se ttl ing is expected to be the dominant pro­
cess.

Prograding from th e delta front in an offshore direction,
the rive r outfl ow spreads as a buoyant plum e and continues
to decelerate du e to upward ent rai nment of th e ambient sea
water. Finer -grained materi al (i .e., fine silt and clay) set tles
either through the formation of floes or as individual parti-
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Figure 14. Generalised conceptual model of deltaic sediment at ion processes, showing the dominant mechan isms controllin g the deposition of fine-grained
sediments. Curr ents are shown with arr ows and the sus pended sediment concentrati on profiles a re shaded.

des . The flocculation mechanism is regarded as being th e
dominant process here because of sign ifican t differen ces in
salinity between the river plume and the ambient waters of
the recei ving basin.

Farther offshore and abov e the prodelta area wher e sali n­
ity differences between the slowly spreading plume and sur ­
rounding seawaters are very small , th e very fine particle s
which remain in suspension are deposited as individu al par­
ticles, floes or pellets. Further, th e depositi onal tendency of
the clay minerals (described above ) could result ei ther from
differential settling, flocculation, pell etiz ation or a combina ­
tion of these mechanisms.

On Figure 14, th e processes summarised above have been
integrated with the observed grain size distributions of (sand,
silt and clay ) and that of the clay minerals to provide a pr e­
liminary generalised model.

ACKNOWLEDGEMENTS

The authors a re grateful Dr. S. Gao and Mr. N. Grochowski
for their assista nce during th e preparation of the manuscript.
Fieldwork expenses were covered by a NATO Mar ine Scien ce
Grant (No. 0428 /83 ). During the preparation of the manu­
script, one of the authors (BP) was supported by the EC "H u­
man Capital and Mobility" Progr amme (Contract No.
920197 ). Fin ally, the authors would like to acknowledge the
constructive comments of the anonymous referees and th e
editor.

LITERATURE CITED
AOKJ , S.; OINUMA, K , and SUDO, T ., 1974. The distri bu tion of clay

min er als in the recent sed iments of the Japan Sea. Deep Sea Re­
search, 21, 299-310.

BISCAYE, E .P. , 1965 . Min eralogy a nd sedime nta tion of recent deep­
sea clay in the Atl antic Ocean and adj acen t Seas and Ocea ns. Bu l­
let in Geological So ciety of America, 76, 803-832.

CHAM LEY, H., 1989. Clay Sedimentology. Berlin-Heidelber g: Spri ng­
er -Verl ag, 190p .

CHRONIS, G., 1986. Recent Dyn ami c a nd Holocen e Sedimentation of
Th ermaikos Bay. Un pub!. P h.D. Dissertation, Un iversity of Ath­
ens ( i n Greek).

CHRONIS, G.; NYFFELER, F .; Bxi.oi-ou t.o s , E.T.; LYKOUSIS, V.; Go­
DEl', C.H., and PAPAGEORGIOU, E., 1987 . S tuctures nepheloide s
benthiques et infflue nce de la marge cont inenta le dan s le Golfe de
Thermaikos et Ie bassin des Sporades . In: Colloq ue Int ernati onal
d'Oceano logie. C.LE.S.M., Perpi gn an, p.25 .

CHRONIS, G.; Bxi.or-o u i.os , E.; LYI<OUSIS, V., a nd PAPAGEORGIOU,
E., 1989. Les Mechanismes d'AJimeutation du Platean de Th er­
ma ikos (N .O Mes Egee) par les Couches Nepheloides . Bulletin
Geological S ociety of Greece, XIIV1, 179-191.

COLEMAN, J .M., 1981. Delta s, Processes of Deposition and Models for
Exploration. Minneapolis : Bu rgess, 124p .

CONISPOLIATlS, N., 1979 . Sedime ntology a nd Miner alogy of Th er­
ma ikos Bay, N.W. Aegea n Sea . Unpub\. M.Sc. Th esis, Un iver sity
of Wales, Cardiff, U.K. '.

CONISPOLIATlS, N. a nd LYKOUSIS, V., 1986 . Mineralogy of the su r­
ficial se diments of Kavala Ba y, nor t hern Aegean Sea. Estuarine
Coastal and S helf Science, 23 , 739- 749.

DURRIEU DE MADRON , X.; NYFFELER, F.; Bxr.o r o o r.os . E.T., a nd
CHRONIS, G. , 1992. Circulati on and distribu tion of suspended ma t­
te r in t he Sporades Basin (nort hwestern Aegean Seal. Journ al of
Marine System s. 3, 237-248.

EDZWALD, J.K. an d O'MELIA, C.R, 1975. Clay distribu tion in recent
estuari ne sedime nts . Clays and Clay Minerals, 23, 39-44.

FOLK, R. , 1974 Petrology of Sed ime ntary Rocks. Austin , Texas :
Hamphills, 170p.

GIBBS, RJ ., 1977. Clay miner a l segregation in t he marine e nviron­
ment. Journ al of Sed imentary Petrology, 47(1 ), 237- 243.

GRIFFIN, G.M. a nd INGRAM, RL., 1955. Cla y minerals of t he Neu se
River estua ry . Journ al of Sediment ary Petrology, 25(3) , 194-200.

HEATH, G.R.; MOORE, T.C., and ROBERTS, G.L., 1974. Mineralogy of

Journal of Coastal Research, Vol. 12, No.4 , 1996



9!'i2 Poulos, Collins and Shaw

surface sediments from the Panama Basin, eastern equatorial Pa­
cific, Journal 01' Geology, 82, 145-160,

,JoliN", D, W, and GKIM, KR, 1958, Clay mineral deposition of re­
cent sediments from the Mississippi Delta, Journal ol'Sedimentary
Petrologv. 28(2 I, 186-] 99.

,JoNH"oN, AG. and KIOLLER, J.T., 1984. Temporal, spatial and tex­
tural variation in the mineralogy of Mississippi river suspended
sediment. Journal 01' Sedimentary Petrology, 54,67-72.

K()[.LA, V.; NADLEI{, L., and BONAT1'I, K, ]980. Clay mineral dis­
tributions in surface sediments of the Philippine sea. Oceanologica
Acta, :3(2),245-250.

KOSTOV, 1., 1967. Mineralogy. In: EMHKEY, P.G. and PHEMISTEK,,J.
rcds.}, Geology of Troy. Princeton: Princeton Univ. Press, 587p.

LATOliCHE, C. and MAILLET, N., 1985. Essai sur l'utilisation des
argiles comme temoins des climats neogenes dans la province at­
lantique nord-orientale. Bulletin, Geological Society 01' France,
24(7),487-496.

LYKOUSIS, V. and CEHONIS, G., 1989. Mechanisms of sediment
transport and deposition: Sediment sequences and accumulation
during the Holocene on the Thermaikos Plateau, the continental
slope, and basin (Sporudcs Basin), northwestern Aegean Sea,
Greece. Marine Geology, 87, 15-26,

McMANUS, D.A., 1991. Suggestions for authors whose manuscripts
include quantitative clay mineral analysis by X-ray diffraction (ed­
itorial), Marine Geology, 98, 1-5.

MILLIMAN, ,J.D. and P.M. SYVITSKI, 1992. Geomorphic/tectonic con­
trol of sediment discharge to the ocean: The importance of small
mountainous rivers. Journal of Geology, 100, 525-544.

MO()[{E, D.M. and Rc;YNOLDS, R.C., JR., 1989. X-ray Diffraction and
the Identification and Analysis 01' Clay Minerals. Oxford: Oxford
University Press, p.332.

Nxunrrc. J-J.; CAUWET, G.; LEV~;AU, M.; LOCHET, F.; PAllC, H.; no­
MANO, J-C., and SEMI'ER~;, R., 1992. Le nepheloide benthique au
large du Rhone. Transfers particulaires a l'interface continent­
ocean. Oceanologica Acta, 15(6), 621-638.

NELSON, B.W., 1960. Clay mineralogy ofthe bottom sediments, Rap­
pahannock River, Virginia. Clays and Clay Minerals, 7, 135-147.

PALANllUES, A. and DRAKE, D., 1990. Distribution and dispersal of
suspended particulate matter on the Ebro continental shelf, north­
western Mediterranean Sea. Marine Geology, 9,5, 193-206.

PARK, Y.A; KIMT, S.C., and CHOl, H.J.. 1986. The distribution and
transportation of fine-grained sediments on the inner continental
shelf off the Keum River estuary, Korea. Continental Shelf Re­
search, 5, 499-519.

PIPER, D.J.V.; PANACOS, AG., and KONTOPOUI.O", N., ]982. Some
observations on surficial sediments and physical oceanography of
the Gulf of Amvrakia. Thnlassographicu, 5, 63-80.

PORRENCA, D.H., 1967. Clay minerals in recent sediments of the
Niger Delta, Proceedings 14th National Conference. Clays and
Clay Minerals, 221-233.

POl:LOS, S.E., 1989. Deltaic sedimentation in the Microtidal Envi­
ronment of Greek Waters. Unpub!. Ph. D. Dissertation, Cardiff,
U.K: University of Wales.

POl'LOS, S.E.; COLLINS, M.B., and KIO, X., 1993. Fluvial/wave inter-

action controls on delta formation for ephemeral rivers discharg­
ing into microtidal waters. Gee-Marine Letters, 13, 24-31.

PoiLOS, S.E. and COLLINS, M.B., 1994. Effluent diffusion and sed­
iment dispersion at microtidal river mouths, predicted using
mathematical models. Estuarine Coastal and Shelf Science, 38,
189-206.

POllIDS, S.E.; COLLINS, M.B., and EVANS, G., 1995. Water sediment
fluxes of Greek rivers, southeastern Alpine Europe: Annual yields,
seasona] variahility, delta formation and human impact. Zeit­
schrift [iir Geomorphologie (in press),

POWERS, M.C., 1957. Adjustment ofland-derived clays to the marine
environment. Journal of Sedimentary Petrology, 27(4),355-372,

RAO, P.V., 1991. Clay mineral distribution in the continental shelf
sediments from Krishna to Ganges river moutb, east coast of In­
dia. Journal of Marine Sciences, 20, 7-12.

Rr >HEinS, H.H., 1985. Clay mineralogy of contrasting mud flow and
distal shelf deposits on the Mississippi River delta front. Geo-Mo­
rine Letters. 5, 185-191.

ROBLES, F.L.E.; COLLINS, M.B., and FEKENTINOS, G_, HlR3. Water
masses in Thermaikos Gulf, northwestern Aegean Sea. Estuarine
Coastal and Shell' Science, 16, 363-378.

SClWTON, I'.C., 1960. Delta building and the deltaic sequence. In:
SH~;PAKD, F.P.; PHU;(iER, F.G., and VAN ANIlIOL, T.H. (eds.l, Re­
cent Sediments, Northwest Gulf of Mexico, Tulsa. American As­
sociation Petroleum Geologists, 82-102.

SHAW, H.F., 1978. The clay mineralogy of recent surface sediments
from the Cilician Basin, northeastern Mediterranean. Marine Ge­
ology, 26, M51-M58.

STANLEY, D.J. and LIYANAm:. N.A, 1986. Clay-mineral variations
in the northeastern Nile Delta, as influenced by depositional pro­
cesses. Marine Geology, 73, 263-283.

THIORIANOS, A.D., 1974. The geographical distribution of river water
supply in Greece. Bulletin, Geological Society 01' Greece. 11, 28-58
(in Greek)

TSIMPLIS, M.N., 1994. Tidal oscillations in tbe Aegean and Ionian
Seas. Estuarine, Coastal and Shelf Science, 39,201-208.

TZIAVOS, C., 1977. Sedimentology, ecology and paleogeography ofthe
Sperchios Valley and Malinkos Gu]f, Greece. Unpub!. M.Se. The­
sis, University of Delaware, U.S.A.

VENKATAKATHNAM, K. and RYAN, B.F.W., 1971. Dispersal patterns
of clay mineral in the sediments of the eastern Mediterranean Sea.
Marine Geology, 11, 261-282. •

WEAV~:I{. C.E., 1958. The clay petrology of sediments. Clays and
Clay Minerals. Proceedings of the Sixth National Conference, 154­
185.

WEAVEH, C.E., 1989. Clays, Muds, and Shales, Developments in Sed­
imentology 44. New York: Elsevier, 589p.

WHITEHOUS~;, U.G.; .JEFFHEY, L.M., and DEBKECHET, T.D., 1960.
Differential settling tendencies of clay minerals in saline water.
Clays and Clay Minerals, Proceedings of the Sixth National Con­
[crencc. pp. 1-79.

WH!WIT. L.D., 1985. River Deltas. In: DAVIS, RA. (ed.), Coastal Sed­
imentary Environments. New York: Springer-Verlag, pp. 1-70.

ZAIIAK"S, J.D., 19R1. Genercd Climatology. Athens: Athens Univer­
sity Press. (in Greek) p.493 .

•Journal of Coastal Research. Vol. 12. No.4. ]996

digitstaff
Text Box

digitstaff
Text Box




