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Abstract

Prominent geomorphological features of the shallow continental shelf west of the
Kavala Bay (Loutra Eleftheron-Nea Peramos) were mapped using the data from a
hydrographic survey (June 2014) of 320 nautical miles during which high-resolution
multibeam bathymetry and seismic-reflection subbottom profiling were carried out
simultaneously. A fault zone comprised by a set of two primary sigmoidal gravity
faults (recorded lengths and measured offsets: 12 km, 5 km and > 40 m, 25 m,
respectively), with distinct expression on the seabed, and three other secondary
gravity faults situated southern of the major faults, revealing synsedimentary tectonics,
was identified. The striking difference between the texture of the footwall block
sediments of the northern major fault and the texture of the sediments occupying the
deep hanging wall block of the southern major fault emphasizes the impact of local
tectonics on the sedimentary evolution of the study area. Concerning the observed
bedforms, the most interesting were the sand dunes occurring at depths from 25 m to
65 m at least and occupying the northeast part of the study area. Their large
dimensions and orientation in relation to the coastline position imply as a mechanism
for their formation intense bottom-current activity.

Keywords: gravity faults, submarine dunes, sand deposits.

Hepiinyn

ZHUOVTIKES YEWUOPPOLOYIKES OOUES TOV PHYOD TUNUOTOS THS VPALOKPHTIOAS OVTIKG, TOD
Kolmov e Kofialos yoproypopnbnkav ypnoywomoiovias 1o 000uévo. omo i
vopoypagikn amotomwon (tov lovvio 2014) 320 vavuxov wldiov, n omoio
wepielopufave vYNANG OLOKPITIKOTHTOG TOAVIEoUIKY PoBvuUETpIK] KOTOYPOPH KoL
owoorornon woluéva ue oelouIK avokiaoy. Avoyvwpiotnke éva cOOTHUO. PHYUATOV
OTOTELODUEVO OTO EVO, OET SVO KVPIWV KAVOVIKOV PHYUCTOV (KOTOYEYPOUUEVO UNKOG
KO UETPHUEVO KATOKOPLPO GAuo. avtv: 12 ylu, 5 yAu kot > 40 u, 25 u, aviioroiya,)
LE Eviovn emipavelokh ekoniwan oto Baldoaio woluéva, kabwg Ko tpia devtepedovia
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PHYUOTO. VOTIO. TV KOPIWV PHYUGTOV, TO, OO0, QOVEPMHVODY GUVILHUATOYEVH
texroviouo. H eviorwotaxn S1apopa otic vpég TV ICHUATmV TOVD KOADTTODY apeVOS TO
vrokeiuevo pnéitéuayog Tov PoperoTEPOD KVPIOD PHYUOTOS KOl OPETEPOD THV OPOPH TOD
VOTIOTEPOV KVPIOL PHYUATOS OELYVEL TH OHUOVTIKY ETIOPACH TOL TEKTOVIOUOD OTIG
ilnuotoloykés Odiepyooies ¢ mepioyng ueiétng. Ooov apopd TIS VIAPYOVOES
VEWUOPPES, Ol TEPLOTOTEPO EVOLAPEPOVOES EIVAL EKEIVES TV GUUWMODY Ovadv oTo
Popetoavaroriko Tunue e TEPLOYNS UEAETHG, Evplokoueves o€ Pabn omo 25 u uéypt
tovAdytotov 65 . O ueydles 0100Tdoels Tovg KaOWS Kol 0 TPOTAVOTOLOTUOS TOVG WG
TPOS TV OGKTOYPOLUUY DTOONIWDVODY (G UNYOVIOUO GYHUOTIOUOD TOUS THV Opaon
1oYOPWOV TOOULAIWY PEVUATWV.

AéEerg wlewdwd: prypozo fopivtnrag, vmoboidooies oupwoels Bives, mpooywuatixol
duuol.

1. Introduction

The spatial distribution patterns of grain size fractions, minerals and chemical elements in surface
sediments as well as the main geomorphological features and the post Last Glacial Maximum (LGM)
evolution of the North Aegean continental shelf have been studied by Perissoratis et al. (1987),
Perissoratis and VVan Andel (1988), Perissoratis et al. (1988), Perissoratis and Mitropoulos (1989)
and Perissoratis and loakim (2010) through the interpretation of single-beam bathymetry, seismic
subbottom profiling and sedimentological analyses. However, recent technology developments have
triggered renewed research into continental shelves. A new generation of high-resolution swath
mapping sonar systems and Chirp subbottom profilers have enabled geomorphological analysis of
the seabed and upper layers of bottom substrate in great detail and coverage, far surpassing the
capabilities of earlier generation instrumentation. Small- and large-sized bedforms, such as ripples,
ribbons, scars and dunes, high-resolution stratification of the upper seabed substrate and internal
structure of the continental shelves are now more clearly detectable and, therefore, more reliable
submarine geomorphological interpretations can be accomplished.

The principal aim of the present study is the high-resolution mapping of the prominent
geomorphological characteristics of the shallow continental shelf extending between Loutra
Eleftheron and Nea Peramos, west of the Kavala Bay (North Aegean). The internal structure of the
uppermost seabed substrate of the study area is briefly described. Furthermore, a secondary purpose
that is accomplished is the preliminary analysis of bulk mineralogy and chemistry of the surface
sediments of the Loutra Eleftheron-Nea Peramos inner continental shelf.

2 Physiographic setting

The study area belongs to the lower tectonic unit of the Rhodope Massif (Pangeon Carbonate
Platform) comprising massive marbles, micaceous gneisses, mica schists, calc-silicate schists and
amphibolites (Kilias and Mountrakis, 1990). Outcrops of plutonic rocks, usually monzonite,
granodiorite and gabbro, are also present within the unit. The geotectonic emplacement of the
plutons is considered to be related with the post-collisional collapse of the Hellenic orogeny (Jones
et al., 1992; Brun and Sokoutis, 2007). The Kavala-Symvolon pluton is located in the coastal area
between Loutra Eleftheron and Kavala. It is an amphibole-biotite granodiorite with minor amounts
of diorite, tonalite, monzogranite and monzodiorite. It has a medium- to coarse-grained texture and
consists of quartz, plagioclase, K-feldspar, amphibole and biotite, with minor amounts of titanite,
allanite, apatite, zircon and epidote (Neiva et al., 1996). In the littoral area of Loutra Eleftheron-Nea
Peramos, the differential sorting of sediments derived by the weathering, fragmentation and
degradation of this pluton causes the formation of placer deposits ("black sand"), which have high
economic value (Pergamalis et al., 2001a, b; Eliopoulos et al., 2014; Papadopoulos et al., 2015).
The Rare Earth Elements (REE) bearing minerals of "black sand" are monazite, allanite, titanite,
uraninite, zircon and apatite. The granulometric and mineralogical composition of seabed sediments
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in the adjacent continental shelf has been presented by Conispoliatis and Lykousis (1986),
Perissoratis et al. (1987), Perissoratis and Van Andel (1988), Perissoratis and Mitropoulos (1989)
and Perissoratis and loakim (2010).

The outer Kavala Bay was exposed under subaerial conditions at the LGM. Up to 14,000 or perhaps
16,000 yrs BP, the Strymon River was flowing along and very close to the Loutra Eleftheron littoral
zone, forming occasionally an ephemeral lake at the outer shelf of the Kavala Bay and, finally,
discharging into the Aegean Sea. At that period, an extended dune field had developed in the middle
shelf of the Kavala Bay, between Nea Peramos and West Thassos. At 10,500 yrs BP, the sea
advanced up to the Nestos channel, forming a tongue-like embayment that protruded into the
tectonic basin of the Kavala Bay, while till 7,500 yrs BP the bay was flooded with sea water.

3. Materials and Methods

The current study is based on the examination of 320 nautical miles of high-resolution multibeam
bathymetry and seismic profiling (Fig. 1) carried out simultaneously by the R/V Alkyon of the
Hellenic Centre for Marine Research (HCMR) during June 2014. The survey speed varied from 5 to
7 knots, whilst a total of about 140 km? of seafloor area was covered.
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Figure 1 - Location map of the study area illustrating the multibeam bathymetry and
seismic-reflection profiling tracks as well as the sediment sampling positions.

The bathymetric survey was performed using a hull-mounted Reson SeaBat 7125 sonar (frequency
of operation: 200/400 kHz; applied half-swath angle: 60-64°; maximum received beams: 256/512).
Several sound velocity profiles, obtained from conductivity-temperature vs depth (CTD) casts at
various stations (30-110 m deep) in the study area, were incorporated into the acquisition software
of the multibeam echosounder to calibrate the position and accuracy of recorded depth values. The
estimated error in the measured depths was within a few centimeters.

Seismic reflection profiles were acquired with a hull-mounted Chirp subbottom profiler of
Geoacoustics (frequency of operation: 2-7 kHz). An average sound velocity of 1,550 m/s was
applied for the calculation of the thickness of seabed substrate layers observed in the obtained
seismic-reflection profiles.
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An integrated navigation system (Coda Octopus F185+R) was used for the accurate positioning
(estimated error less than 2 cm) of the recorded acoustic data.

Finally, surface sediment samples recovered from the Loutra Eleftheron-Nea Peramos inner
continental shelf (Fig. 1) were analyzed for the determination of their mineralogical composition
using X-Ray diffraction (XRD). The X-Ray diffractometer was a Panalytical X’pert-Pro with a Cu
X-ray tube (K, of Cu, A = 1.5405 A), graphite monochromator, an applied voltage 30 kV and a 40
mA current. The random powder mounts of samples, prepared by back loading, were scanned from
2°to 70° 260. Powder diffraction data were collected at room temperature. Data were evaluated with
the XPert High-Score (Version 2004) (PANalytical B.V., Almelo, The Netherlands) and the EVA®
software (DIFFRACplus EVA v12.0, Bruker AXS GmbH) and managed with the PDF-2 database
(International Centre for Diffraction Data, Newtown Square, PA, USA) with detection limit of 1%.
Also, samples made into polished thin sections were examined in the SEM laboratory of IGME,
(SEM system JEOL JSM-5600 coupled with an EDS system of Oxford Instruments), where the
analysis conditions were 30KeV acceleration voltage, 3nA beam current, spot diameter of 10-30 um
and detection limit of 0.1%.

4. Results and Discussion
4.1.Sand dunes

An extended field of sand dunes (divided into a NE and a SW sector) develops in the northeast part
of the study area and close to the Kavala Bay (Fig. 2, 3 and 4), at water depths ranging from about
25 m to 65 m at least. The longitudinal axis of these dunes usually exceeds 4 km and is orientated
to a NW-SE direction. The average height of the dunes fluctuates between 1.5 m and 2.5 m, with
their maximum height, however, reaching more than 4 m, whilst dune wave length sometimes is
even larger than 400 m. The further examination of sand dunes geometry shows that stoss slope
usually occurs to NE with its magnitude being less than 2°, whereas leeward side faces to SW
displaying slopes higher than 2°. Assuming that the development of these sand dunes is due to coastal
bottom currents, then, regarding the aforementioned dune geometry, it may be proposed that the
bottom-current activity responsible for the dune formation is remarkably strong and follows a
general direction from NE to SW (Fig 4). The large size of the detected sand dunes indicates the
action of exceptionally high bottom shear stresses during their formation. Such great shear stresses
could be probably initiated when the sea level was in a lower position compared to the present one,
for instance during the last marine transgression before the Mid-Holocene (7,500 yrs BP) identified
by Perissoratis and Van Andel (1988) and Perissoratis and Mitropoulos (1989). However, it should
be noticed that the aforementioned researchers claim that the neighbouring sand field in the inner
Kavala Bay is of relict character. This is in contrast with the assumption made for the development
of present study's sand dunes.

In general, the mechanisms responsible for the formation, mobility and stability of small- and large-
scale wavy sand forms have been summarized by Albarracin et al. (2014). The main factors that
generate and evolve such bedforms on continental shelves are: (1) the sea level position before or
after the post LGM transgression, since it defines the ravinement surface and, consequently, the
accumulation space; (2) dominant oceanographic processes, such as tidal currents, littoral currents,
storm surges, or sediment transport due to a combination of storms and coastal currents; and (3) the
current status of these features, i.e., active, relict or quasi-moribund, implying that wavy sand forms
correspond either to reworked transgressive deposits or to post-transgressive active sand waves. An
overview of modern shelf sand ridges can be found in Snedden et al. (2011).
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Figure 2 - High-resolution bathymetry map of the study area displaying the main
geomorphological features. The black dashed frame encloses the extended field of sand
dunes, whereas the red dashed frame encloses rocky outcrops. The northern and southern
primary faults are marked by the red and yellow lines, respectively, whilst the dotted white
lines indicate the traces of secondary faults. The cell size of the bathymetric grid is 2 m with
the coordinate system being UTM35N. The datum of the indicated depths is the local mean
sea level.

Figure 3 - High-resolution bathymetric image illustrating the shape and arrangement of
identified sand dunes. The cell size of the bathymetric grid is 2 m.
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Figure 4 - Seismic-reflection profile displaying the full extent of the sand dune field in the
northeast part of the study area. For profile location see Figure 1.

4.2 Fault zone

The tectonic feature that dominates the study area is an extensive fault system whose main surface
growth follows a sigmoidal shape and develops along the general direction W-E. This system
includes a series of normal faults, which demonstrate a contrasting tiered shift and have their hanging
walls orientated to a SW direction. The geometry of the fault zone indicates that the entire study
area is subjected to an elongation in the horizontal plane caused by the action of tensile stresses.

The identified fault zone comprises two major normal (gravity) faults (northern and southern),
detectable at depths down to 95 m and 110 m, respectively, and three secondary faults located at the
southwestern part of the study area (Fig. 2 and 5). The lengths of the recorded ruptures associated
with the northern and southern primary fault are ~12 km and ~5 km, respectively.

In the northern primary fault, the apparent vertical displacement (offset) and horizontal displacement
of fault blocks sometimes exceeds 40 m and 60 m, respectively, while fault plane dips up to 10°
(Fig. 6, see Profile 36-37). The tilting of the hanging wall layers at the contact with the fault plane
is indicative of the tensile motions in the fracture zone.

The southern major fault branches off to the east in three divergent segments (see yellow lines in
Fig. 2), with the most important segment being the northern one. The maximum measured values
concerning the fault offset, horizontal displacement and fault plane dip are 25 m, 150 m and 12°,
respectively (Fig. 6, see Profile 36-37).

The secondary faults (Fig. 6, see Profile 32-33) in the southwestern part of the study area reveal
synsedimentary tectonics. They are mostly subsurface and do not appear to intersect the upper
sedimentary layer. The latter observation implies that these particular faults are not recently active
and they should have been formed prior to the deposition of the uppermost sedimentary layer.
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Figure 5 - Seismic-reflection profile demonstrating the fault system in the study area. For
profile location see Figure 1.
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Figure 6 - Seismic-reflection profiles focusing on the primary northern and southern fault
(left profile) as well as the secondary faults (right profile). For profiles location see Figure 1.

4.3 Litho-seismic configuration

The sedimentological processes in the study area are greatly affected by local tectonics since the
sedimentology of the shallower footwall block in the northeastern part of the area is considerably
different from that of the deep hanging wall block located in the southwestern part of the area.

The sediments of the shallower northeastern footwall block are coarser than those covering the deep
southwestern hanging wall block and mainly consist of biogenic sand, which is disposed in oblong
parallel or sub-parallel ridges (Fig. 3); these sediments constitute the SW and NE sector of the
submarine sand dune field referred to section 4.1. The stratigraphic resolution of the upper seabed
substrate due to its coarse texture and increased occurrence of biogenic material in the sediments
comprising the submarine dunes is not satisfactory. However, in some cases, the recorded subsurface
reflectors exhibit an arrangement independent of seabed morphology. The sedimentary layers
beneath the sand dunes display a strong reflective character (Fig. 7), which recommends their coarse
composition. The accurate mapping of the location and thickness of the upper and underlying
sediment layers is not feasible due to the restricted penetration of the used subbottom profiler.

The sediments of the uppermost seabed substrate of the deep hanging wall block in the southwestern
part of the study area are finer, since seismic profiles demonstrate an acoustically transparent layer
of a few meters in thickness (up to 10 m) (Fig. 5, 6 and 7). The material comprising this acoustic
layer, named as Unit A, is probably composed of mud and it has been rather formed by the
accumulation of distant prodelta deposits. Below Unit A, a Unit B comprising a set of strong
reflectors with distinct characteristics is identified (Fig. 5, 6 and 7), which implies the existence of
different sedimentation conditions (e.g., different sediment source, change in the size of available
depositional area, hydrodynamic regime modification, subaerial erosion) in some locations. This
clue suggests that prior to the commencement of sedimentation in the uppermost marine unit the
depositional environment was different. Perissoratis and Mitropoulos (1989) argue that during the
LGM (19,000-20,000 yrs BP) the study area was land and partly eroded under subaearial conditions
and only a limited area situated in the southwest part was functioning as a lake. Later, during the
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post-glacial period, the sea level rose and gradually inundated the study area. The final pattern of
the sedimentation processes that dominate the area nowadays was established about 6,000 yrs BP,
when the rate of sea transgression slowed down and sea-level stand had approached the present one.
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Figure 7 - Seismic-reflection profile indicating the acoustic units beneath the sand dune field
and underneath the seafloor of the deep hanging wall block (extreme left side of the profile).
For profile location see Figure 1.

4.4.Bulk mineralogy and chemistry of surface seabed sediments

The preliminary results of bulk mineralogical analysis show that surface sands (named as "Kavala
sands") covering the Loutra Eleftheron-Nea Peramos inner continental shelf consist mainly of quartz
(~15-35%), plagioclase (~10-25%), K-feldspar (~5-20%) and calcite (~5-20%), whereas amphibole,
biotite, pyroxenes and epidote occur in smaller quantities. Ti-magnetite, rutile, titanite, ilmenite,
zircon, barite, apatite, pyrite and clay minerals appear as accessory mineral phases (~5% in total).
Allanite and less often monazite and xenotime are the REE-bearing mineral phases, which are
distributed throughout the surface sediments. They are found as fine-grained sand crystals, either in
the form of single crystals or within granitic fragments, along with quartz and feldspars. Allanites
have noticeable thorium contents (up to 3.3%), whereas monazites include relatively high amounts
of REE and thorium contents (SREE+Th=44.43-62.65%). The total amounts of XREE+Th+Y from
the whole-rock chemistry analyses are in accordance with the modal composition of the REE-
bearing minerals and can be distinguished into four groups depending on their REE composition
(Fig. 8). Based upon petrographic observations, mineral chemistry analyses, as well as whole-rock
chemistry compositions, the estimated amounts of REE-bearing minerals within the "Kavala sands"
range between 0.1 wt.% and 0.9 wt.%.

5. Conclusions

The shallow continental shelf west of the Kavala Bay (Loutra Eleptheron-Nea Peramos) is
characterized by (i) a fault system that shows contrasting tiered displacements and (ii) an extended
field of sand dunes arranged in oblong parallel or sub-parallel ridges.

The fault system comprises a set of two primary sigmoidal gravity faults, including a northern and
a southern member (recorded lengths of 12 km and 5 km, respectively), with distinct expression on
the seabed, and three other secondary gravity faults situated southern of the major faults, revealing
synsedimentary tectonics. The maximum values of the offset, horizontal displacement and rupture
plane dip of the primary faults were estimated at > 40 m, > 60 m and 10°, respectively, for the
northern member and 25 m, 150 m and 12°, respectively, for the southern member. The observation
that the sediments of the shallow footwall block of the northern major fault differ greatly from the
sediments covering the deep hanging wall block of the southern major fault emphasizes the impact
of local tectonics on the sedimentary evolution of the study area.
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Figure 8 - Primitive mantle-normalized XREE, Th and Y patterns (normalization factors
from McDonough and Sun, 1995) of the ""Kavala sands"'.

The identified sand dunes, occurring at depths from 25 m to 65 m at least and located on the footwall
block of the northern major fault, usually have their longitudinal axis greater than 4 km and are
orientated to a NW-SE direction. The large dimensions of the sand dunes (average height: 1.5-2.5
m; maximum height: > 4 m; maximum wave length: > 400 m) as well as their orientation in relation
to the coastline implies as a mechanism for their formation the intense bottom-current activity
towards the NE-SW direction.
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