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Abstract. Two distinct but interfingering fans exist in the northwestern Black Sea: the Danube fan fed by the River Danube during fan
accretion, and the Dniepr fan built up by the Ukranian rivers Dniepr, Dniestr and Bug. Within each of these fans, the six upper seismic
sequences comprise fan-typical facies associations with pronounced channel-levee systems and levees which pass laterally into over-
bank deposits. These sequences are separated from each other by condensed sections. Fan accretion proceeds via channelized turbidity
flows and mass transport processes, in the course of which avulsion and channel migration commonly occur. Ten acoustic facies
subtypes classified into four facies groups have been identified for the youngest sequence. They allow in turn the distribution of channel
deposits, coarse- and fine-grained levees as well as various mass transport units to be mapped. Mass transport processes appear to
have been more dominant in the Dniepr fan. Morphometric analysis of the channels suggests that the Danube and Dniepr fans are highly
sinuous, mud-rich systems which adjust their channel slopes to accomodate the flow volume and sediment load of the turbidity input. The
Danube fan has generally a lower valley slope and a higher sinuosity than the Dniepr fan, indicating that its source material is finer. The
Danube and Dniepr fans were accreted during the past 480 ka (sequences 3 to 8). Average deposition rates for the fan sequences range

from 2.4 to 7.2 m/ka and the volume of material deposited within a sea level cycle lies between 4,300 km? and 9,590 km?.
Key words: mass transport, condensed section, accretion, acoustic facies, Danube fan, Dniepr fan, Black Sea

INTRODUCTION

The composite Danube and Dniepr deepsea
fans constitute a prominent morphological feature
in the northwestern Black Sea. These fans extend
from the shelfbreak at about 200 m water depth
down to the abyssal plain of over 2,000 m and
were fed by rivers that drained into this area,
notably the Danube, the Dniepr, the Dniestr and
the Bug. The morphology of the Danube and
Dniepr fans has been studied by Evsyukov &
Goncharov (1987) and Shimkus et al. (1987a, b),
and their structure by Goncharov et al. (1972).
Goncharov et al. (1972) interpreted this
morphological feature as the submarine
continuation of the folded structures of Dobrogea
and of the Moesian platform. The channel incised
into its axis was considered a major fracture. The
sedimentary nature of this morphological feature
was soon established (Degens & Ross, 1974).
Kasanzev & Shaynurov (1978) were among the
first to recognize the submarine Danube fan
complex and they described the morphology and
structure of this fan, including the main submarine
channel-levee system.

To our knowledge, Malovitsky et al. (1979)
published the first high-resolution seismic profile
on the Danube and Dniepr deepsea fans. Although
numerous multi-channel seismic profiles have also

appeared in the literature (Boccaletti & Finetti,
1988; Morgunov et al.,, 1981; Tugolesov et al.,
1985), their resolution is not sufficient for a
detailed study of the structure and development of
the Danube and Dniepr fans. The most compre-
hensive recent study is that carried out by
scientists from Moscow State University. Using a
combination of seismic reflection profiling and
sediment sampling, the general morphometry of
the Danube and Dniepr fans was mapped and the
associated sedimentary facies characterized
(Konyukhov & Ivanov, 1989; Konyukhov et al.,
1988). The sedimentary complex was divided into
four seismo-stratigraphic units (Konyukhov et al.,
1988) by means of which the fan development in
terms of four overlapping sediment cones was
reconstructed (Starovoitov et al., 1990).

During three German-Romanian research
cruises in 1992, 1993 and 1994 in the north-
western Black Sea, high-resolution reflection
seismic profiles (3,800 km) as well as sidescan
(3,140 km long-range, 150 km high-resolution) and
pinger (1,850 km) data were collected within the
composite Danube and Dniepr deepsea fans and
the adjacent continental margin  (Fig.1).
Preliminary results based exclusively on data of
the 1992 cruise have been published (Wong et al.,
1994). In this paper, the morphology of this fan
complex will be characterized and the distribution
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Fig.1 Location of the high resolution seismic profiles of the 1992, 1993 and 1994 cruises (solid lines), and the 1993 and 1994 MAK

profiles (crosses) Bathymetric contours in m.

and thickness of its seismic sequences mapped. In
addition, the paleo-depositional environment,
especially of the uppermost sedimentary cover,
will be reconstructed. Using a preliminary regional
sea level curve (Winguth et al., this vol), an
evolutionary depositional modei for the composite
Danube and Dniepr deepsea fans will be
presented and average sedimentation rates
computed.

MORPHOSTRUCTURE OF THE DANUBE
AND DNIEPR FANS

The northwestern Black Sea is characterized
by a particularly wide shelf of up to 120 km. It
receives an average annual total sediment
discharge by the Danube, the Dniestr, the Bug and
the Dniepr of 65x10° t, of which 81 % (52x10°t) is
delivered by the Danube (Balkas et al.,, 1990;
Popa, 1992). At present, the Dniestr, the Bug and
the Dniepr discharge their sediment loads into a
lagoonal system separated from the Black Sea by
beach barriers; only a small amount of the
suspended load reaches the sea. During the last

glacial, these rivers discharged directly into the
Black Sea (Banu, 1967; lanovici et al., 1960).
Today the sediments discharged into the
northwestern Black Sea are transported
subparaliel to the coast and deposited largely on
the shelf to the south as a result of the dominant
northeasterly winds and the resulting southerly
currents (Popa, 1992; Shimkus & Trimonis, 1974;
Zenkovitch, 19686). During sea level lowstanc’ig 1
however, they must have been channelized by t '
Viteaz and other canyons and laid down mainly
beyond the shelfedge to form a deepsea fan
complex.

Fan morphology

The present-day composite Danube and Dniepr
deepsea fans are bounded to the northwest appro-
ximately by the sheifbreak at about 200 m water
depth. To the southeast, they grade into the
abyssal Black Sea at water depths of around 2,200
m, thus extending about 150 km in both the NW-
SE and the NE-SW directions (Fig.2).
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Fig.2 Bathymetric map of the Danube and Dniepr fans based on our depth data and data from Russian charts (Charts 32117 (1966),
32118 (1977), 32124 (1980) of the Principal Office for Navigation and Oceanography of the Soviet Defence Ministry, scale 1:200,000).
Dashed line shows the approximate boundary between the upper and middle fans.

Two distinct but interfingering fans can be
recognized within this deepsea fan complex. The

_southern fan (here named the Danube fan) is
‘supplied by the Danube, while bathymetric (Figs. 2

and 3) and our reflection seismic data suggest that
the northern fan (the Dniepr fan) was built up by
the Dniepr, the Dniestr and the Bug during sea
level lowstands when a large part of the
continental shelf in the northwestern Black Sea
was subaerially exposed.

Seismic sequences and seismic facies

Eight seismic sequences have been recognized
within the Danube and Dniepr fans. They are
numbered 1 to 8 from old to young (Fig.4). Each of
the six upper sequences consists fypically of
channel-levee systems, overbank sediments and

mass transport deposits (such as slumps, slides
and debris flows) which comprise the lowstand
systems tracts (LST) of a sea level cycle. The
sequence boundaries are marked by paraliel
reflections with good continuity, In the sequences
2 and 1, however, prongunced channei-levee
systems are absent; a major part of the deposits
consists of mass transport units.

Characteristics of the seismic facies of the
sedimentary units are shown in Tab.1. Channels
are the pathways for turbidity currents which bring
the bulk of the sediments into the deepsea. Our
seismic profiles show that many channel-levee
systems consist of two or more, sometimes
nested, channels. Most channels consist of
subparallel to subarcuate highly refiective horizons
(high amplitude reflectors = HAR; Weimer, 1990,
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Fig.3 Bathymetric profiles from the cruises of 1993 and 1994 arranged downfan. Arrows show morphological scarps due to buried

channel systems.

1991; Weimer & Buffler, 1988; Fig.4). Drilling of
the youngest channel floor on the Mississippi fan
(Stelting et al., 1985) and of a buried channel on
the Amazon fan (Flood et al., 1995, sites 934, 943
and 945) suggests that these high ampilitude
reflectors are typically associated with sand and
gravel in the channel thalweg. The overlying late
channel fills (LCF, Fig.4) are finer-grained and
are represented by low amplitude, parallel to
divergent reflectors with poor to moderate
continuity. Studies of the indus (Kolla & Coumes,
1987), the Amazon (Flood et al., 1995), the Niger
(Cochonat et al., 1993) and many other fans
suggest that these units consist of homogeneous,
fine-grained sediments deposited during the
waning stage of turbidity current episodes or
during sea level highstands. The uppermost
continuous reflectors in the channels represents
overbank deposition from neighbouring channels

and/or hemipelagic deposition subsequent to the
end of turbidity current activity.

The adjacent levees (L, Fig.4) which form the
channel margins are characterized by their
external wedge shape and subparallel reflectors
with low amplitude and moderate continuity. Their
semi-transparent to transparent appearance
suggests fine-grained, homogeneous deposits.
The modern levees show a marked asymmetry
with the right hand (southwestern) levee looking
downstream standing higher than the left hand
(northeastern) levee. This is a result of the Coriolis
force, as was reported among others from the
Indus (Kolla & Coumes, 1987) and the Mississippi
fans (Kastens & Shor, 1985). Laterally the levees
grade into overbank deposits which are
represented by continuous, subparallel, semi-
transparent to moderately strong reflectors. Their
external shape is drape-like. These overbank
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Fig.4 Air gun profile 1794 (original and interpretation). Profile location shown in Fig.1. HAR = high amplitude reflectors, LCF = late
channel fill, L = levee, EL = early levee, MTU = mass transport unit, CS = condensed section, 1...8 = sequence numbers.

deposits consist of intercalations of silt and clay,
and originate from turbidity currents which
overflow the channel walls to flood the adjacent
plains. The nascent or early levees (EL, Fig.4) are
coarse-grained and limited in extent. As they grow
and coalesce, they become finer-grained and
therefore seismically more transparent, grading
continuously into overbank deposits at greater
distances from the channels.

Mounded, hummocky, chaotic or subparallel
reflections are characteristic of mass transport
units (MTU, Fig.4) that accompany erosion of the
condensed sections. They occur as unchannelized
slumps, slides, debris flows or turbidites.

The paraliel continuous reflectors with
moderate to high amplitude which separate the
seismic sequences are interpreted as thin

condensed sections (CS, Fig.4) of hemipelagic
material. They are deposited at very low sedimen-
tation rates (Loutit et al., 1988) during periods of
rising and high sea level and therefore comprise
the transgressive and highstand systems tracts
(TST and HST).

For ease of description, the channels are
numbered according to the sequences in which
they occur. Different channels within a sequence
are differentiated from one another in ascending
estimated relative age by a letter in rising
alphabetic order (the youngest main channel is
8a). Channels of the Dniepr fan are designated n
and of the Danube fan s (the most recent main
channel of the Danube fan is thus s8a). A trailing -
mark denotes a channel continuation after
avulsion.
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Table 1 Seismic facies of the sediments in the Danube and Dniepr fans.

External Geometry internal Configuration  Amplitude  Continuity Remarks
a) channel valley incised into subparaliel to high medium lateral extent highly variable
bottom; with or without subarcuate (esp. in
clastic fill buried channel systems)
b) levees wedge-shaped on both subparallel to parallel low (semi- low lateral extent highly variable
sides of channel with irregular, transparent)
discontinuous reflectors
c) hemipelagic wedge to drape sheet parallel to convergent high to high often beneath levees
deposits medium
1) drape sheet subparallel to parallel, high high beneath levees or hemi-
sometimes complex pelagic deposits
d) mass 2) wedge or irregular subparallel to high to medium mostly adjacent to channel-
wasting subarcuate medium levee systems
deposits
3) double-wedged or subparallel to paraliel, medium medium to superposed on other sediment
lenticular convergent at wedge high bodies
ends
e) overbank drape sheet subparallel to parallel medium medium to adjacent to levees
deposits high
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Table 2 Computed thicknesses, volumes and sedimentation rates of the sequences, Danube and Dniepr fans.

Sequence Age Duration | Thickness Interval Thickness (m) Volume® | Sedimentation Sed. Sed.
(ka BP) (ka) (ms TWT) Velocity* (min.-max.) (km?) Rate Accum. Accum.
(km/s) (m/ka) Rate (t/a) | Rate” (km¥a)
8 0-ca. 25 25 205 1.75 180 (0-655) 5,400 7.20 302x10° 0.216
7 ca. 75-ca. 25 50 190 1.77 170 (0-390) 4,300 3.40 120x10° 0.086
6 ca. 190-ca. 75 115 325 1.82 300 (25-725) 7,980 2.40 97x10° 0.069
5 ca. 320-ca. 190 130 320 1.96 310 (100-800) | 8,280 2.45 88x10° 0.063
4 ca.400-ca. 320 80 175 297 190 (0-540) 4,810 2.50 88x10° 0.060
3 ca. 480-ca. 400 80 285 2.38 340 (60-890) 9,590 2.55 168x10° 0.120

* from Romanian industrial profiles
$ within the study area
* assuming y=1400 kg/m®
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Fig.6 OKEAN sidescan mosaic of 1894, Examples of the six different backscatter zones (BZ) are marked. See text for explanations.

Thickness distribution of the seismic

sequences

The thickness distributions of the six upper
sequences are shown in Fig.5. They demonstrate
the existence of the distinct but interfingering
Danube and Dniepr fans. Major depositional
activity took place in the Dniepr fan in sequence 7,
in the Danube fan in sequences 3 and 4, and is
otherwise evenly distributed in the sequences 5, 6
and 8. The levees (marked by dashed iines) reach
widths of the order of 30 to 60 km.

Minimum and maximum thicknesses, average
thickness and volume have been computed for
each of the six upper sequences (Tab.2). The
average thickness ranges from 170 m (sequence
7) to 340 m (sequence 3), the volumes from 4,300
km?® (sequence 7) to 9,590 km?® (sequence 3). The
depocenters were displaced in a landward
direction from sequence 3 to 5 and in a basinward
direction from sequence 5 to 6.

The channei-levee system of sequence 6 of the
Danube fan is barely buried today. The crest of its
southwestern levee can still be traced on the
present-day seafloor as a scarp, especially in the

proximal fan. [t is also responsible for the
pronounced asymmetry of the present-day fan
morphology. On the distal fan, the influence of this
levee decreases, so that the youngest channel-
levee system becomes more symmetric.

Channel migration through time

Fig.5 shows the paleochannels and levees
deduced from our air gun reflection seismic
profiles for sequences 3-7. For sequence 8, long-
range sidescan and pinger data permit a much
more detailed reconstruction. It is assumed that
only one main channel has been active for the
Danube and Dniepr fans respectively at any given
time.

For the Dniepr fan, channel displacement has
taken place in a northeastern direction within
sequence 3 (from n3c to n3a/mn3a/n3b), with
bifurcation of channet n3a into n3a’' and n3b at
44.1° N, 32.3° E (Fig.5). This channel migration
may be attributed to channel breaching, or to the
activation or clogging of deita arms. Within
sequence 4, the corresponding displacement is to
the south. For sequence 5, only one major
channel-levee system existed which, relative to
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Fig.7 (A) Example of echo-character type 1a: channel without fill. (B) Example of echo-character type 2: slide/debris flow. (C)
Example of echo-character type 3a: slump deposit. (D) Example of echo-character type 4a: levee and channel with stratified fill. (E)
Example of echo-character type 5: overbank deposits in the distal fan. See Fig.1 for profile location.

sequence 4, has migrated to the north (Fig.5).
In sequence 6, two large channel-levee systems
again occur. The younger, less-developed system
né6a is displaced to the north relative to the older
systen néb (Fig.5). Within sequence 7, there is
only one major system with bifurcated channels
located between n6a and né6b, filling the
topographic low between them.
For the Danube fan, the age relationship among
the channels s3b, s3c and s3d of sequence 3 is
speculative (Fig.5). The channel-levee system s4a
of sequence 4 has migrated northeastward relative
to those of sequence 3. Sequence 5 contains three
pronounced channel-levee systems which become
progressively younger from southwest to northeast
(Fig.5). The older systems s5b and sba exhibit
channel bifurcation, while the youngest channel

(sba) has migrated te the north relative to the
channels of sequence 4 (Fig.5). Two large,
bifurcated channel-levee sytems occur in
sequence 6, while only one relatively small system
has been mapped within sequence 7. The latter
has migrated southward wiih respect to the
channels of sequence 6 (Fig.5).

The fact that the Danube and Dniepr fans
remained in the same positions throughout fan
accretion except for minor, paleo-bathymetrically-
controlled channei migrations suggests that the
rivers responsible for their construction maintained
largely the same courses during that time. An
exception may be sequence 5. It has been
speculated that during parts of the middle-upper
Pleistocene, the Danube flowed through the
Karasu valley between Cernavoda and Constanza
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Fig.8 Surficial acoustic facies map of the Danube and Dniepr fans. See text for explanations. Barbed line marks a scarp.

into the Black Sea and changed its course to the
north possibly in the Holocene (Pfannenstiel,
1950). Perhaps this former river course is
represented in sequence 5 by its southwestern-
most channel system.

SEISMIC CHARACTERISTICS OF THE
UPPERMOST SEQUENCE

Backscatter facies types (long-range
sidescan data)

The sidescan mosaic derived from surface-
towed, long-range sidescan data of the Okean
system is characterized by large variations in
backscatter intensity from poorly (light) to highly
(dark) backscattering (low to high bottom
reflectivities). Six backscatter zones (BZ) with
differing backscattering strengths have been

distinguished (Fig.6), of which two (BZ 5 and 6)
exhibit in addition specific surface patterns:

® BZ 1 has a very high reflectivity and shows
a continuous, linear, meandering distribu-
tion. It corresponds to the channel floors.

® BZ 2 shows a high backscattering strength.
It is confined to the proximal part of the
Danube fan and of the area between the
Danube and the Dniepr fans.

® BZ 3 has a moderate backscatter intensity
and is widely distributed, especially in the
southern half of the study area

® BZ 4 is characterized by low backscattering
intensities and flanks the main channel
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Table 3 Acoustic facies types of the uppermost sequence and their interpretation.

Acoustic Facies Backscatter Echo Character Core Sedimentary Processes and

(OKEAN) (Pinger) Depositional Environments

Group
|

(channel
floor

BZ 1 (very high reflectivity,
continuous, linear,
meandering distribution)

BZ 6 (mottled irregular back-
scatter)
il BZ 2 (high reflectivity)
(slumps/
slides)
BZ 5 (heterogeneous patchy
reflectivity

- 87 2 (high reflectivity); BZ 3
Il

(moderate reflectivity)
(debris BZ 2 (high reflectivity); BZ 4

flow (low reflectivity); BZ 5 (hetero-
deposits) geneous patchy reflectivity)

BZ 3 (moderate reflectivity)

EC 1a (single distinct bottom reflector); 1b (bottom and
subbottom reflectors), 4a (numerous subbottom
reflectors, sometimes transparent in uppermost part)

EC 3b (small hyperbolae, low penetration); 4c

(hyperbolic reflectors with good penetration and nume-
rous subbottom reflectors)

slumps and slides at continental
slope of the Dniepr fan, with rugged
upper surface

- channel floor with or without fil

EC 3a (intermediate to large hyperbolae, subbottom slumps and slides at the continental
reflectors); 3b (small hyperbolae, low penetration); 4c slope with smoother upper surface
(hyperbolic reflectors with good penetration and than lla

numerous subbottom reflectors

EC 4c (hyperbolic reflectors with good penetration and
numerous subbottom reflectors)

EC 4c (hyperbolic reflectors with good penetration and
numerous subbottom reflectors)

EC 2 (bottom and subbottom reflectors with semi-
transparent zone in between)

BZ 4 (low reflectivity) sediment slides adjacent to or over

jevees

sediment sfides in the upper Dniepr
fan

debris flow in proximal part of
channel-levee system

1/ small debris flows of sediment slides
1094 |overor adjacent to levees

EC 4b (wavy over flat, parallel reflectors, good
penetration

EC 4a (numerous subbottom reflectors, transparent in

2/
uppermost part); 4¢ (hyperbolic reflectors with good 1994 | coarser grained levees in the upper
penetration and numerous subbottom reflectors) fan

\

(levee! BZ 3 (moderate reflectivity) EC 4a (numerous subbottom reflectors, transparent in fine-grained levee of overbank

overbank) uppermost part), (paraliel, narrowly spaced high deposits in the distal fan
amplitude reflectors)

) ‘l

BZ 4 (low reflectivity) EC 4a (numerous subbottom reflectors, transparent in 504/ |levees and fine-grained channel

uppermost part), 4b (wavy over flat, parallel reflectors, | 1992 overflow between channel-levee
good penetration) systems
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Fig.9 Mosaic of the high resolution MAK sidescan profiles 293, 393 and 493. Channels s8a, s8a’and s8b and
the channel bifurcation point X are marked. Arrow indicates a crevasse splay. Bathymetric contours in m.
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Fig.10 Part of MAK profile 293 (sidescan and pinger) showing channel s8b which
is has a thick incised valley fill. See Fig.9 for profile location.
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Fig.11 Part of MAK profile 204 (sidescan and pinger) showing stratified, cyclic leves sediments. See Fig.9 for profile location.
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Fig.12 Channel distribution pattern and bathymetry of the Danube and Dniepr fans.
The dashed line designates the approximate boundary between these two fans.

systems of both the Danube and Dniepr
fans.

BZ 5 is a zone of heterogeneous reflections
with a patchy appearance, varying between
high-to-moderate and  moderate-to-low
reflectivities. This backscatter zone s
generally found bordering parts of the main
channel systems in their upper and middle
reaches, sometimes with  finger-like
extensions.

BZ 6 shows a mottled, irregular backscatter

pattern. It has sharper internal reflectivity
contrasts than BZ 5. Small patches of this
backscatter type are distributed over the
middle and lower fans in the vicinity of the
main channel systems.

Echo character types (pinger data)

From the 3.5 kHz pinger data, five echo
character (EC) types have been recognized. They
can be divided into echo character subtypes:

EC type 1 shows strong distinct bottom
reflectors

subtype a: with prolongation of the bottom
echo, but no subbottom reflectors. It
corresponds to channel floors without infill
(Fig.7);

subtype b: without echo prolongation, but
with subbottom reflectors. It occurs in the
inner channel slopes.

EC type 2 consists of a bottom reflector, a
semi-transparent zone and subbottom
reflectors. This EC type generally
accompanies the upper reaches of the
channels of the Danube fan as well as the
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area between the Danube and Dniepr fans
(Fig.7).

® [EC type 3 consists of hyperbolic echos

subtype a: of intermediate fo large sizes,
with  subbotom reflectors beneath a
transparent zone. This subtype is
distributed in small patches over the
Danube fan, offen in the vicinity of
meandering channels (Fig.7);

Subtype b: that are small. Subbottom
reflectors are lacking and penetration is
low. It occurs in small patches in the
Dniepr fan and in the area between the
Danube and Dniepr fans.

® FEC type 4 is characterized by high
penetration and very good resolution with
numerous continuous, parallel to
subparallel, subbottom reflectors:

subtype a: the uppermost subbottom is
sometimes transparent and the Ssurface
sometimes wavy. This EC subtype flanks
the main channel system of the Dniepr fan
and occurs within filled channels (Fig.7);

subtype b: comprises a set of wavy
reflectors over flat, parallel echoes. It
occurs between the Danube and Dniepr
fans; and

subtype c: consists of hyperbolae with
varying apex elevations, sometimes with a
slightly diffuse appearance in the upper
subbottom. It occurs between the Danube
and Dniepr fans.

® EC type 5 is characterized by numerous
high frequency, high amplitude, paraliel
reflectors conformal to the bottom (Fig.7).
Penetration is about half of that of EC type
4. It is widespread in the lower fan.

Acoustic facies types and their
interpretations

In a detailed study of the Zaire fan, Droz et
al. (1996) combined their echo character types
with the observed backscatter zones into
acoustic facies groups and reconstructed the
depositional environment of each facies. The
Zaire fan, however, is still active despite

the present sea level highstand; the Zaire
submarine canyon extends landwards across
the narrow continental shelf into the river
estuary and serves as an immediate pathway
to the deepsea for the sediments brought in by
the Zaire River. In contrast, the Danube and
Dniepr fans, like the Amazon, the Mississippi
and numerous other fans (e.g., Damuth ef al.,
1988; Flood ef al., 1995; Twichell ef al., 1992)

is presently inactive. The fluvial sediments are
trapped on the inner shelf or are transported
away by longshore drifts and other currents
parallel to the coast. The acoustic facies types
of the Zaire and the Danube and Dniepr fan
systems are therefore not identical
Nevertheless, in analogy to studies on the Zaire
and other fan systems (Damuth ef al., 1988;
Flood et al., 1995; Twichell ef al, 1992;
Damuth & Hayes, 1977; Kastens & Shor, 1985;
O'Connell et al, 1991), it was possible to
recognize and interpret ten acoustic facies
subtypes classified into four facies groups for
the Danube and Dniepr fans (Tab.3). Fig.8
shows the surficial acoustic facies distribution
of these fans.

® Acoustic facies type |: channel floor facies
group BZ 1, EC 1a/1b/4a

® This combination of very high
backscattering and distinct or stratified EC
is characteristic of channel floors and can
be easily followed on the sidescan mosaic.

® Acoustic facies type Il: slump/slide facies
group
= subtype lla: BZ 6, EC 3b/4c

® This facies subtype of hyperbolic echoes
together with a mottled backscatter pattern
and often a distorted upper surface is
interpreted to represent slumps on the
continental slope and at the slope front. It
occurs in the Dniepr fan.

= subtype llb: BZ 2, EC 3a/3b/4c

This facies subtype of hyperbolic echoes
with high backscattering intensities is
interpreted as slumps and slides on the
continental slope where the surface is
smoother than that of subtype lla.
Deposition takes place under the influence
of a more-or-less constant surface gradient.
The largest sediment deposits of this facies
subtype occur between the Danube and
Dniepr fans; other smaller patches are distri-
buted over the entire study area.

= subtype llc: BZ 4, EC 4c

® |ow backscattering and hyperbolic,
stratified echoes represent sediment slides
of fine-grained material occurring lateral to
or overlying the levee facies.

= subtype lld: BZ 5, EC 4c

Prolonged hyperbolic echoes in combination with
heterogeneous backscatter and higher distortion
than facies subtypes lib and llc are interpreted to
represent sediment slides which occur as large
bodies in the upper Dniepr fan.
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Fig.13 Channel width vs. water depth and channel depth vs.
water depth, Danube and Dniepr fans.

Acoustic facies type lll: debris flow facies
group

= subtype llla: BZ 2/3, EC 2

Acoustic  transparency and high to
intermediate backscattering strength
generally characterize debris flows. These
deposits occur as large bodies between the
Danube and Dniepr fans and as smaller
features adjacent to the proximal fan
channels.

= subtype Hlb: BZ 2/4/5, EC 4b

Backscatter zones of varying intensities in
combination with wavy parallel reflectors
over flat-lying parallel reflectors are
interpreted to represent small debris flows

overlying levees or sediment slides over or
adjacent to levees. The sediment waves
probably resuited from compression that
accompanied mass transport. This facies
subtype is found adjacent to meandering
channels in the middle and lower fans and
at the distal ends of some channels.

® Acoustic facies type IV: levee/overbank
facies group

= subtype IVa: BZ 3, EC 4a/4c

® Moderate bottom reflectivity and numerous
parallel, sometimes slightly hyperbolic
echoes are indicative of coarser-grained
levees, probably silts  with sand
intercalations, in the steep upper fans, or of
downfan continuations of unchannelized

debris flows.
= subtype IVb: BZ 3, EC 4a/5
® This acoustic facies of intermediate

backscattering strength and parallel, high
frequency reflections occurs typically in the
distal fans and consists probably of clayey
sediments with interbedded silts.

= subtype IVc: BZ 4, EC 4a/b

® This acoustic facies of numerous, even
stratifications and low backscatter s
interpreted to represent levee deposits and
fine-grained channel overflows between
channel-levee systems.

The interpretation of the acoustic facies types
described above has been in part verified by
sediment coring. The Holocene of all cores
retrieved from the Danube and Dniepr fans is
characterized by the deposition of dark sapropels
and varves (coccolith ooze interbedded with
diatomaceous clays). During the Pleistocene,
however, turbidite sedimentation took place on the
levees of the distal fan, while cyclic deposition of
clay successions with thin silt/sand intercalations
occurred on the middle and upper fans
(Konyukhov et al., 1988). Sediment samples from
the central valley of the Danube fan yielded 177
cm of Holocene muds at 1,130 m water depth,
probably from a sapropel slide from the steep
channel walls, and thinner Holocene muds
underlain by thin Pleistocene sands at 1,300 m
depth (Konyukhov et al., 1988).

We have retrieved cores from areas assignable
to three of the acoustic facies types described
above: (1) Core 1/1994 (43° 16.28' N, 31° 08.25'
E), consisting of 111 cm of Holocene coccolith and
sapropel varves overlying massive, layered,
presumably Pleistocene, banded lutites (Wong ef
al., 1995) corresponds to acoustic facies subtype
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lIb. Sediment stratification is preserved in the
sediment slide from which this core is retrieved.

(2) In core 2/1994 (43° 33.25' N, 30° 56.19' E),
38 cm of Holocene varves overlie 422 cm of
turbidites (Wong et al., 1995). It is retrieved from
an area of acoustic facies subtype IVb and is
lithologically consistent with its interpretation as
medium to finer-grained (silty to clayey) levee or
overbank deposits.

(3) Core S24/1992 (43° 38.00' N, 30° 56.12' E)
is located in an area of acoustic facies subtype
IVe. It is made up of 54 cm of microlaminated
coccolith ooze and 104 cm of clay and seekreide
overlying 233 cm of turbidites (Strecker, 1996).
The poor backscattering strength is a result of the
fine grain size of the Holocene deposits and the
regularly layered reflectors are typical of a
turbiditic sequence.

From the suificial acoustic facies distribution
map (Fig.8), it can be seen that the most of the
mass transport deposits (debris flows, slumps and
slides) occur in the Dniepr fan while only minor
occurrences are found in the Danube fan. We
attribute this observation to differences in the
material deposited and hence to their different
sources: the Dniepr fan was fed by the Ukranian
rivers, while the Danube fan was accreted by the
Danube. Konyukhov et al. (1988) described the
sediments which fill the paleo-morphologic lows
within the Danube and Dniepr fans as flysch-like.
This zone corresponds to the major area of mass
transport deposits between the most recently
active channels of the two fans in which the lateral
compression that accompanied mass transport is
expressed in the form of sediment waves.

Backscatter characteristics from deep-
towed, high-resolution sidescan data

Two small neighbouring areas which include
the avulsion point X of channel s8a into s8a’ and
s8b were surveyed using the deep-towed,
combined sidescan-pinger (Mak) system in 1993
and 1994 (Fig.9). Immediately downstream of this
point adjacent to channel s8a’ are sediment
slumps which have resulted from minor channel
breaching (arrow on Fig.9). They lie within an area
of BZ 5 (patchy, heterogeneous) in the Okean
mosaic, and consist of compressively deformed
but still stratified sediments. Channel s8b is largely
sediment-filled (Fig.10) while the younger channel
s8a' is almost devoid of sediments. The
pronounced levees of channel s8a upstream of the
avulsion point near a meander is an area of low
backscatter (BZ 4, Fig.11). The levee deposits are
cyclically stratified in such a way that high
frequency, low amplitude reflectors are overlain by
high amplitude reflectors, indicative of an upward
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Fig.14 Sinuosity vs. log (valley slope), Danube and Dniepr fans.

coarsening sequence. Five cycles can be readily
recognized and there is evidence for four
additional cycles. The total thickness of these
cyclic sediments is about 40 m, i.e., 4-5 m per
cycle. They may be the resuft of turbidity events
during the last sea level lowstand.

Distribution pattern of channels on the
present-day fan surface and their age
relationship

The channels of a deepsea fan system are
produced and maintained by turbidity currents and
represent the pathways for sediment transport into
and within the fan area. Their shapes and positions
are controlled by depositional processes
(producing large levees and overbank wedges and
decreasing the channel slope by channel
meandering) as well as erosional processes (such
as slumping, sliding and levee failure). The
channel-levee systems are the most pronounced
features within each seismic sequence; they
consist of diverse, partly bifurcated channels with
their levees, overbank sediments and other mass
transport deposits.

Figure 12 shows the surficial channel
distribution pattern of the Danube and Dniepr fans.
The overlapping pattern of the mass transport
deposits associated with these fans suggests a
longer period of activity for the Danube fan. Within
each fan, the relative channel chronology is
established using the stacking pattern and degree
of channel infill.

For the Danube fan, the first major channel
activity within sequence 8 (channel s8g) was in the
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southwest. Only nascent levees developed.
Channel s8g is relatively straight and poorly
backscattering, probably because of its significant
infill. It is separated from the southwestern levee
of channel s8a by a distinct scarp which can be
attributed to a large, buried channel-levee system
of sequence 6.

Activity of channel s8g ceased when the main
channel switched to the northeast and its size
increased (s8f, s8e). These channels remain
relatively straight. Channel s8d located in the
distal fan may have been an earlier segment of
channel s8b and channel s8c an earlier segment
of s8a’, although the latter could also represert the
downfan continuation of s8f or s8e. At 31°30" E
and 43°30° N, channel s8c is accompanied by
multiple oxbows and at least two abandoned
channel segments which suggest a channel
migration in the southwesterly direction.

The main channel s8a (20-200 m deep and
1,000-1,500 m wide measured at the channel
floor) has a point of avulsion (X, Fig.12) at which
the previous downfan continuation of s8a (channel
s8b) was abandoned and filled with overbank
deposits of a vyounger system. Channel s8b
(sinuosity: 1.1-1.5) is less sinuous than s8a’
(sinuosity: 1.4-1.9), s8¢, s8¢’ and s8d. Channels
s8a/b developed a large levee system (up to 40
km width and 400 m height) which dominates the
Danube fan. In contrast, the levee system of s8a’
is small (up to 10 km in width and 100 m in
height); it overlies the large s8a levees.

The Dniepr fan probably developed from south
to north, i.e., from n8f to n8a. Compared to the
Danube fan, its main channel is smaller (60 m
deep and 1,500 m wide at the thalweg) and more
sediment-filled (another indicator that it may be
older). It has also migrated to the north by channel
avulsion (n8b to n8a’).

Quantitative analysis of the geometry
of the fan channels and their distributaries

A morphometric analysis of the channels and
their distributaries of the Danube and Dniepr fans
(in analogy to the Amazon fan, Flood & Damuth,
1987) was carried out so that a quantitative
comparison between their geometry and that of
the known fan classes can be made and the
processes that control their geometry estimated.
The geometrical parameters used were selected in
analogy to studies of subaerial river systems.
These include:

® channel depth (from the channel axis to the
levee crest);

® channel width (at the levee apex); and

® water depth (depth of channel axis below
sea level).

® valley length (the straight-line distance
between two crossings); and

@ channel length (the distance measured
along the channel between two crossings).

Apparent values for these parameters were
obtained from profiles (especially echo-sounding
lines) that cross a channel and from sidescan
mosaics. The computed parameters are:

® valley slope (gradient along valley length);

® channel slope (gradient along channel
axis);

® sinuosity (ratio of channel length to valley
length); and

® width/depth ratio for each reach (i.e.,
channel segment between two successive
crossings; Clark et al, 1992; Flood &
Damuth, 1987).

The measured and calculated morphometric
parameters show considerable scatter. Uncer-
tainties in depth due to interference between
channel floor reflections and side echoes from the
channel walls may reach 10 m. Additional errors
arise from uncertainties in the exact reflection
pattern on the sidescan mosaic such as
unrecognized meander abandonment. Only
channels with more than five successive channel
crossings (hence four reaches) and with a well-
determined channel path were analyzed. These
include iwo channels from the Danube fan
(sBa/s8a' and s8b) and three from the Dniepr fan
(n8a, n8b and n8c).

Channel width and depth and hence the
channel cross-section decrease downfan (Fig.13).
The decrease in channel depth with increasing
water depth suggests a progressive downfan
decrease in the maximum thickness of the
turbidity currents, the decrease in channel cross-
section a decrease in flow volume, in contrast to
subaerial rivers for which the bedload and
discharge increase (Flood & Damuth, 1987). This
is because in submarine turbidite systems,
channel overspilling which leads to a loss of
transported material (especially at channel bends
or crevasse splays) is common. The finest
material can therefore be increasingly stripped
from the channelized flow. The channel depth and
width are greater for the Danube fan than the
Dniepr fan, but since they decrease faster downfan
for the former, they reach approximately the same
values in the distal parts of the fans.

Fig.14 shows a plot of sinuosity versus the
logarithm of valley slope. Compared with other fan
systems, channels of the Danube and Dniepr fans
are highly sinuous within a narrow valley slope
interval, analogous to the Mississippi (Clark et al.,
1992). At low valley gradients, the sinuosity
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increases with increasing valley slope (generally in
a manner similar to that observed for subaerial
rivers) to maintain a slope optimized for the
accommodation of flow volume and sediment load
(Flood & Damuth, 1987; Damuth et al., 1988;
Weimer, 1991). After a peak sinuosity is reached,
a further increase in valley slope results in a
decrease in sinuosity. The most intricate and
extensive meandering (i.e., the highest sinuosity)
is observed in the middle fan, the least in the
upper fan. Channel s8a’is the main contributor to
the peak in sinuosity (2.05); the peak of the best fit
curve through all data lies at sinuosity 1.9. The
threshold valley slope beyond which the channel
searches a more direct path downslope is a unique
quantifiable parameter for each fan system (Clark
et al., 1992). It varies with sediment type and
quantity as well as with the general fan and basin
geometries. The gradient which gives rise to the
peak sinuosity for the Danube and Dniepr fans is
1:200. The Danube fan has generally a lower
valley slope and a higher sinuosity than the Dniepr
fan, suggesting that its source material is finer.
Two reaches of channel n8a for which the
sinuosity exceeds 3 have been excluded. These
high values may result from cutoff meanders
which were not recognized as such and were
mistakenly included in the measurements.

Clark et al. (1992) distinguish between high-
sinuosity/low-gradient (e.g., Indus) and low-
sinuosity/high-gradient (e.g., Porcupine)
submarine channel systems as two end-members
of a wide spectrum. They contend that these
quantitative parameters are more appropriate for
deepsea fan classification than the conventional
correlation of fan shape and sediment grain size
because the fan shape is mainly influenced by the
preexisting basin shape. Channel morphology, on
the other hand, reflects the nature of depositional
processes which were active during fan accretion.
In comparison to other systems, the Danube and
Dniepr fans form a highly sinuous system which
reaches a peak sinuosity at relatively low gradients
(like the Indus or the Mississippi). River studies
suggest that the type of sediment transported
plays an important role in shaping the channel
morphology and valley slope, high sinuosity being
an indicator for fine-grained transported material.

EVOLUTION OF THE DANUBE AND DNIEPR
FANS

Depositional fan model

The schematic development of a typical
sequence of the Danube and Dniepr fans can be
described as a function of the relative sea level
(Winguth et al., this vol.). This suggests that the
depositional model for deepsea fan systems
proposed by Weimer (1990) is applicable to the

Danube and Dniepr fans. During sea level
highstands, the deltaic region is far removed from
the shelfedge and is the depocenter for much of
the fluvial sediment input. The slope and basin are
sediment-starved so that a condensed section is
laid down as a result of hemipelagic deposition. As
the sea level begins to fall, the delta (depocenter)
progrades towards the shelfedge (Posamentier ef
al., 1991). Rapid deltaic sedimentation leads to
overpressuring in the prodelta and slope
sediments, resulting in sediment failure and
canyon formation. Turbidity flows may partially
erode the condensed section to produce mass
transport units, particularly in the middle fan.
Small channel-levee systems begin to form when
the canyons become connected to the incised
valleys through retrograde erosion, so that fluvial-
derived sediments are transported directly into
deeper waters. At sea level lowstands, the fan
system becomes the main site of deposition.
Coarse material is confined to the channels
whereas finer material is swept onto the levees
and beyond to form overbank deposits. Thus,
channel-levee systems may coalesce to form
composite systems. As sea level rises 1o a
highstand, the deltaic system retreats towards the
coast. The incised channels are filled with finer
material and hemipelagic sedimentation prevails
in the slope and basin.

Age of the Danube and Dniepr fans

Based on seismo-geological data, Khakhalev
(1975) demonstrated that the structure of the Plio-
Pleistocene boundary (his horizon B) precludes
the existence of the Danube and Dniepr fans in
pre-Quaternary times, a conclusion which is also
consistent with the unusual thickness of the
Quaternary deposits mapped there. lanovici et al.
(1960) and Banu (1967) suggested that the
Danube penetrated into the Black Sea only in the
Late Pleistocene, implying that this is the age of
the Danube fan-delta complex.

By using the preliminary relative sea level
curve developed for the northwestrern Black Sea
(Winguth et al., this vol.), age assignments to the
seismic sequences 3 to 8 of the Danube and
Dniepr fans can be made (Tab.2): deposition of
sequence 3 probably started ca. 480 ka BP and
ended ca. 400 ka BP, sequence 4 was deposited
from ca. 400 to 320 ka BP, sequence 5 from ca.
320 to 190 ka BP, sequence 6 from ca. 190 to 75
ka BP, sequence 7 from ca. 75 to 25 ka BP and
sequence 8 from ca. 25 ka BP to today. The last
sea level cycle is not yet complete.

We contend that the Danube and Dniepr fans
are formed during the deposition of sequences 3
to 8 in the past 480 ka. Sequences 2 and 1 lack
fan-typical channel-levee complexes and must
therefore be deposited before fan construction
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started. Fan sedimentation was probably initiated
as a result of a reorganization of the river course
subsequent to tectonic or climatic events. One
such possible event may be the major subsidence
that started around 500 ka BP (Degens & Stoffers,
1980; Degens et al., 1986). Evidence for the
initiation of subsidence at about this time is found
in the termination of a shallow water facies at
approximately 0.5 ma BP (Degens & Stoffers,
1980) and in a rapid increase in the subsidence
rate about 0.45 ma ago inferred from successive
backstripping of the sedimentary layers (Degens et
al., 1986). However, other opinions on basin
subsidence in the Black Sea exist. Hsii (1978)
attributes the shallow water facies to desiccation of
the Black Sea following a water deficit which
resulted from drainage reorganization. Letouzey et
al. (1977) postulate major subsidence in the
Eocene/Oligocene and in the
Pliocene/Pleistocene, while Zonenshain & Le
Pichon (1986) suggest a linear increase of the
subsidence rate since basin development 80 ma
ago.

Estimated sedimentation and sediment
accumulation rates

Based on the sequence age assignments and
on interval velocities from Romanian industrial
reflection profiles, average sedimentation rates in
the Danube and Dniepr fans can be computed.
They range between 2.4 and 7.2 m/ka (Tab.2).
Sedimentation rates for the individual lowstand,
transgressive and highstand systems tracts of a
sea level cycle are still unknown, but it is likely
that a large part of fan accretion takes place
during sea level lowstands. The higher
sedimentation rates of the upper sequences
(especially sequence 8) may be due to the fact
that sediment compaction has not been taken into
account. Also, the computed sedimentation rate of
sequence 8 is not an average over the entire sea
level cycle as for the other sequences since
deposition of its highstand systems tract is still
continuing. Its very high value reflects in part the
dominance of rapid lowstand sedimentation.

For the six upper sequences, the total volume
of each sequence within our study area has been
calculated and the mean annual sediment
accumulation rates estimated (Tab.2). For this
purpose, a density of 1.4 g/cm?® was assumed to
transform the volumetric sediment accumulation
into an accumulation rate in tons per year. The
computed rates range between 88x106 t/a and
302x106 t/a. The sediment discharge rate of
83x106 t/a for the Danube before the Iron-Gate
Dam was completed lies at the lower end of this
computed range.

For the Plio-Pleistocene sequences in the
Mississippi fan in the Gulf of Mexico, Mitchum &

van Wagoner (1991) computed a sedimentation
rate of 0.43 m/ka. Mean sedimentation rates are
higher in the Danube and Dniepr fans. They are
more comparable to the rates in the Amazon fan,
where 1-3 m/ka for older levees, 10-25 m/ka for
the last active levee and 2 m/ka for distal sandy
lobes have been reported (Flood et al., 1995). In
the Rhéne deepsea fan, the average
sedimentation rate is only 23 cm/ka, but this may
be a result of low sediment input by the River
Rhéne (5.5x106V/a; Torres et al., 1995).

CONCLUSIONS

Two distinct but interfingering fans exist in the
northwestern Black Sea: the Danube fan which is
fed by the River Danube during fan accretion, and
the Dniepr fan built up by the Ukranian rivers
Dniepr, Dniestr and Bug. Eight seismic sequences
have been identified within each of these fans.
While the lowermost two consist mainly of mass
transport-related  deposits, the six upper
sequences comprise fan-typical facies associa-
tions with pronounced channel-levee systems and
levees which pass laterally into overbank deposits.
The sequences are separated from each other by
condensed sections interpreted to represent
hemipelagic sediments of sea level highstands. In
addition to the channelized turbidity currents which
use the channels as pathways, mass transport
processes which result in slumps, slides and debris
flows played a major role in fan construction.

Channel displacement occurs within a
sequence as well as from sequence to sequence.
It is probably due to activation and/or clogging of
the delta arms or to channel breaching. Despite
these displacements, the major channels did not
migrate significantly except the southwesternmost
channel of sequence 5, which perhaps represents
the paleo-channel of the Danube when it flowed
through the Karasu valley south of its present-day
delta. Only one channel is assumed to have been
active at any given time within each sequence of a
fan.

For the youngest sequence, ten acoustic facies
subtypes classified into four groups have been
identified. Channels filled to various extents,
coarse- and fine-grained levees as well as various
mass transport units could be distinguished. The
distribution of mass transport deposits suggests
that the associated processes must have been
much more important in the Dniepr fan than in the
Danube fan. Age relationships between the
channels of a given sequence could be
established using the degree of channel fill and the
overlap pattern.

Quantitative analysis of various morphological
parameters of the channels suggests that like
other deepsea fans, the Danube and Dniepr fans
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adjust their channel slopes to accomodate the flow
volume and sediment load of the turbidity input.
These fans belong to the group of highly sinuous,
mud-rich systems which also include the
Mississippi and the Indus fans. The Danube fan
has generally a lower valley slope and a higher
sinuosity than the Dniepr fan, suggesting that its
source material is finer.

The Danube and Dniepr fans were constructed
during the past 480 ka (sequences 3 to 8).
Average deposition rates for the fan sequences
range from 2.4 and 7.2 m/ka and the volume of
material deposited within a sea level cycle lies
between 4,300 km?® and 9,590 km?.

REFERENCES

BaLkas, T., DEcHEV, G., MEHNEA, R., SERBANESCU, O.,
UNLUATA, U., 1990, State of the marine environment
in the Black Sea region, UNEP Regional Seas
Reports and Studies. 124, 41 p.

Banu, C.A, 1967, Limnologia sectorului romanesc al
Dunarii. Monograph Acad. RSR, Bucharest, 650 p.

BoccaLETTl, M., FINETTI, |., (eds.), 1988, Bollettino do
Geofisica - Monograph on the Black Sea, 30 (117-
118), Trieste, 324 p.

CLark, J.D., KenyonN, N.H., PickeriNg, K.T., 1992,
Quantitative analysis of the geometry of submarine
channels, Implications for the classification of
submarine fans. Geology, 20, 633-636.

COCHONAT, P., DrRoz, L., GERoNIMI, C., GUILLAUME, J.,
LOUBRIEUX, B., OLLIER, G., PEYRONNET, J.-P., ROBIM
A., ToFaNI, R., VoIsseT, M., 1993, Morphologie sous-
marine du secteur oriental du delta du Niger (golfe
de Guinée). Compte Rendu Academie Science
Paris, 317(1l), 1317-1323.

DamuTH, J.E., HAaves, D.E., 1977, Echo character of the
east Brazilian continental margin and its relationship
to sedimentary processes. Marine Geol., 24, 73-95.

DamutH, J.E., FLoop, R.D., KowsmanN, R.O.,
BELDERSON, R.H., Gorini, MLA., 1988, Anatomy and
growth pattern of Amazon deep-sea fan as revealed
by long-range side-scan sonar (GLORIA) and high-
resolution seismic studies. AAPG Bull., 72(8), 885-
911.

DEGENS, E.T., Ross, A.D., (eds.), 1974, The Black Sea -
Geology, Chemistry, and Biology. Amer. Assoc.
Petrol. Geol. Mem., 20, 595 p.

DeGeNs, E.T., STofFrFers, P., 1980, Environmental
events recorded in Quaternary sediments of the
Black Sea. J. Geol. Soc. London, 137, 131-138.

DEGENS, E.T., WonG, H.K., WIESNER, M.G., 1986, The
Black Sea region, Sedimentary facies, tectonics
and oil potential. In, DEGENS, E.T., MEYERs, P.A,,
BraAsseL, S.C., (eds.), Biochemistry of Black Shales.
Mitt.  Geol.-Paldont.  Inst.  Univ.  Hamburg,
SCOPE/UNEP Sonderband, 60, 127-149.

Droz, L., RiGAuT, F., CocHONAT, P., ToFanl, R., 1996,
Morphology and recent evolution of the Zaire

Acknowledgements

We gratefully acknowledge the financial support of
the German Research Council (DFG, Projects
Wo0395/4-1 to Wo0395/4-3), the Romanian Ministry of
Research and Technology and the Russian Ministry of
Geology, without which this study would not have been
possible.

Our thanks go to all the participating German,
Romanian and Russian scientific and technical
personnel, especially to Dr. Thomas Ladmann, Mr.
Pavel Rosov and Dr. Yuri Gubanov. Also, we thank
most heartily Captain Yuri Shikera, as well as the
officers and crew of the R/V Gelendzhik for their never-
failing support during the cruises.

turbidite system (Gulf of Guinea). GSA Bull., 108(3),
253-269.

Evsyukov, Yu. D., GoNcHAROV ,V.P., 1987, The relief of
the sea floor in the central part of the Danube fan.
In: A. G. RozoNov (ed.), Sedimentation in the River
Mouth Areas of the Western Black Sea; Lithology
and Geochemistry. Acad. Sci. USSR, Inst.
Oceanology, Moscow, 11-15.

FLoob, R.D., DawmutH, J.E., 1987, Quantitative
characteristics of sinuous distributary channels on
the Amazon deep-sea fan. Geol. Soc. Am. Bull., 98,
728-738.

FLoop, R. D., PIPER, D.J.W., KLAUS, A., et al. (eds.),
1995, Proceedings of the Ocean Drilling Program,
Initial Reports, 1565 (Amazon Fan), 1233 p.

GoNcHAROV, V.P., NEPRocHNOV, YU.P., NEPROCHNOVA,
A.F., 1972, Bottom Relief and Deep Structure of the
Black Sea Depression. NAUKA, Moscow, 160 p.

HsU, K.J., 1978, Stratigraphy of the lacustrine
sedimentation in the Black Sea. In: D. A. Ross, Yu.
P. NepPrRocHNoV et al. (eds.), Initial Reports of the
Deep Sea Drilling Project, 42(2), 509-524, U. S.
Govt. Printing Office, Washington, D. C.

lanovicl, V., MiHalLEscu, V., BADEA, L., MoRARWU, T.,
Turescy, V., Iancu, M., HERBST, C., GRUMAZESCU, H.,
(eds.), 1960, Geografia vaii Dunarii Romanesti.
Acad. RSR, Bucharest, 783 p.

Kasanzev, R.A., SHAYNURov, R.V., 1978, The fan of
turbidite flows of the underwater Danube canyon.
Geomorphologiya, 3, 79-82.

KasTens, K.A., SHoORrR, AN. 1985  Depositional
processes of a meandering channel on Mississippi
fan. AAPG Bull., 89(2), 190-202.

KHAKHALEV, E.M., 1875, The Earth's Crust and Evolution
of the Black Sea Depression. NAUKA, Moscow, 260
p.

KoLta, V., Coumes, F., 1987, Morphology, internal
structure, seismic stratigraphy, and sedimentation of
Indus fan. AAPG Bull., 71(6), 650-677.

KonyukHov, A.l., Ivanov, M.K., 1989, Deep structure
and sediments of the submarine fan-delta of the
River Danube. Dokl. Akad. Nauk USSR, 305(1),
171-175.

GEO-ECO-MARINA 2/1997

99

National Institute of Marine Geology and Geo-ecology
Proc. Internat. Workshop on “Fluvial-Marine Interactions“in Malnas, Romania, Oct. 1-7, 1996.



W.K.Wong et al. — The Danube and Dniepr Fans: Morphostructure and Evolution

KonyukHov, A. |, IvaNov, M.K., KuLNITsKi, L.M., 1988,
Abyssal alluvial fan of the Danube and facies of its
constituent sediments. Vestnik Moskovskogo
Universiteta. Geologiya, 43(4), 28-39.

LETOUZEY, J., Buu-DuvAL, B., DORKEL, A., GONNARD, R.,
KrisTcREV, K., MONTADERT, L., SUNGURLU, O., 1977,
The Black Sea: a marginal basin - Geophysical and
geological data. In: B. Buu-DuvAL & L. MONTADERT
(eds.), International Symposium on the Structural
History of the Mediterranean Basins, Split. Paris,
363-376.

LouTit, T.S., HArRDENBOL, J., VAL, P.R.,, Baum, GR,
1988, Condensed sections: the key to age
determination and correlation of continental margin
sequences. In: Witgus, C.K., HasTiNgs, B.S,
PoOsAMENTIER, H., VAN WAGONER, J., Ross, C.A
KeNDALL., C.G.S.C., (eds.), Sea-Level Changes: An
Integrated Approach. SEPM Spec. Publ., 42, 183-
213.

MaLoviTsky, Y.P., Ivanov, K.M., AkseNov, AA.,
BELBEROV, Z K., DATCHEYV, C.I., (eds.), 1979, Geology
and Hydrology of the Western Section of the Black
Sea. Bulgarian Acad. Sci., Softa, 292 p.

MitcHum, JrR., R.M., VAN WAGONER, J.C., 1991, High-
frquency sequences and their stacking patterns:
sequence-stratigraphic evidence of high-frequency
eustatic cycles. Sed. Geol., 70, 131-160.

MorauUNov, YU.G., KuPrIN, P.N., KaLNIN, A.V., LIMONOV,

AF., Pwovarov, B.L., SHeErBAkov, F.A., 1981,
Tectonics and Developmental History of the
Northwestern Shelf of the Black Sea. Nauka,

Moscow, 244 p.

O'CoNNELL, S., Ryan, W.B.F., NormaARK, W.R., 1991,
Evolution of a fan channel on the surface of the
outer Mississippi fan: evidence from side-looking
sonar. In: P. WEMER & M. H. LiNK (eds.), 1991,
Seismic Facies and Sedimentary Processes of
Submarine Fans and Turbidite Systems. 365-381,
Springer-Verlag, New York.

PEANNENSTIEL, M., 1950, Die Quartargeschichte des
Donaudeltas. Bonner Geograph. Abh., 6, 85 p.

Popa, A., 1992, Liquid and sediment inputs of the
Danube river into the north-western Black Sea. In:
Transport of Carbon and Nutrients in Lakes and
Estuaries, Part 6. SCOPE/UNEP Sonderband, Mitt.
Geol.-Palgont. Inst. Univ. Hamburg, 71, 2-16.

PosaMENTIER, HW., ErskINE, R.D., MiTcHuM, R.M.JR.,
1991, Models for submarine-fan deposition within a
sequence-stratigraphic framework. In: P. WEIMER &
M. H. LINK (eds.), 1991, Seismic Facies and
Sedimentary Processes of Submarine Fans and
Turbidite Systems. 127-136, Springer-Verlag, New
York.

SHiMKus, K.M., Trmonis, E.S., 1974, Modern
sedimentation in Black Sea, in: E. T. DEGENS & D. A.
Ross (eds.), The Black Sea - Geology, Chemistry,
and Biology. AAPG Memoir 20, Tulsa, Oklahoma,
249-279.

SHiIvKUS, K.M., Komarov, A.V., Evsyukov, Yu.D., 1987a,

The lithofacies variability of the deposits within the
Anatolian and Danube sectors in correlation with the

bottom relief and the characteristics of terrigenous
sedimentation. In. A G. RozoNov (ed.),
Sedimentation in the River Mouth Areas of the
Western Black Sea: Lithology and Geochemistry.
Acad. Sci. USSR, Inst. Oceanology, Moscow, 15-20.

SHIMkUs, K.M., Komarov, A.V. KHRiscHov, K.D.,
ButuzovA, G.YU.,, ZVveERYAkA, AF., 1987b,
Lithological constitution and areal distribution of the
Upper Quaternary deposits within the Danube fan.
In: A.G. RozoNov (ed.), Sedimentation in the River
Mouth Areas of the Western Black Sea: Lithology
and Geochemistry. Acad. Sci. USSR, Inst.
Oceanology, Moscow, 28-33.

STARovoiTOV, AB., Ivanov, M.K., KuLnicky, L.M.,
Musacov, A.A., KaLINiN, V.V., 1980, Structure and
evolution of the submarine Danube fan. In:
Geological Evolution of the Western Black Sea
basin in the Neogene-Quarternary. 610-617,
Bulgarian Acad. Sci. Press, Sophia.

STELTING, C.E., PICKERING, K.T., Bouma, A.H., COLEMAN,
J.M., CREMER, M., DRoz, L., WRIGHT MEYER, AA,
NormARK, W.R., O'CoNELL, S., Stow, DAV, &
DSDP LEG 96 SHIPBOARD SCIENTISTS, 1985, Drilling
results on the middle Mississippi fan. In. A H.
Bouma, W. R. NorMmaARK, N. E. BARNES, (eds.),
Submarine Fans and Related Turbidite Systems.,
275-282, Springer-Verlag, New York.

STRECKER, T., 1996, Biogeochemische Untersuchungen
an Sedimenten des Schwarzen Meeres aus dem
Bereich des Donauféchers vor der rumdanischen
Kuste. Diplomarbeit, Teil |, Universitat Hamburg
(Fachbereich Geowissenschaften), 132 p. (unpubt.).

TORRES, J., SAVOYE, B., COCHONAT, P., 1995, The effects
of Late Quaternary sea-level changes on the Rhéne
slope sedimentation (northwestern Mediterranean),
as indicated by seismic stratigraphy. J. Sed. Res,,
B65(3), 368-387.

TucoLeEsov, D. A., GorsHkov, A.S., MEISNER, L.B,
SoLoveyev, V.V., KHakHALEV, E.M., (eds.), 1985,
Mesozoic and Cenozoic Tectonics of the Sediments
of the Abyssal Black Sea. Nedra, Moscow, 215 p.

TwicHELL, D.C., ScHwaB, W.C., NELsON, C.H., KENYON,
N.H., Lee, H.J., 1992, Characteristics of a sandy
depositional lobe on the outer Mississippi fan from
SeaMARC IA sidescan sonar images. Geology, 20,
689-692.

WEmMER, P., 1990, Sequence stratigraphy, facies
geometries, and depositional history of the
Mississippi fan, Gulf of Mexico. AAPG Bull., 74(4),
425-453.

WEIMER, P., 1991, Seismic facies, characteristics, and
variations in channel evolution, Mississippi Fan
(Plio-Pleistocene), Gulf of Mexico. In:

WEIMER, P., LINK, M.H., (eds.), 1991, Seismic Facies
and Sedimentary Processes of Submarine Fans
and Turbidite Systems. 323-347, Springer-Verlag,
New York.

WEMER, P., BUFFLER, R.T., 1988, Distribution and

seismic facies of Mississippi fan channels. Geology,
16, 900-903.

100 GEO-ECO-MARINA 2/1997
National Institute of Marine Geology and Geo-ecology
Proc. Internat. Workshop on “Fluvial-Marine Interactions® in Malnas, Romania, Oct. 1-7, 1996,




‘nous
ed)
~ the
stry.
-20.
QiD:.
87b,
f the
fan.
liver
logy
'nst.

M.,
and

Sea
M7,

W.K.Wong et al. — The Danube and Dniepr Fans: Morphostructure and Evolution

WINGUTH, C., WonG, H.K., PANIN, N., Dinu, C.,
GEORGESCU, P., UNGUREANU, G., 1997. Upper
Quaternary sea level changes in the northwestern
Black Sea: Preliminary results. Geo-Eco-Marina,
Proc. Internat. Workshop on “Fluvial-Marine
Interactions" in Malnas, Oct. 1-7, 1996. This vol.

Wong, H.K., PANIN, N., DINu, C., GEORGEScU, P., RAHN,
C., 1984, Morphology and post-Chaudian (Late
Pleistocene) evolution of the submarine Danube fan
complex. Terra Nova, European Un. Geosci., 6,
502-511.

WONG, H. K., WOLLSCHLAGER, M., LUDMANN, T., RAHN, C.,

1895, Cruise Report: Cruise of R/V Gelendzhik
1994, Continental Margin of the Northwestern Black
Sea. 42 p. (unpubl.).

ZENKoviTCH, V.P., 1966, Black Sea. In: FAIRBRIDGE,
R.W., (eds.), The Encyclopedia of Oceanography, 1,
145-151, Reinhold Publ. Co., New York.

ZONENSHAIN, L.P., LE PicHoN, X., 1986: Deep basins of
the Black Sea and Caspian Sea as remnants of
Mesozoic back-arc basins. Tectonophysics, 123,
181-211.

101

GEO-ECO-MARINA 2/1997,
National Institute of Marine Geology and Geo-ecology
Proc. Internat. Workshop on “Fluvial-Marine Interactions” in Mainas, Romania, Oct. 1-7, 1996.



