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ABSTRACT

The Black Sea basin presents an ideal laboratory for investigations of morphody-
namic interplay between response (morphology) and force (processes) associated with
shelf sedimentation. Recent studies along the perimeter of the basin have document-
ed the existence of a complex, heterogeneous seafloor varyingly composed of sand,
gravel, silt, and clay. Side-scan sonar data are utilized to establish the spatial patterns
of bedform types in the area. In addition, a benthic tripod, configured with an acous-
tic Doppler current profiler, a rotary fanbeam sonar, and a conductivity-temperature
sensor was deployed to record seabed dynamics in response to changing forcing con-
ditions. Together, the tripod and side-scan survey data sets provide a complementary
basis for deciphering the processes responsible for the observed seafloor morphology.

The side-scan sonar data allows for the determination of spatial patterns of bed-
form length and orientation. In total, 2376 individual large sand wave bedforms were
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digitized in geographic information systems with mean and modal wavelengths of
72.8 and 15.7 m respectively. The correlation of near-inertial waves (velocity ampli-
tude 12-20 cm/s and period 12-16 h) and bedform geometry suggest that the extensive
sand-wave patches imaged across the shelf are affected by active modern processes
and may themselves be modern features or perhaps relict features that remain active
presently. Progressive vector diagrams of the nearbed mean current flow indicate a
component of cross-shelf directed flow, suggesting an enhanced potential for artifact
preservation via cross-shelf advection of anoxic bottom waters by the near-inertial

flows measured in this study.

BACKGROUND

The Black Sea provides an ideal natural laboratory for test-
ing the role of shelf transport processes on bedform and artifact
interaction (Ozsoy and Unliiata, 1997; Neretin et al., 2001; Cole-
man and Ballard 2004). This unique setting presents opportuni-
ties to test concepts of artifact-related scour and transport associ-
ated with complex sorted bedform features (Murray and Thieler,
2004; Trembanis et al., 2004; Green et al., 2004) and shipwreck
artifacts (McNinch et al., 2006). The widespread occurrence and
previous documentation of large-scale bedforms on the continen-
tal shelf (Ryan et al., 1997; Coleman and Ballard 2004; Lerico-
lais et al., 2006) raises the question of whether these bedforms are
(1) strictly modern; (2) ancient relicts; or (3) palimpsest features
(i.e., relict but reworked) features. The objective of this study is
to examine how the hydrodynamics (mean currents) of the shelf
interact with the seafloor morphology over spatial scales ranging
from meters to kilometers in a morphodynamic context similar
to that used in other shelf studies (e.g., Trembanis et al., 2004,
McNinch et al., 2006).

In addition to analyzing the distribution of bedforms (size
and orientation), a secondary goal of this study is to relate the
shelf hydrodynamic processes (internal waves) and seafloor mor-
phology (bedforms) as important causative factors in shipwreck
site and artifact preservation sensu (McNinch et al., 2006) with
application to recent marine archaeological expeditions in the
region (Coleman and Ballard, 2004). It has been hypothesized
(Ryan et al., 1997; Coleman and Ballard, 2004) that interfacial
internal waves assist in transporting anoxic waters onto and
across the shelf providing a mechanism for enhanced artifact
preservation above the normal oxycline. At the center of these
hypotheses is the interplay between hydrodynamics and bed
roughness. Previous observations (Ryan et al., 1997; Coleman
and Ballard, 2004; Lericolais et al., 2006) suggest that there are
strong analogs between the Black Sea shelf settings and the ubiq-
uitous shelf sand body features originally termed “Rippled Scour
Depressions” (Cacchione et al., 1984) that have been termed
“Sorted Bedforms” in recent years (Murray and Thieler 2004;
Trembanis et al., 2004). Of particular parallelism was the find-
ing in New Zealand (Hume et al., 2003; Trembanis et al., 2004)
that anoxic organic material in the sediment may have played a
stabilizing role in controlling the lateral stability of the bedform
features. It is possible that such deposits exist in the vicinity of

the wreck sites in the Black Sea and perhaps these shear resis-
tant deposits play a similarly important role in artifact and site
preservation, whereby reduced organic layers might cap and help
preserve the artifacts.

SHELF MORPHODYNAMICS

Field observations and theoretical refinements by numer-
ous investigators over the past several decades have significantly
advanced our understanding of shelf sediment transport processes
(Thieler et al., 1995; Wright, 1995; Grant and Madsen, 1986).
The continental shelf is an important transition region for physi-
cal, biological, and geological processes—one that forms a criti-
cal link between the nearshore and the deep-sea basin. The shelf
is a morphodynamic system influenced by coupled physical, geo-
logical, chemical, and biological processes (Wright, 1995). Pro-
cesses and phenomena of the shelf exhibit strong spatial and tem-
poral variability, making this a complex four-dimensional region
of study (Wright, 1995). Within this relatively shallow setting,
frictional forces are important in connecting hydrodynamics to
the behavior of seabed forms of varying scale (Grant and Mad-
sen, 1986). In a strongly bidirectional manner, the bottom bound-
ary layer structure depends heavily on the morphology of the
seabed that in turn is shaped by gradients in the hydrodynamics
(Wright, 1995). Furthermore, numerous studies of shelf settings
around the world (Trembanis et al., 2004; Schwab et al., 2000;
Drake, 1999; Wright et al., 1999; Riggs et al., 1998; Thieler et al.,
1995; Cacchione and Drake, 1990) have documented that com-
plexity is more the norm than the exception.

RIPPLES AND BEDFORMS

Ripples and other large bedforms on the shelf (e.g., sand-
waves and subaqueous dunes) are important sources of seabed
roughness to waves and currents (Ardhuin et al., 2002; Grant and
Madsen, 1986) and play a key role in the nature and magnitude
of sediment resuspension (Traykovski et al., 1999; Li et al., 1996;
Cacchione and Drake, 1990). Several field and laboratory studies
have been conducted in attempts to develop empirical formulae
between ripple geometry (e.g., height, length, steepness) and flow
conditions (Wiberg and Harris, 1994; Wikramanayake, 1993;
Clifton and Dingler, 1984; Grant and Madsen, 1986; Nielsen,
1981; Miller and Komar, 1980). Under the typically irregular
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flow conditions encountered in the field, the ability of these
models to accurately predict observed ripple geometry has been
shown to be rather poor (Trembanis and Traykovski, 2005; Trem-
banis et al., 2004; Doucette, and O’Donoghue 2002; Traykovski
et al., 1999; Li et al., 1996; and Osborne and Vincent, 1993). In
part, the reason for the poor agreement between field data and
model estimates is that ripple geometries encountered in the field
are often partially relict products of forcings from past events and
not solely products of instantaneous hydrodynamic conditions.
Both Traykovski et al. (1999) and Li and Amos (1999) observed
significant hysteresis in ripple development on the shelf. In addi-
tion to non-equilibrium evolution, spatially varying grain size is
another important issue affecting ripple dynamics (Green et al.,
2004; Trembanis et al., 2004). Grain size and ripple dimensions
on the shelf often exhibit large variations over spatial domains
both greater than 1 km (e.g., Green et al., 2004; Hume et al.,
2000; Black and Oldman, 1999; Barnhardt et al., 1998; and Field
and Roy, 1984) and less than 1 km (e.g., Trembanis et al., 2004;
Ardhuin et al., 2002; Thieler et al., 1995; Hunter et al., 1988; and
Schwab and Molnia, 1987), often in correlation with sorted bed-
forms (previously termed “rippled scour depressions”) that have
wavelengths much longer than the ripples themselves (Green et
al., 2004; Traykovski and Goff, 2003). According to Holland et
al. (2003), heterogeneous patches of contrasting sediment grain
size are frequently encountered along shelf environments around
the world.

SCOUR

Scour is the morphodynamic response of the seabed as
a result of the presence of an object or structure that disturbs
the fluid flow (Soulsby, 1998). Scour is important for a vari-
ety of marine situations including bridge piers, dock pilings,
breakwaters, oil platforms, offshore pipelines, marine artifacts,
heterogeneous seabed bedforms, and naval mines (Whitehouse,
1998). The presence of an object on the seabed produces local
flow acceleration due to continuity and thus drives a flux of
local sediment and concomitant bed adjustments (Whitehouse,
1998). Another manifestation of scour is an increase in bed
shear stress and turbulence as structured vortices are generated
and released from around the object (Trembanis et al., 2007,
McNinch et al., 2006).

Scour can be classified both in terms of spatial extent and
hydrodynamics. Three spatial classes of scour are defined as:
“local scour” which is in the immediate vicinity of the object (on
the order of meters), “global scour” composed of wide depres-
sions around large or multiple objects (on the order of 10s of
meters), and “overall seabed movement” associated with large
scale (100s—1000s of meters) patterns of erosion, deposition, and
bedform movement (Whitehouse, 1998). In terms of hydrody-
namic intensity, scour is classified as either clear-water, when
the ambient flow (bed shear stress) is below threshold velocity,
or live-bed, when ambient flow is above threshold velocity and
the entire bed is active. In the former, the amplification of flow
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about the object induces transport locally but elsewhere the bed
is immobile. In the latter case, sediment is being transported by
flow everywhere, but especially near the object, where turbu-
lence and bed shear stress are enhanced (Trembanis et al., 2007,
McNinch et al., 2006).

Once an object is exposed on the seabed, scour is initiated
around the lateral ends of the object because of converging accel-
erated flow. This convergence leads to progressive erosion of the
sediment from under the ends of the object, forming an expanding
scour pit and shrinking the support pedestal. The object then will
settle into its scour pit in a series of rocking and rolling motions
until it is no longer protruding above the ambient seabed or until
flow conditions subside and backfilling (deposition) ensues
(see McNinch et al., 2006, and figures therein). In non-steady
flows, periods of excavation (scour) will normally be interrupted
by episodes of backfilling (deposition) (Trembanis et al., 2007;
Richardson and Traykovski, 2002; Fredsoe, 1978). A possible
sequence for scour around a free settling horizontal object, such
as those examined in this study, is illustrated in McNinch et al.
(2006; their fig. 4).

HYDRODYNAMICS AND BEDFORMS

Like no other large body of water in the world, the Black Sea
(Fig. 1) has an upper oxygenated layer and a lower anoxic layer.
The interface between the layers reaches down to 180 m depth
along the coastal margins, and 500 m near the Bosporus (Ozsoy
and Unliiata, 1997; Neretin et al., 2001). This interface appears to
be unstable and at varying times, probably during severe weather
conditions, creates internal waves that break upon the Black
Sea’s continental shelf along the oxic/anoxic boundary. The sur-
face layer in the Black Sea averages 18%o salinity and 22 °C, and
is highly oxygenated. The surface circulation features a cyclonic
rim current about the entire basin. Two cyclonic gyres occur
within the outer rim current, as well as eddies and intermittent
convection to intermediate depths by surface cooling. The transi-
tion from the surface to the denser, trapped deep layer is marked
by an oxycline with steep gradients in salinity, temperature, and
chemical content. The deep-water averages 22%o salinity and 8
°C and is completely anoxic while being rich in hydrogen sul-
fide (H,S) and ammonium (Ozsoy and Unliiata, 1997). The den-
sity contrast between these layers is large enough to support the
propagation of internal waves. Internal waves with periods of six
minutes and more, and with bottom velocities on the order of
30 cm/s, fast enough to exhume and carry suspended silt and fine
sand (Hjulstrom, 1935; Prothero and Schwab, 2004), have been
observed on the southern coast of Crimea (Filonov, 2000). When
the crest of such a wave meets the continental shelf like that of
the Danube delta in the northwest, the anoxic, H,S-rich water
runs up and down the slope in a manner precisely analogous to
the swash and backswash of a surface wave on a beach—whether
in linear or turbulent fashion—and almost certainly has a large
effect on the benthic environment. The anoxia and high H,S
content of the wave water would kill most or all organisms it
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contacts. In certain areas bottom topography may contribute to a
rapid enough backswash to cause sediment entrainment, erosion,
and the development of bedforms (McPhee-Shaw, 2006).
Internal waves have two important geoarchaeological
effects. The first is the creation of a mixed layer between 85 and
185 m that periodically leads to anoxic water conditions. These
anoxic water conditions are of interest to archaeologists since
they lead to the long-term preservation of ancient wooden ship-
wrecks (Coleman and Ballard, 2004). The second is the creation
of bedforms characterized by large sand waves that lay in a depth
zone of 85-185 m. These bedforms are of interest because:
* the existence of these shelf-sorted bedform features is
poorly documented and not well understood;
e the hydrodynamics responsible for these bedforms may
help transport anoxic water across the shelf; and
e the introduction of anoxic water onto the continental shelf
by internal waves may preserve ancient wooden ship-
wrecks at far shallower depths than previously thought.

FIELD SITE AND RESEARCH METHODS

The field site was located off the southwest coast of the
Crimean Peninsula of the Northern Black Sea (Fig. 1). In

Trembanis et al.

2006, a geoacoustical survey was conducted of the southwest-
ern Crimean shelf and slope (Fig. 2) along a suspected deep-
sea trade route between the Bosporus and the Crimea. A num-
ber of side-scan sonar targets were identified that were later
inspected with a remotely operated vehicle. Several of the tar-
gets turned out to be modern shipwrecks and aircraft (mostly
Russian from the Crimean War, World War I, and World War
II eras), but one of the targets, located ~23 km off the coast,
was a pile of ancient ceramic jars. Based on the typology of
similar-looking jars from the Chersonesos site (Ryzhov and
Sedikova, 1999) and elsewhere around the Black Sea region
(e.g., Hayes, 1992), these jar types are estimated to date
between the ninth and eleventh centuries C.E., placing the ship
in the early Medieval Period. At a depth of ~150 m, this ship-
wreck lies above the normal anoxic interface but within the
mixed layer of temporally varying dissolved oxygen content.
It has thus escaped the ravages of marine borers and appears to
be in an unusually good state of preservation. In general, this
mixed layer is prevalent throughout the entire Black Sea basin
along the shelf break between depths of ~80-180 m (Ballard
et al., 2001). The side-scan sonar data collected in 2006 forms
the basis of the large-scale bedform mapping presented in this
paper (Figs. 2 and 3).
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Figure 1. Study-site location map (star) off the SW coast of the Crimean peninsula at a local depth of ~135 m. Inset il-
lustrating the side-scan sonar surveys in the vicinity of the bottom mooring associated with the shipwreck site known as

Chersonesos A (star).
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SENSOR CONFIGURATION AND
SAMPLING REGIME

In addition to the side-scan sonar surveys conducted in
2006 (Figs. 2 and 3), a set of bottom-mounted instruments
(Fig. 4) were deployed in 2007 measuring currents, tempera-
ture, salinity, and seabed geometry. The bottom-mount (Fig.
4A) was located at a depth of 135 m and included an upward-
looking acoustic Doppler current profiler (ADCP), conductivity-
temperature (CT) logger, and rotary fanbeam sonar. The CT
sensor provides a time-series point measurement of the ambient
salinity and temperature used to determine changes to the den-
sity of the surrounding water and the passage of thermocline or
pycnocline oscillations (Fig. 6). The ADCP gathers vertical pro-
files of three-dimensional hydrodynamic flow (Fig. 7) recorded
in earth-coordinates (i.e., east-west, north-south, up-down)
based on an internal compass. The rotary fanbeam sonar (Fig.
4B) obtains a high-resolution planview image of the seabed sur-
rounding the bottom mount to a range of 9 m thus providing a
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time-lapse picture (Fig. 5) of the small-scale bedform geometry
and dynamics in for comparison to the hydrodynamic measure-
ments. Table 1 summarizes the sampling scheme settings for
each of the bottom-mount instruments.

On 15 August 2007, the ADCP/CT/Sonar bottom mount was
deployed in the vicinity of the Chersonesos A wrecksite at a local
depth of 135 m and was recovered after ~38 h. Upon recovery,
data was downloaded and archived. The data analysis results are
presented below.

RESULTS AND DISCUSSION
Salinity and Temperature Record

Figure 6 illustrates the recorded time series of temperature
(blue line) in °C and salinity (green line) in %o at a height of
0.75 m above the bed. The Sea-Bird SBE-37SM sensor recorded
every 23 seconds, the fastest sampling scheme that would cover
the expected deployment duration. The sharp drop in temperature

Figure 2. Map plot illustrating several hundred of the more than 2300 bedforms digitized in geographic information
systems. The crest line of each visible bedform was digitized from the side-scan sonar survey data. Insets are as follows:
(A) Cape Sarych and the surrounding vicinity; (B) Digitized bedform crests in a 10 km box surrounding the Chersonesos
A wreck site; (C) Close-up portion of the survey site showing digitized bedforms (blue lines) over the side-scan sonar
record. Star illustrates location of the acoustic Doppler current profiler/conductivity-temperature sensor/Rotary sonar
bottom mooring.
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and rise in salinity at the beginning of the deployment represents
the measurements as the instrument mount was descending
through the water column during deployment. A reverse signal
is seen at the end of the deployment when the bottom mount was
recovered from the seabed. During the interval between descent
and recovery, the CT sensor recorded essentially static values for
salinity and temperature. The mean temperature was 8.3 °C with
a standard deviation of 0.03 °C. Mean salinity was 20.6%0 with
a standard deviation of 0.08%o. The slight changes in the values
during the deployment and the sharp changes at the beginning
and the end confirm that the sensor was in fact working and that
the nearly flat line plots of temperature and salinity were in fact
real. We initially expected sharp fluctuations in temperature and
salinity coinciding with the interface of the pycnocline oscillat-
ing about the depths of the deployment site with a high-frequency
interval, which might have come from internal waves breaking
across the shelf. The absence of these high-frequency oscillations
in our data does not imply that these waves do not exist but simply
that we did not observe them during our short deployment, which

1 Meters
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was conducted during fair-weather conditions rather than a storm
period when internal waves would most likely occur. Salinity
and temperature measurements illustrate the general background
conditions for this site. If our measurements are well and truly
above or below the pycnocline, it could be that the signature of
the internal waves (if present) are not reflected in the temperature
and salinity signals but rather in the mean current flow, examined
in the next section.

Current Structure and Velocity Time-Series

The key critical observations of mean current structure and
time-series behavior are illustrated in Figures 7 and 8. The 300
kHz ADCP used in this study was set to the smallest vertical bin
size (2 m) and a rapid profile repeat rate (30 second interval) in
order to maximize the vertical and temporal resolution of the
measurements with hopes of encountering high-frequency inter-
nal waves. Each 30-second burst represents an ensemble average
of 16 individual acoustic pings over a vertical range from 4.2 m

0 625 125 250 ars 500

[ -
i s

1 Meters

Figure 3. Side-by side comparison of side-scan sonar record showing raw georeference image (A) and geographic information system digitized
bedforms (B). Star illustrates location of the acoustic Doppler current profiler/conductivity-temperature sensor /Rotary sonar bottom mooring.
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above the bed to over 80 m above the bed, with horizontal and
vertical measurements occurring every 2 m. A resulting color
contour plot of the magnitude of the velocity (i.e., speed) of the
horizontal current component, i.e., the Pythagorean addition of
the east-west and north-south components of the flow, is illus-
trated in Figure 7. While a great deal of vertical and temporal
structure exists in this figure, we will limit our discussion of the
current velocity structure near to the bed (<10-20 m) especially
the lowest bin at a height of 4.2 m above the bed, because the
nearbed flows have the greatest influence on sediment trans-
port and the formation of bedforms run-on. The lowest bin
height is a function of the fundamental frequency of the ADCP
(300 kHz), and the blanking distance beyond which valid veloc-
ity samples are returned. Of particular note are the two pulses
of higher velocity near-bed flow that begin at ~5 h and 20 h
respectively after the start of the deployment (Fig. 7). Each pulse
episode lasts between 6 and 8 h with velocities ranging from
15 to 25 cm/s. The vertical structure during each pulse episode
exhibits a general upsweep pattern in space and time with the
highest velocities being recorded at the lower bins and decreas-

A

Distance N/S (m)
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ing away from the bottom up into the water column rising to as
much as 30 m above the bed. Above this lower pulse layer is a
zone 30-50 m above the bed where the speed drops to values
of around 5 cm/s. This pattern suggests a velocity source from
a lateral area moving across the mooring site and not a source
from surface derived current (Fig. 7).

Further insights into the local flow dynamics can be obtained
by examining the time series of the lowermost bin. In Figure 8,
the individual vector component time-series are portrayed for
the bin 4.2 m above the bed. Here, several flow trends are evi-
dent. First, there is a deployment averaged net vector in the U
component of 10 cm/s to the west and in the V component of
0.34 cm/s to the north. Overall, the current follows a progres-
sive anticyclonic path generally following the shelf break toward
the west with pulses toward the north-northwest. The two pulses
toward the north-northwest are illustrated by the sharp bumps in
the V component of the horizontal flow, with peaks in excess of
10 cm/s to the north (Fig. 8).

The most important flows for sediment transport purposes
are those with a competence (intensity) sufficient to initiate or

-2

-4

-6

-8

-2
Distance EAWV (m)

Figure 4. (A) Schematic illustrating the configuration of the seabed mooring composed of acoustic Doppler current profiler (ADCP),
conductivity-temperature sensor (CT) and rotary fanbeam sonar. (B) Rotary fanbeam sonar single pass scan image collected from the seabed
mooring in the vicinity of the Chersonesos A site. High intensity backscatter returns are light pixels, while dark pixels are low backscatter.
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maintain the transport of sediment, in this case flows above the
mean velocity of 12.45 cm/s. Based on the classic Hjulstrom curve
(Hjulstrom, 1935) the mean flow (12.45 cm/s) encountered at the
field site (Fig. 8) implies that the very fine to medium sands will
remain in transport while the coarse sands and gravels exposed
in the lower shell-hash/gravel facies will remain as un-entrained
deposits. During peak observed flows (20 cm/s), the erosion

15-Aug-2007 20:20:14

Distance N/S (m)
=)

-8 -6 -4 -2 0 2 4 6 8
16-AuUg-2007 01:51:25

Distance N/S (m)
(=]

-8 -6 -4 -2 0 2 4 6 8
Distance EAN (m)
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threshold for the very fine and fine sands is met suggesting that
fine/very-fine sands will be exhumed from the seabed exposing
previously buried coarse sand/gravel shell hash units. This pro-
cess of feedback between flow and scour sorting was previously
documented in the work of Trembanis et al., (2004) and Green
et al., (2004) for other shelf settings and suggests a similar set of
processes are at work on the outer shelf of the Northern Black Sea.

Distance N/S (m)
<

-8 -6 -4 -2 0 2 4 6 8
16-AuUg-2007 04:41:25

T = = T

=]

Distance N/S (m)
(=]

-8 -6 -4 -2 0 2 4 6 8
Distance EAV (m)

Figure 5. Time-lapse images of rotary sonar scans over an 8 h period together with overlay of the mean current vector at the time of the scan
(arrow). The time progression shows subtle ripples toward the outer ranges of the sonar scan but otherwise stasis in the bed configuration
over this short time period. The current vectors illustrate a progressive anticyclonic mean current pattern with currents strengthening toward

the S/SW.
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Figure 6. Time-series plot of temperature (blue) and salinity (green) as recorded every 23 seconds by the
conductivity-temperature sensor on the bottom mooring.
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Figure 7. Vertical cross-section color-contour plot of horizontal current speed (magnitude of velocity) mea-
sured between 4.2 and 84 m above the seabed in a local depth of 135 m. Bin 1 is located 4.2 m above the bed.
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TABLE 1. INSTRUMENT SAMPLING CONFIGURATION SUMMARY

Depth No. of data  Samplin Samplin
Instrument Phenomenon (rrFl)) points inte?valg raFt)e 9
Side-scan sonar Datasonics SIS-1000, Digitized bedforms over 113-237 2376 1 survey 1 survey
100 kHz, 200 m range, May 2006 entire shelf
TRDI ADCP, 300 kHz, 2 m bins, Mean currents; transport 4.2—-80 m above bed 11,021 30s 1 burst with
August 2007 processes 16 pings
Imagenex 881-tilthead Rotary Sonar, Ripple geometry/evolution 135 (1 m above bed) 292 10 min 3 scans
2.25 MHz, 9 m range, August 2007
SBE-37SM, August 2007 Salinity; temperature 135 (0.75 m above 6124 23s 1 burst

bed)

Energetic Near-Inertial Coastal-Trapped Waves

The upper layer waters of the Black Sea are characterized
by a predominantly cyclonic, rim current flowing along and
occasionally across the continental shelf in a strongly variable
spatiotemporal pattern. In addition, a series of quasi-permanent
anticyclonic eddies exist inshore of the rim current (Oguz et
al., 2005). The rim current structure is accompanied by coastal-
trapped waves (CTWs) with an embedded train of eddies and
meanders propagating cyclonically around the basin (Oguz
and Besiktepe, 1999). According to the ADCP measurements

(Oguz and Besiktepe, 1999), the rim current jet has a speed of
50-100 cm/s within the upper layer, and ~10-20 cm/s within
the 150-300 m depth range. These shelf current features provide
a mechanism for bidirectional transport between the nearshore
and offshore regions. The most notable features of the Black
Sea circulation system in relation to this study include (i) the
meandering rim current system cyclonically encircling the basin
and (if) the Crimea and Sevastopol anticyclonic eddies on the
coastal side of the rim current zone. It is important to note that
the observations in this study were taken near the junction of
the rim current and the Sevastopol anticyclonic eddy, termed a

0.1
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05

Velocity (m/s)

'
=
=
o

-0.15

mean U:-10 cm/s
meanV:0.34 cm/s
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|
DEMGny

|
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Figure 8. Time-series plots of horizontal components of mean current measured every 30 seconds at bin 1 (4.2 m above the bed). Red line
shows north-south flow (north positive) and the blue line represents east-west flow (east positive).
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“quasi-permanent or recurrent feature” in the upper layer circu-
lation by Oguz et al. (2005).

Because of strong stratification in the Black Sea, CTWs
reach the inertial frequency. Furthermore, their velocity fluctua-
tions are surface-intensified off the shelf break (over the upper
slope), but reverse to bottom-intensified on the shelf (Ivanov and
Yankovsky, 1993). The velocity amplitude of CTWs on the South
Crimean shelf is ~10-15 cm/s in the summer and is likely to be
higher during the winter season notorious for its severe storms.
CTWs propagate with the coast on the right (as a Kelvin wave),
westward in the Northern Black Sea. As CTWs encounter coast-
line and topographic variations past Cape Sarych (the southern-
most tip of the Crimea Peninsula) they scatter into other (higher)
wave modes in order to adjust to these “disturbances” of the
waveguide. Scattering typically introduces smaller spatial scales
and higher amplitudes in the wave field. Indeed, the outer shelf
and slope just to the west of Crimea, in the vicinity of our deploy-
ment site (star in Figs. 1-3), is characterized by strong mesoscale
variability with frequent predominantly anticyclonic eddies.
This particular feature of the regional shelf dynamics prompted
a series of papers aimed at examining the phenomenon (i.e.,
Yankovsky and Chapman, 1995, 1996, 1997). In these papers,
the authors found that very energetic vortex-like current patterns
could be developed in the near bottom layer with near-inertial or
subinertial frequencies.

In addition to the CTWs, the rim current itself meanders and
makes episodic onshore excursions. An example of this behavior
can be found in the vertical transect of the rim current by Oguz
and Besiktepe (1999; their fig. 3). The implications of these pro-
cesses (CTWs, meanders in the rim current, and potential storm-
induced internal waves) is that there are a number of physical
processes that can promote cross-shelf transport (including
anoxic waters) across the shelf and contribute to the scour and
preservation potential in the region.

Bedform Distribution and Scour Patterns

During the 2006 field campaign, over 300 km of linear sur-
vey line was run with the 100 kHz side-scan sonar towfish. Each
survey line was processed for water-column removal, layback
positioning, and beam angle correction using the SonarWiz™
(Chesapeake Technology Inc.) processing system to generate a
final georeferenced sonar mosaic as illustrated in Figure 2 (inset).
Next, each line was examined and all discernable bedforms were
digitized (Fig. 3) using the heads up GIS feature of SonarWiz.
In total, 2376 individual bedforms were digitized in this manner
providing a GIS data set for subsequent analysis. Both the side-
scan sonar mosaic and the digitized bedforms were exported to
the Google Earth™ KML file format to allow viewing and wider
distribution of the results (Figs. 2 and 3). Once digitized, wave-
length spacing between each successive bedform was calculated
from the centroid of each bedform to the next, with a result-
ing mean and modal wavelength calculation of 72.8 and 15.7 m
respectively (Fig. 9A). Furthermore, for each bedform, a corre-
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sponding strike orientation (along-crest) and dip (crest orthogo-
nal) orientation was determined (Fig. 9B). Recall that azimuth
and dip are orthogonal, therefore, the principal dip orientation
as determined from least squares rotation analysis was found
to be 52°/232° (Fig. 9B). The 180° ambiguities in bedform dip
direction (52°/232°) are a result of the two-dimensional nature
of side-scan sonar data and the lack of bathymetric data to deter-
mine the stoss (updrift) face from the lee (downdrift) face of
the bedform. In Figure 9C, a comparison between the bedform
dip orientation (blue dots) and the nearbed mean current (veloc-
ity amplitude of 12-20 cm/s) displayed a close association with
peak flows (red arrows) in a crest-orthogonal direction. It seems
most likely given the observed flow regime that the direction of
lee face is 232°.

A progressive vector diagram of the nearbed current (Fig.
10) also shows the connection between bedform orientation and
shelf transport flows. Assuming an idealized homogeneous lat-
eral flow regime, the progressive vector diagram illustrates the
path that a particle of water near the bed would take over the
period of the bottom mount deployment. This shows the general
westerly flow with several turns to the north-northwest associated
with the strong pulses of nearbed flow, further emphasizing that
adiabathic flows do commonly occur in this region.

SUMMARY AND CONCLUSIONS

The Northern Black Sea shelf is a complex, heterogeneous,
morphodynamic system that provides a critical link between the
nearshore and the deep sea (Fig. 1). Marked spatial and tempo-
ral variations in bedform geometry as well as sharp gradients
in forcing conditions (rim current, CTWs) typify the shelf set-
ting. Increasing our present understanding of the coupled links
between variable bed geometry and hydrodynamics is a crucial
step in order to decipher the morphologic history of the Black
Sea shelf since the end of the Last Glacial Maximum.

In this study, we found no appreciable variation in nearbed
salinity or temperature during the deployment of our instrumented
bottom mount, suggesting absence of baroclinic driven flows dur-
ing this period (Fig. 5). Furthermore, the ADCP measurements of
nearbed flows also gave no indication of high-frequency internal
wave activity during the deployment, suggesting that these events
may be highly seasonal and event driven. Nevertheless, signifi-
cant and distinct nearbed flow features were observed during
the field deployment as evidenced by the observed quasi-steady,
near-inertial flows that were decoupled from surface and showed
strongest velocities near the bed (Figs. 6 and 7). The currents,
possibly CTWs oscillated with ~15 h periodicity and amplitude
of ~15 cm/s. Previous physical oceanographic work in the region
suggests that there are several reasons to expect strong variations
of near bottom currents in the near-inertial-subinertial frequency
range on the outer shelf southwest of Sevastopol including CTWs
and meanders in the rim current.

This study presents a new observational investigation of
bedform distribution and the relation of bedform geometry to
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nearbed hydrodynamics (Fig. 8C). Previously suggested theories
suggest that these bedforms are static ancient features, a theory
that is perhaps correct only for isolated instances. The observed
flow dynamics and bedform orientations imply an increased
preservation potential of artifacts on the shelf. Furthermore, the
observed outer shelf flows (Fig. 10) may also reduce the depth of
viable preservation in artifacts that would otherwise exist above
the anoxic layer. The occurrence of presently active bedforms on
the outer shelf as documented here, further emphasizes the role
that CTWs, internal waves, and rim currents have on the transport
of water and sediment across the shelf.
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Figure 9. (A) Histogram of bedform wavelength (e.g., spacing between crests) for each of the bedform pairs in the digitized record. N = 2376
and mean wavelength 72.8 m (B) Compass plot of bedform of dip azimuth (orthogonal to crest), calculated from the geographic informa-
tion system digitized side-scan sonar. N = 2376 and principle dip azimuth of 52/232 degrees true north. Crest orthogonal azimuth has a 180°
ambiguity depending on which side of the bedform is used for the origin reference, therefore the conjugate pair for each crest orthogonal is
shown (blue arrows) and the principle bedform orientation is shown by the long red arrow. (C) Mean currents (red arrows) overlain on bed-
form wave ray (blue dots). Principle bedform dip orientation, determined by least squares rotation analysis, is shown by the thick red arrow.
Note: Currents are in the direction of propagation and bedforms are shown as conjugate direction across crest.
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Figure 10. Progressive vector diagram plot of bottom acoustic Doppler current profiler bin mean current illus-

trating net current transport near the bed.
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