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Abstract:

An overview is given of mass wasting features along the slopes of the Sea of Marmara, Turkey, based
on new data and previously published information. The Sea of Marmara is characterized by active
tectonics along the North Anatolian Fault and by eustatic sea level changes controlling the
connections both to the Mediterranean and Black Sea (i.e. lacustrine and marine conditions during
sea-level low and high stands, respectively). High resolution bathymetric data, subsurface echo-
sounder and seismic reflection profiling, seafloor visual observations, as well as stratigraphic analysis
of sediment cores have been used to identify, map and date submarine slope failures and mass
wasting deposits. Gravity mass movements are widespread on the steep slopes of the Sea of
Marmara, and range from small scale slope failures, mainly located within the canyons, to wider
unstable areas (20 to 80 kmz). The largest mass wasting features, i.e. the Tuzla, Ganos and Yalova
complexes, have been analyzed in connection with crustal deformation. These gravitational gliding
masses are probably induced by the transtensional deformation within the crust. Moreover, age
determination of landslides and debris flows indicate that they were more frequent during the last
transgressive phase, when the rate of terrigenous sediments supplied by the canyons to the deep
basin was higher. We discuss these results taking into account activity, pre-conditioning and trigger
mechanisms for slope instability with respect to tectonics and paleo-environmental changes induced
by sea-level oscillations.

Highlights

» We map mass wasting features in the Sea of Marmara. » Climate change appears as one of the
factor triggering slope instability. ®» The biggest slides occur in areas of high micro-seismic activity. »
Underlying crustal deformation influence the distribution of slope instability.
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1. Introduction

Massive slope instabilities are very common on continental slopes. They control the seafloor
morphology and have a substantial role in terms of natural hazards. Sediment mass wasting
features are usually distinguished as instantaneous mass failures on the one hand (including
rock avalanches, slides and slumps) and mass flows on the other hand, either cohesive
(debris and mud flows) or non-cohesive (i.e. turbidity currents) (Coussot and Meunier,
1996 and Mulder and Cochonat, 1996). These distinctions reflect differences in the
deformation processes, depending on the characteristics of the solid component and the
water content. Although many types of mass movements are included in the general term
“landslide”, submarine slides, either translational or rotational, should be restricted to
consolidated material sliding above a slip or “decollement” surface. Creep is a particular type
of mass flow defined by a very slow gravity-driven downward motion of slope caused by
shear deformation (Flood et al., 1993, Lee and Chough, 2001 and Lee et al., 2002). Creep is
associated with sediment waves on the seafloor, although these can also be related to other
processes such as contourite or turbidity-currents (Lee et al., 2002). All of these processes
generally grade into one another during transport, so that they may occur sequentially during
a single destabilization event.

Little is known about triggers of deepwater failures. However, numerous studies demonstrate
that the importance and recurrence of mass wasting on continental slopes depend on
multiple factors such as lithology, structural inheritance, seismicity, tectonic activity,
sedimentary input, eustatism, or fluid overpressure (Piper et al., 1997, Orange et al., 1999,
Hovland et al., 2001, Leynaud et al., 2004,
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Tripsanas et al., 2008; Mulder et al., 2009). Analysing mass wasting features morphology and
occurrence patterns yields insight into the processes that shape a particular margin and other
margins with similar settings.

Because the Sea of Marmara combines a high tectonic activity and drastic paleoenvironmental
changes, it is a highly favorable environment for studying submarine mass movement triggers. The
slopes of the Sea of Marmara, that have been intensively surveyed since the 1999 Izmit-Kocaeli
earthquake, display numerous morphological signs of recent mass wasting processes (Gazioglu et al.,
2002; Goriir and Cagatay, 2010; Ozeren et al., 2010). This paper focuses on the various types of slope
instabilities participating in the shaping of the Sea of Marmara basins. First, we will give an overview
of the distribution, extent and timing of recent mass wasting features; then, based on the results of
an analysis carried out over a number of different cases in different sectors of the Sea of Marmara,

we will discuss the possible influence of tectonics and sea-level changes on triggering instabilities.

2. Geological setting and previous studies

2.1. Structural and seismotectonic context

The Sea of Marmara is located at a releasing bend along the single through-going westward
prolongation of the North Anatolian Fault (NAF), the Main Marmara Fault (MMF, Le Pichon et al.,
2001; Rangin et al., 2004). It comprises three main basins with rather steep slopes, from west to east
respectively: the Tekirdag, Central and Cinarcik Basin, separated by two major structural highs, the
Western and Central Highs (Fig. 1). The MMF comprises more precisely three connected segments in
the Sea of the Marmara: the Tekirdag Basin/Western High segment, the Istanbul segment extending
over the Central High, and the Cinarcik segments forming two major bends of the Main Marmara
Fault (Grall et al., 2012; Seeber et al., 2006). The extensional component of motion is partitioned
between oblique portions of the MMF and secondary fault branches (Sengér et al., 1985; Le Pichon
et al., 2001; Armijo et al., 2002; Le Pichon et al., 2003; Sengér et al., 2005). The Ganos bend (Seeber

et al.,, 2004) limits a western uplifted area, the Ganos Mountain, where thrusting is prominent
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particularly onland (Yaltirak, 2002; Seeber et al., 2004), on to a southeastern subsiding area, the
Tekirdag Basin. At the eastern end, two bends can be described at either ends of the Cinarcik Basin:
the Tuzla bend and the Istanbul bend (Seeber et al., 2006). Historical earthquake activity in the Sea of
Marmara region is organized in sequences with a typical recurrence of 200-300 years (Ambraseys
and Finkel, 1995; Ambraseys and Jackson, 1998; Ambraseys and Jackson, 2000; Yalciner et al., 2002;
Parsons, 2004). Numerous micro-seismic studies focus on the Tuzla bend along the northern Cinarcik
fault segment (Karabulut et al., 2002; Karabulut et al., 2003; Sato et al., 2004; Orgiili, 2011;
Karabulut et al.,, 2011). This area still retains microseismic activity after the 1999 lzmit-Kocaeli
earthquake, consisting mainly of normal fault aftershocks (Karabulut, 2002). Focal mechanisms
indicate shallow normal faulting (5 to 10 km deep) and deeper strike-slip faulting (11-14km)
(Karabulut et al., 2002).

Part of the extensional deformation is also accommodated by the South Transtensional Zone (STZ,
Grall et al.,, 2012). This area comprises low-angle normal faults,that probably have been
redistributing crustal stretching since the early stages of basin formation (i.e. 5-3.5 Ma) (Bécel et al.,
2010; Grall et al., 2012). However, it is unclear whether these low angle faults are still active, except
in the southern Central Basin where there is evidence of present day activity (Bécel et al., 2009;
2010).

2.2. Marine/lacustrine transition within the Sea of Marmara

The paleoceanographic history of the Sea of Marmara during the glacio-eustatic cycles exhibits
several disconnections and reconnections with the Mediterranean Sea water circulation (Ryan et al.,
1997; Aksu et al.,, 1999; Major et al., 2002; McHugh et al., 2008; Cagatay et al., 2000; 2009). The
Holocene marine sedimentation is composed of homogeneous greenish silty mud and laminated
sapropel containing coccoliths (notably Braarudosphera sp.) and benthic foraminifers typical of a low
oxygen marine environment. During that period, sedimentation rates varied from 0.1 to 0.5 m/ka on
the plateau and shelves (Cagatay et al., 2000) to a maximum of 3 m/ka in the deep basins (Stanley

and Blanpied, 1980; Cagatay et al., 2000). The sedimentation rates may have been 2 to 3 times
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higher in the lacustrine period (Cagatay et al. 2003). During the last glacial, the Sea of Marmara was a
brackish water lake (Aksu et al., 1999; Cagatay et al., 2000; Ryan et al., 2003; Zitter et al., 2008). The
brackish lacustrine sedimentation in the deep basins is characterized by grayish laminated and
banded sediments with locally dark reduced spots and pyrite. The fauna associated with the shallow
lacustrine/brackish waters are fresh water bivalves (Dreissena sp.), diatoms (Stephanodiscus,
Aulacoseira, Diploneis, Cyclobella), and ostracodes (Leptocythers, Candona Angulata adults and
juveniles). The transition from lacustrine to marine deposits is marked by a peak in carbonate
content (Reichel and Halbach, 2007; Vidal et al., 2010) and the presence of a sapropelic layers within
the marine sediments (Cagatay et al., 1999; 2000). The most recent reconnection is dated at 14.7 cal.
Ka BP (Vidal et al., 2010) and followed by a progressive transition towards marine conditions lasting
more than 1.5 ka (Reichel and Halbach, 2007; Cagatay et al., 2009; Vidal et al., 2010).
2.3 Morpho-sedimentary context

Within the Sea of Marmara, the sediments are dominated by terrigeneous infill composed of 75%
gravity-induced discrete events sedimentation (turbidites and mud/debris flow) intercalated with
25% hemipelagic deposits (Beck et al., 2007, Cagatay et al., 2000; Cagatay et al., 2003, Cagatay et al.,
2009). These events have been tentatively correlated with earthquakes or tsunamis (McHugh et al.,
2006; Beck et al., 2007; Hébert et al., 2005; McHugh et al., 2008; Cagatay et al., 2009). It is inferred
that the 1999 Izmit-Kocaeli earthquake, that produced a surface rupture reaching the western end of
the Gulf of Izmit (Gasperini et al., 2011), triggered mass wasting events (Polonia et al., 2002; Kuscu et
al., 2005; Cagatay et al., in press). Within the Central Basin, Beck et al. (2007) identified a several
meters thick homogeneous transparent acoustic layer, named “homogenite” (Kastens and Cita,
1981), and composed of very fined-grained sediment likely re-suspended after a large mass-wasting
event, consequence of a tsunamigenic earthquake. This event that remobilized at least 0.6 km® of
sediment occurred ca. 15.5-16 cal. ka (Beck et al., 2007), pre-dating about 1ka before the lacustrine

to marine transition.
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Numerous studies of the seafloor morphology of the Sea of Marmara identified sediment waves
(Okay et al., 1999; Imren et al., 2001 and Shillington et al., 2012) and mass wasting features (e.g.
(Gazioglu et al., 2002; Altinok et al., 2003; Gazioglu et al., 2005; Gokceoglu et al., 2009; Gorir and
Cagatay, 2010; Ozeren et al., 2010). A large part of these studies focused on two main landslides: the
Ganos Complex (Gazioglu et al., 2002; Altinok et al., 2003; Gazioglu et al., 2005) and the Tuzla
Complex (Gazioglu et al., 2002; Gazioglu et al., 2005; Gokceoglu et al., 2009; Gorir and Cagatay,
2010; Ozeren et al., 2010).

The Tuzla Complex is located at the eastern end of the straight cliff bounding the Cinarcik Basin to
the north, where Paleozoic bedrock outcrops along the headwall of the scarp (Ozeren et al., 2010).
According to the convexity of the upper part of the landslide and to the hummocky topography of
the landslide, Gokceoglu et al. (2009) assumed that the Tuzla Complex is a deep-seated rotational
landslide and proposed to relate it to the secondary NW-SE faults (Tur et al., 2007). One of the two
cores recovered in this area by Ozeren et al. (2010) reached the top of the debris flow which is
composed of angular mudstone clasts within a sandy mud matrix, 60 cm below the marine/lacustrine
boundary. The age of this debris flow is estimated ca. 17ka BP but the geometry of the deep-seated
landslide beneath the sediments deposited in Cinarcik Basin suggests a much longer history spanning
at least one glacial cycle (Ozeren et al., 2010). The Ganos Complex is located at the southwestern end
of the Tekirdag basin. The direction of sediment flow on the Ganos Complex has been investigated by
Gazioglu et al. (2002) who proposed a single flow line, with an E or ENE orientation. The occurrence
of a detachment below the complex is suggested by the work of Okay et al. (1999).

Sediment wave fields occur in various places on the seafloor of the Sea of Marmara and have been
investigated by different authors (Okay et al., 1999; Imren et al., 2001; Shillington et al., 2012)
proposing different interpretations. More recently, a detailed analysis of these undulations, based on
high resolution seismic data, concluded that these sediment waves correspond to slow gravity-driven

downslope creep (Shilington et al., 2012).



156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

3. Identification of mass wasting areas: data and methods

This study integrates marine datasets acquired during several cruises in the Sea of Marmara.
Morphological analysis is based on multibeam bathymetric and backscatter data. These data were
acquired from R/V Le Suroit during the Marmara Cruise in 2000 using a 30 kHz multibeam SIMRAD
EM300 system for which a Digital Elevation Model (DEM) with 38 m grid resolution was generated.
Shaded bathymetry and maps of slope gradient and slope aspect were automatically created using
the ArcGIS spatial analyst tool. Average slopes were determined within polygonal areas defined by a
similar slope along the margins of the main basins and on major submarine landslides (Tab. 1). High
resolution chirp profiling (with a hull-mounted 3.5 kHz echosounder) was obtained during the
Marmarascarps cruise in 2001 and the Marnaut cruise in 2007 on board R/V L’Atalante, and during
Marmara VT in 2004 on board the R/V Marion Dufresne. Manned submersible dives took place
during the Marnaut cruise (2007) with the submersible Nautile. Sediment cores were collected with
different sampling devices: a Kullenberg corer with a 10-m-long barrel on R/V L’Atalante (designated
with letters MNT) and with the giant Calypso piston corer on R/V Marion Dufresne (designated with
letters MD). MD cores were cut in sections of 1.5 m and MNT cores in sections of 1 m. X-ray
radiographs of several cores were obtained with the SCOPIX system of Bordeaux University to reveal
internal structures. Core MD042737 was also subsampled every 40 cm, around the supposed depth
of the marine/lacustrine transition (i.e. within the last 10 metres of the core), and these subsamples
were sieved and smear slides were made. Nanno fossils and diatoms were studied on the smear
slides. Other fossils were picked from the 150 um fraction.

Mass wasting features can be identified from high resolution bathymetry (McAdoo et al., 2000).
Slides and slumps generally display sharp boundaries both upslope and downslope. They display
concave-downslope scar failures, with a steep headwall scarp (Fig. 2a). Mass flows (debris flows, mud
flows and turbidites) can be more difficult to identify in the bathymetric data when they lack clear
distal toes (Loncke et al., 2009b). In this case, high resolution seismic profiling, such as 3.5 kHz data,

correlated with piston coring data is necessary to constrain the basinal extension of the features. On



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

echo-sounder profiles, different echo-types can correspond to mass transport deposits (Fig. 2b). They
are often recognised as acoustically transparent facies, in seismic profiles, corresponding to a
homogeneous mud (homogenite) in cores. The homogenite is coupled with a basal coarse turbidite
having a sharp and often erosive base (Beck et al., 2007; Cagatay et al., in press) (Fig. 2c). Hyperbolic,
chaotic, and hummocky echo-characteristics can also correspond to deposits generated by mass
wasting processes (Damuth, 1980; Embley, 1980; Loncke et al., 2006; Loncke et al., 2009a; Loncke et
al., 2009b). Well-stratified continuous and parallel reflections that usually characterize pelagic and
hemipelagic sediments may also correspond to cyclic deposition by turbidity currents (Domzig et al.,
2009, Fig. 11 in Zitter et al. 2008). Proximal mass wasting features can display different lithologic
facies within cores (Fig. 2c) such as mixed sand and shell debris layers, lenses, and lithified or semi-

lithified mud pebbles (Embley, 1980).

4. Results

4.1 Morphology and distribution of mass wasting features

The slopes of the northern margin of the Sea of Marmara are generally steeper and less sedimented
than the southern ones (Fig. 3 and Tab. 1). The steepest slopes are located on the north-western side
of Tekirdag Basin (Ganos slope) where the average gradient is 19° (Tab. 1), and on the northern and
southeastern sides of Cinarcik Basin, with 23° and 17° average gradients respectively. The Central
Basin exhibits slope gradients of 8° on average in the south and 11° in the north, and the southern
and northern sides of Tekirdag Basin have slope gradients of 8° on average (Tab. 1).

Figure 3 presents a map of morphological evidence of slope instabilities and the network of canyons
in the Sea of Marmara. All submarine mass wasting features identified on the seafloor of the Sea of
Marmara in this study are also presented in Table 2 together with references to previous studies.
Slope instabilities are more common along the southern margin. Individual zones of instability range

from 0.5 to more than 100 km? in surface area (Tab. 2). The smallest features are associated with
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steep canyon walls. The largest are observed along both flanks of the Cinarcik Basin and on the
southern slopes of the Tekirdag and Central Basins. The Central and the Western Highs both exhibit
slope instabilities. Many relatively small-scale arcuate scars are observed in the Western High. On the
Central High slopes facing both the Cinarcik Basin and the Kumburgaz Basin, two broad zones
(features 24 and 25 on Fig. 3) are affected by regularly spaced steps. Within the Tekirdag Basin, the
majority of submarine mass wasting features are located along the southern sedimented slope
(features 1 to 6) despite the northwestern edge being much steeper. The Central Basin exhibits
smaller and fewer mass wasting and most of them are located on its southwestern side, in
association with the more developed canyon pattern, and at the toe of the Western High (features
11 to 21). Only one landslide (feature 22; 24 km” in area) is observed in the northeastern part of the
basin. Both northern and southern slopes of the Cinarcik flanks are affected by slope instabilities but

the area they cover is wider in the south.

4.2 Characterisation of mass wasting features

4.2.1.Cinarcik Basin

The Tuzla Landslide Complex (feature 30 on Fig. 3, Fig. 4) exhibits a large curvilinear slope failure, 32
km? in area, with an amphiteatre-like shape. It can be divided into two distinct areas. The western
part displays a well-defined headwall scarp on the upper slope with a total height drop of 250 to 300
m (Fig. 5) and an average slope of 21° (Tab. 1). Several linear features, and smaller scarps, are visible
within the bathymetry in the western part of the landslide. Rotated blocks are seen in the seismic
section (Fig. 5) down slope up to 3000 m away from the main scarp. This part of the slope failure
should thus be classified as a rotational slide, although it is unclear whether it resulted from a single
event. Seismic profiles (see Fig. 5) show that at least 250 m of sediments within the basin onlap the
top of the main slide body. Even for a maximum sedimentation rate estimated at 7 mm/yr during the

last glacial time (Seeber et al., 2006), this would correspond to a minimum age of 35 000 years.
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A submersible dive upslope across the headwall scarp has shown lower Devonian black shales (Fig. 5)
at 1100 m of water depth, implying that the slide affects the Palaeozoic basement of the Istanbul
block and suggesting sliding surfaces may root in these black shales. The eastern part of the feature,
separated by a NNE-SSW trending ridge, already described by Tur et al. (2007), consists of a rough
seafloor, with an average slope of 14°. It exhibits small normal faults and erosional gullies.

Although less steep than the northern Cinarcik slope, the southern Cinarcik slope with an average
slope of 11° is also affected by numerous instabilities (Fig. 4). The easternmost part of the slope
exhibits the highest slope angle (around 17°); and a landslide complex of 21 km?, hereafter called the
Yalova Complex, affects the entire slope from the shelf break to the basin (feature 29 on Fig. 3, Fig.
6). Concave downslope crescent shaped scars and debris flows are recognizable upslope, as well as a
rectilinear headwall scarp. Numerous erosional gullies are observed from the scarp down to the
basin. The Yalova Complex is cut by left-lateral faults, oriented N340° (parallel to the slope direction)
that displace the base of the slope stepwise (Fig. 6). The toe of the landslide was explored during a
submersible dive: it shows an accumulation of blocks of various sizes as well as evidence for fluid
expulsion. Broken pieces of authigenic carbonate crusts observed on the seafloor were up to 15 m
high, associated with fluid seepages. Alignments of 3-4 m long black patches of reduced sediments,
striking N310° in the slope direction, are seen in some places and appear to coincide with the
location of the left lateral faults (Fig. 6). In this part of the slope there are also several recent small
rock debris accumulations from rock avalanches that are not yet covered by hemipelagic sediments.
Between E28°50 and E29°10, the slope is affected by faults, perpendicular to the slope direction,
forming a broad zone of 118 km”in area (feature 27 on Fig. 3, Fig. 4). This area is located above a
deep-seated transtensional shear zone, and the deformation of the seafloor may result from a
combination of slope failure and tectonic motion. In this latter case, the faults observed on the
bathymetry probably correspond to en-échelon normal faults induced by the transtensional

deformation (Géli et al., 2008). Along the northern toe of the Cinarcik slope, at the base of a steep
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cliff of Palaeozoic sediments, fallen blocks varying sizes from tens of centimetres to metre size

boulders and slabs are commonly observed to be covered by a 1 to 10 cm sediment blanket (Fig. 7).

4.2.2. Western High and Central Basin

At the toe of the eastern slope of the Western High, in the Central Basin, some acoustically
transparent lenses are seen directly at the seafloor indicating recent deposition. A Nautile dive in this
area found a layer of authigenic carbonate crusts that was outcropping locally at a water depth of
1200 m on a very steep slope. This observation indicates that sliding occurred, exhuming carbonate
crusts formed by fluid seepage activity either within the sediments or at seafloor.

Mass wasting deposits were found also in cores MNTKS19 and MNTKS22 located in the NE corner of
the Central Basin at the toe of a landslide (feature 22 on Fig. 3). Core MNTKS19 shows at 205 cm
depth a 35 cm thick section of very fine sand with shell debris which could correspond to the distal
part of a mass flow. At a depth of 230 cm, in core MNTKS22, a 40 cm-thick interval was found with

mud clast, pebbles and deformed sandy lenses, possibly corresponding to the same event.

4.2.3.Tekirdag Basin

The Ganos Complex is located at the eastern end of the Ganos fault rupture over an elliptical area of
85 km? (feature 1 on Fig. 3, Fig. 8). This feature, which extends from a water depth of 150 m to 1100
m, shows a complex morphology. The slope, with an average gradient of 5°, is affected by small step-
like scarps and sediment waves, perpendicular to the slope dip, and presents a rough and hummocky
topography. Chirp profile Marnaut 16, running across the slope, shows an acoustic facies
characterized by regular hyperbolae (Fig. 8). Along the northern side of this large moving mass,
several imbricated crescent-shaped scars (features 3 and 4 on Fig. 3) indicate multiple smaller scale
events of gravity sliding in retrogressive sequence. These slope failures are located along the strike-
slip fault trace, where the transpressional fault that lies along the base of the Ganos slope branches

off the main strike-slip fault lying along the southern slope of the Tekirdag Basin (Fig. 8). An arcuate

11
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shaped scar and irregularities in the bathymetry suggest a debris flow occurred in the upper part of
the slope (feature 2 on Fig. 3). Retrogressive slope failures can also be observed at the toe of the
landslide complex.

Cores MD042737, MD042740 and MNTKS30, located at the mouth of a canyon in the Tekirdag Basin
(see core location in Fig. 9), contain several silty-turbidite sequences, coarse shelly sand layers, and
thick sandy or muddy layers with clay pebbles and mud clasts interpreted as a debris flow (Fig. 10).
This debris flow facies is found at depths varying between 200 and 600 cm (Fig. 10). Considering the
average sedimentation since the lacustrine to marine transition in the cores, the debris flow may
correspond to a single event that occurred during the Holocene marine episode, but could not be
precisely dated. Several deeper coarser sand beds with abundant Dreissena sp. shells are observed
within the cores MD042737 and MD042740. In core MD042737, the marine-lacustrine transition is
deduced from observations of micro and nanno fossils (foraminifera, ostracodes, diatoms) with
progressive salinization of the waters between 31.75 and 30.5 m (this depth has been corrected for
gas expansion on the basis of observed holes/gaps in the core), corresponding to an average
sedimentation rate of 2.5 m/ka during the marine period, including mass wasting deposits. Sediment
cores have been correlated with 3.5 kHz echosounder data (Fig. 11). Strong reflections correspond to
turbidite sequences containing multiple sand laminae, and to the top of a thick coarse shelly sand
layer at the base of the core (around 30 m depth below seafloor at the MD042737 location, i.e. 0.4s
twt, Fig. 11). Reflections within the lacustrine facies tend to be fuzzy, in contrast to the marine
sedimentary sequence that exhibits a well layered acoustic facies (Fig. 11).

A buried transparent lens interbedded within the hemipelagic sediments and the turbidites could be
distinguished in several 3.5 kHz echo-sounder profiles running across the toe of the slope on the SE
flank of the Tekirdag Basin (Fig. 2b, 8 and 10). According to its location, this mass wasting deposit
could be related to an arcuate shaped slope failure observed on the NW side of the western High
(Fig. 2a and feature 8 in Fig. 3). Following the marine/lacustrine transition depth to the west, we can

observe that the transparent lens is located just on top of the strong reflector corresponding to the
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coarse shelly sand bed. Thus, this large debris flow occurred during the lacustrine to marine

transition or shortly afterwards (ca. 14 cal. Ka BP).

4.3. The canyon network: erosional features

We observed numerous canyons and erosional gullies cutting across the slopes and some of the
structural highs, with direct pathways to the deep basins. Most canyons and their tributaries
originate near the continental-shelf break and extend to the base of the continental slope. They
usually have high reflectivity in the EM300 multibeam backscatter images (Fig. 1) potentially caused
by the slope incision, the presence of coarse and/or heterogeneous material in the bottom of the
thalweg or the increased seafloor roughness from erosion within the canyon (e.g. (Augustin et al.,
1996; Kenyon et al.,, 2002; Lamarche et al., 2011). We observed areas within canyons with both
relatively high backscatter (both flanks of the Central basin and southern flank of the Tekirdag Basin)
and lower backscatter (north of the Tekirdag Basin and Cinarcik Basin) that may indicate differences
in recent activity or in the nature of the sediments. Along the steepest slopes (NW Tekirdag, NE and S
Cinarcik) the canyons are straight, narrow (a few hundred meters wide) and short (1 to 2 km long).
No levees are associated with these canyons suggesting that they are dominated by erosion. On
gentler slopes (S Tekirdag Basin and Central Basin), canyons are longer (up to 15 km), wider (1 to 3
km), and incise deeper (100 to 400 m). Steeper slopes are found at the head of the canyons (20 to
30°) and along the flanks (10 to 20°), whereas the bottom of the thalweg has 1 to 3° slopes. The
channels have several branches that are often deflected, especially in the proximity of the major
topographic highs. Meandering channels are exceptional. One such channel is observed flowing
northward of Imrali Island towards the Central Basin ending in the Cinarcik Basin (Fig. 1), which
constitute the submarine extension of the Kocasu. Arcuate submarine slide scars, observed on the
walls of the canyons (Fig. 3 and 9), and scours in the bottom of the thalweg, indicate that erosion
within the canyons contribute to the sediment input to the basins (Fig. 9). Canyon wall instability is

observed, notably within the canyons located south of the Central Basin, on the southern side of the
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Western Ridge. Profile Marnaut 16 (Fig. 9) crosses the mouths of two canyons that merge at the base
of the slope. Acoustically transparent lens shaped bodies with 8 m maximum thickness are found in
both canyons that are interpreted as debris flow deposits. On top of these bodies, stratified
hemipelagic sediments reach 5m thickness in the western canyon and pinch out towards east. These
observations indicate a decrease in the activity of the canyons after the deposition of the debris flow
(Fig. 9); a conclusion also supported by the generally flat floor of canyons thalwegs, particularly at

their mouths, which contrasts with the morphology of presently more active canyons.

5. Discussion

5.1. Influence of paleoenvironmental changes on mass wasting processes

Sea-level oscillation modulates the sediment supply and consequently the activation of gravity mass
movements. Near the end of the lacustrine period, coarse shelly sand was transiting the shelf to the
deep basin through the canyons. During the marine period, turbidite layers appear thinner and finer
grained and a part of the sediment transfer occurs by muddy debris flow. Several authors (Beck et al.,
2007; McHugh et al., 2008; Cagatay et al., 2009) also note that gravity flows such as turbidity
currents were more frequent during the lacustrine stage than during the marine stage. Furthermore,
seismoturbidites are more frequent during the lacustrine period, although this is unlikely to reflect a
variation in seismic activity (McHugh et al., 2008).

The dating of mass wasting deposits indicates that the large mass wasting events occurred more
frequently at the end of the last glacial period (12-17 ka). For example, the homogenite in the Central
Basin is dated around 15.5-16 ka (Beck et al., 2007), and a mudflow on the larger Tuzla Complex is
dated 17 ka by Ozeren et al. (2010). However, this landslide complex appears to be a multi-event
feature and older mass wasting deposits (probably as old as 35 ka) have been identified within the
seismic section. By correlating the sedimentary facies and the different seismic horizons within the

chirp profile in the Tekirdag basin (Fig. 11), we have estimated that a large debris flow was deposited
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during the lacustrine to marine transition or shortly afterwards (ca. 14 cal ka BP) (Fig. 9 and 11). We
also presented evidence here for variations in canyon activity for the case of the southern slope of
Tekirdag Basin.

The observation of a -85 m paleoshoreline, notably on the northwestern part of the Izmit Gulf
(Cagatay et al., 2003), suggests that a large part of the present day shelves were exposed during the
last glaciation when the Sea of Marmara was disconnected from the Aegean Sea. During this low
stand, sedimentation rates were up to three times higher in the basins (Cagatay et al., 2000; Seeber
et al., 2006). We documented that the canyons were transferring coarse sandy material at that time.
It can be inferred that they were actively eroding and incising their own channels. The rapid sea-level
rise at the end of the last glaciation resulted in temporary sediment storage on the shelves and a
sudden decrease of sediment transfer through canyons by turbidity currents. The instability of the
recently incised canyon slopes caused debris flows, which still remain visible buried within several
canyons (Fig. 9). Afterward, sediment transfer by turbidity currents resumed, but with smaller fluxes.
We cannot rule out that gas hydrate dissociation as a consequence of warming during deglaciation
may have contributed to destabilization processes on the slope of the Sea of Marmara. Fluid ascent
is often thought to be the cause of sediment destabilization (Hovland et al., 2001; Mienert et al.,
2005). Numerous sites of fluid escape have been observed on the seafloor along the active fault
traces in the Sea of Marmara (Halbach et al., 2000; Armijo et al., 2005; Géli et al., 2008; Zitter et al.,
2008; Tryon et al., 2010) and gas hydrates were recovered within the subsurface sediments of the
Western High (Bourry et al., 2009). In this area, massive methane release occurred in the water-
column around 11 cal. ka BP, after the lacustrine to marine transition (Menot and Bard, 2010).

However, it is yet unclear whether this event was associated with an increase of slope instability.

5.2. Influence of underlying crustal deformation on mass wasting processes
The deep structure beneath the large landslides is not well resolved but the distribution of micro-

seismic activity (Sato et al., 2004; Karabulut et al., 2002; 2003; 2011; Orgilii, 2011) indicates active
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crustal strain is occurring beneath these landslides. We argue that the slope instabilities observed at
a shallow level in the crust or within the sedimentary layers could be influenced by underlying crustal
deformation, as has also been proposed in the case of deep seated gravitational slope deformation
on land (e.g., Guglielmi and Cappa, 2009; Sanchez et al., 2010). Occurrence of large earthquakes on
major faults is an obvious trigger of instability, but distributed strain and fracturing could also
contribute to weaken the material above, eventually leading to catastrophic failure.

5.2.1. The Tuzla Landslide

Micro-seismic events in the Tuzla landslide area are oriented along two major trends: NE-SW and
ESE-WNW (Fig. 12). It is interesting to note that the NE-SW alignment coincides with the north-
western slope failure of the landslide (Karabulut et al., 2002; Sato et al., 2004; Karabulut et al., 2011),
but that strike of the nodal planes of the dominantly normal focal mechanisms is NW-SE (Fig. 12),
(Fig. 4 in Karabulut et al., 2002), implying en echelon faulting in agreement with the expected pattern
of faulting related to the northern branch of the North Anatolian Fault here, and with the dominant
morphological grain on the Thracian isthmus (Sengér, 2011). Within the Tuzla landslide, several linear
structures visible in the bathymetry also appear to coincide with alignments of micro-seismicity, as
far as the accuracy of micro-seismic event localization permits. The Tuzla micro-seismic cluster is
focused on the western triangular part of the Tuzla landslide, which is controlled by normal faulting,
whereas fewer seismic events occur eastward (Fig. 12). This suggests that the occurrence and
geometry of the landslide are controlled by active crustal structures.

5.2.2. The SE Cinarcik landslides: the Yalova Complex

Long term micro-seismic activity is present in a broader swath along the southern edge of Cinarcik
Basin, where numerous slope instabilities are observed (features 27, 29, 31, 32 on Fig. 3) and at the
entrance of the Izmit Gulf (Fig. 12). This area in particular displays a large mass of creeping sediments
(feature 32 on Fig. 3) extending over 12 km?” and partially covering the fault trace near the end of the
1999 Izmit-Kocaeli earthquake rupture and the Yalova Complex (Fig. 6), (Gasperini et al., 2011).

Unsedimented chaotic blocks and associated active fluid seepages observed on the Yalova Complex,
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attest to the recent activity of this landslide. Less than 10 km southward, the Armutlu Fault follows
the northern shore of the Armutlu Peninsula (Parke et al., 1999; Armijo et al., 2002; Parke et al.,
2002). This fault segment shows important micro-seismic activity, particularly in the vicinity of cities
of Cinarcik and Yalova, with transtensional focal mechanisms (Fig. 4 in Karabulut et al., 2002; Sato et
al., 2004; Karabulut et al. 2011, Orgiilii, 2011). The northwestward gliding motion of the Yalova
Complex may relate to the transtensional deformation, associated with the Armutlu fault.

5.2.3. The Ganos Landslide Complex

Micro-seismic activity is found on the Ganos fault, and along both the southern and NE margins of
the Tekirdag Basin (Orgiilii, 2011; Tary et al., 2011). The instrumental seismicity data show micro-
seismicity beneath the Ganos Complex area, for the time-period between 1986 and 1996 (Giirbiz et
al., 2000), 1996 and 2000 (Sato et al., 2004; Orgiili, 2011), 2002 and 2006 (Orgili, 2011). The
recurrence of the micro-seismicity in this area suggests some kind of relationship between the
creeping of the Ganos Complex and tectonic strain in the crust (Fig. 12). The focal mechanisms below
the Ganos complex (see Fig. 11 in Orgiill, 2011) are normal and strike slip with a consistent NE-SW
direction of extension and, on a cross-section cut along this NE-SW direction appear to deepen north-
eastward from a very shallow depth at the edge of the complex to 10-15 km depth (Fig. 11 in Orgiild,
2011). This seismic activity could be related to sliding on a crustal detachment fault, dipping to the
northeast beneath the Ganos Complex, and of comparable strike, dip and depth range as crustal
detachments observed further east in multichannel data (Bécel et al., 2009; Grall et al., 2012).

The Ganos Landslide Complex generally slopes north-northeast (Fig. 8) and could indicate a global NE
motion of the slide. We suspect a relationship between distributed transtensional deformation in the
crust with shallow spreading and slope failure above.

Moreover, the Ganos Landslide Complex can be divided into two parts (Fig. 8): the southern part has
a northeast trending slope averaging 5.6°; and the northern part has a steeper 9° northward trending
slope. The boundary between the two-sub-landslides corresponds to the linear prolongation of the

Ganos fault segment of the NAF (Fig. 8) where micro-seismicity with strike-slip focal mechanism is
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observed (Orgiilii, 2011). The seafloor expression of the NAF fault trace in the entrance to the
Tekirdag Basin is visible in the bathymetric data as a narrow furrow joining several mini-basins,
where mass transport deposits have been recognised from cores and chirp profiling (McHugh et al.,
2006). The deposition of mass transport deposits and homogenites has been related to an
earthquake, presumably the 1912 Ganos earthquake (McHugh et al., 2006). Further east, within the
Ganos Landslide Complex, the furrow marking the fault ends within an arcuate slump scar (Fig. 3,
features 3 and 4). Down slope, in the prolongation of the fault segment, the bathymetry is marked by
sigmoid waves, typical of dextral strike-slip deformation. These observations indicate that the Ganos
Landslide Complex is underlain by a blind segment of the NAF. Moreover, the fault bend is smoother
in the basin than previously proposed because the Ganos Landslide Complex obscures the trace of
the fault (Okay et al., 2004). As a consequence, the strike-slip motion is probably distributed between
the NW front and the bulk of the creeping sedimentary mass. The deformation associated with the
NAF may be responsible for the destabilization of the NW slope where numerous slumps and slide
scars are observed.

5.2.4. Role of transtensional deformation

The location of large unstable slopes (i.e. Ganos, Tuzla and Yalova complexes), above seismically
active transtensional structures suggest a relationship between crustal transtension and the
observed deformation at the seafloor. However, most of the micro-earthquake hypocenters in these
areas are located at a deeper level (5 km on average, with a 1-10 km range) than the slope
instabilities, as the suspected sliding surfaces are never deeper than 1.5 km (Yaltirak, 2002; Rangin et
al., 2004) and often much shallower (see seismic profile Fig. 5). We propose that the component of
stretching imposed by crustal deformation promotes tensional fracturing of the rock mass leading to
failure of the overlying sediments. This type of relationship has been demonstrated on land where
long lasting and diffuse deformation coexists with volumetrically smaller but sometimes catastrophic
failure events (Brickl et al. 2005; Guglielmi and Cappa, 2009; Sanchez et al., 2010). In the Sea of

Marmara, the tectonic stress field can induce both strain softening and topography, and promote
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long lasting deep seated gravitational slope deformation which in turn promotes occasional short-
lasting and shallower mass movements. As a result, slopes adjacent to releasing bends or within
transtensional areas may be more prone to slope failure than those near segments where the

deformation is almost pure strike-slip and concentrated in a narrow fault zone.

6. Conclusion

Mapping mass wasting features in the Sea of Marmara demonstrates the widespread occurrence of
slope instabilities. The Sea of Marmara indeed presents favorable conditions for submarine mass
movement, with high sedimentation rates, dominated by silico-clastic deposits, drastic paleo-
environemental changes (marine/lacustrine conditions) caused by global sea-level oscillations
enhanced by a peculiar physiography (the Dardanelles and the Bosphorous sills), and active tectonic
deformations maintaining very steep slopes ranging from 4 to 24 ° on average.

Submarine mass movements are observed along about 30% of these slopes over a total area of more
than 500 km?. A diversity of mass wasting processes occurs as mainly landslides, mass flows and
creep. We can distinguish gravity slides related to erosional processes within the canyons, initiated
from the head walls and the incised channels of the canyons from wider unstable slopes that appear
associated with transtensional crustal deformation evidenced from microseismicity. These unstable
slopes display creeping down slope motion component, with a direction of motion coincident with
the underlying crustal stretching. The stretching of the crust probably promotes strain softening
within the shallow crust and sedimentary cover and large scale deep seated gravitational slope
deformation. On the other hand, the vertical component of slip along the main faults contributes to
steepen the slopes and consequently favors slope instability. This combination of factors may
account for the observed concentration of large landslides near fault bends.

Cyclic sea level variations also influence the mass wasting processes. Several mass wasting deposits
observed in the sedimentary record appear to date back 11-17ka BP, i.e. corresponding to the end of

the lacustrine period and the early marine period. Morphological observations and high resolution
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profiling of the canyons also indicate variations in the rate of sediment transfer processes over the
same time interval.

This study highlights that landslide triggering is dependent on contextual factors that influence the
probability of occurrence of slope instabilities in space and time, for instance, the distribution of

crustal stress and strain, paleo-environmental conditions and sea-level change.
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Figure legends

Figure 1: (a) Active tectonics of the eastern Mediterranean Sea showing the study area (SOM: Sea of
Marmara) along the North Anatolian Fault. NAFZ: North Anatolian Fault Zone - EAFZ: East Anatolian
Fault Zone - DSTFZ: Dead Sea Transform Fault Zone. (b) Multibeam backscatter image of the Sea of
Marmara with simplified sketch of the North Anatolian fault system (modified after Le Pichon et al.,
2001, Grall et al., 2012; see Fig. 3 for a detailed structural map). Insets indicate the location of Fig. 2,
Fig. 4, Fig. 5, Fig. 6, Fig. 7, Fig. 8, and Fig. 9. Abbreviations are as follow: TB: Tekirdag Basin; CB:
Central Basin; KB: Kumburgaz Bain; CnB: Cinarcik Basin; WH: Western High; CH: Central High; GoG:
Gulf of Gemlik; Gol: Gulf of Izmit; Iml: Imrali Island; AP: Armutlu Peninsula.

Figure 2: Characteristics of the mass wasting features within the different datasets: (a) slope gradient
map showing curved slope failure scars, canyons, erosional gullies and slide toes; (b1) transparent,
(b2) hummocky and (b3) hyperbolic chirp echo-characteristics corresponding to the mass wasting
deposits; (c) sedimentary sequence within cores; (d) visual observation of avalanche debris deposits
from Nautile dive.

Figure 3: Map of the mass wasting features, active faults, canyons and fluid seepage areas in the Sea
of Marmara. Multibeam bathymetric data from Rangin et al. (2001), active faults modified after Le
Pichon et al. (2003) and seepage sites modified after Zitter et al. (2008) and Géli et al. (2008).

Figure 4: (a) Shaded bathymetric and (b) slope gradient map of Cinarcik Basin, derived from EM300
multibeam data (38 m grid cell).

Figure 5: (a) Slope gradient map, derived from EM300 multibeam data (38 m grid cell), of the Tuzla
Complex with the dive track and MTA seismic line location; in bold the section shown in (c). Slope
gradient colour scale is the same as on Fig. 4. (b) Dive 1652 pictures of the Tuzla Complex headscarp

showing outcrop of palaeozoic black shales with corals. (c) MTA multichannel seismic section
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obtained on board the R/V Sismikl (and processed by Caner Imren) across the Tuzla Landslide
Complex, showing the rotational blocks and the headscarp. Modified after Ozeren et al. (2010).
Figure 6: Shaded bathymetric map derived from multibeam EM300 data (38 m grid cell), dive track
and dive pictures of Marnaut dive 1653 on the Yalova Complex, south of the Cinarcik Basin (location
on Fig. 1) showing undraped chaotic blocks of authigenic carbonate crusts and evidence of fluid
seepage (black patches and white bacterial mats). Bathymetric colour range is same as on Fig. 4.
Figure 7: Marmarascarps profile (3.5kHz frequency) across the base of the northern Cinarcik slope
where scree is observed on seafloor pictures (chaotic blocks and fallen boulders). The scree at the
base of the cliff is also observed on the bathymetric data (orange area). Red stars indicate the
location of recognised fluid seepages from Nautile and ROV observations (black reduced sediments
patches with white bacterial mats).

Figure 8: (a) Shaded bathymetric map (colour range is same as on Fig. 4), (b) slope gradient map and
(c) slope-facing map (aspect map) of the Ganos Landslide Complex in the Tekirdag Basin, derived
from multibeam EM300 data with a grid cell resolution of 38 m. Aspect is the direction of maximum
slope gradient, and slope gradient is the dip for each grid cell based on the elevation of its nearest
neighbors. (d) The morpho-structural sketch (canyons in purple, landslides and slope failures in grey
and faults in red) is interpreted from multibeam and backscatter data, and the active structures are
modified after Le Pichon et al. (2003). (e) Topographic profile along the major slope. Note the small
staircase-like scarps perpendicular to the slope, interpreted as creep (see Shillington et al., 2012),
and the multiple slope failures in the upper part of the slide, on the extremity of Ganos fault
segment.

Figure 9: (a) Shaded relief map of Tekirdag Basin with location of chirp lines and cores. Inset indicates
the location of (b): Slope gradient map zoomed on the canyons showing scars on the flanks and
within the thalweg. Slope gradient colour scale is the same as on Fig. 4. White coloured lines are 5 m
isobaths. (c) Marnaut 16 chirp profile (3.5 kHz frequency) across a canyon showing the infill of the

canyon.
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Figure 10: Lithology and sedimentary sequence interpretation for cores MD042737 and MD042740
(Marion Dufresne calypso cores) and MNTKS30 (Marnaut kullenberg core) in the Tekirdag Basin, at
the mouth of the canyon (see Fig. 9 for location). Detailed sections of the cores are illustrated with
photographs and Scopix XRay images.

Figure 11: Marnaut 95 chirp profile (frequency of 3.5 kHz) in the Tekirdag Basin showing a buried
submarine landslide (transparent lens) intercalated within sediments. For location, see Fig. 9. The
correlation of the strong reflective horizons (also noted a,b,c and d in Fig. 11 in Zitter el al. 2008) with
the core MD042737 indicates that this submarine landslide must have occurred at the beginning of
marine stage in the Sea of Marmara.

Figure 12: (a) Micro-seismicity records from Sato et al. (2004), Karabulut et al. (2002) and Orgiilii et
al. (2011) projected on multibeam shaded relief map of Cinarcik Basin, including the Tuzla and Yalova
complexes with focal mechanisms modified after Karabulut et al. (2002), (compressional quadrants in
red). (b) Micro-seismicity records from Sato et al. (2004) and Orgiilii et al. (2011) projected on
multibeam shaded relief map of Tekirdag Basin, including the Ganos Complex.

Table 1: Table presenting the mean slope gradient of the main margins and major submarine
landslides determined within polygons defined in areas of similar steepness and centered at the
indicated longitude and latitude.

Table 2: Table summarizing the mass wasting features presented within this study and mapped in Fig.
3, with their location, their name or context, their surface, length and width, their age known from
this study or from the literature and the inferred processes that generate them. References to
studies dealing with some of these mass wasting features are indicated within this table with
numbers as follows: 1: Gazioglu et al., 2002; 2: Gazioglu et al., 2005; 3: Tur, 2007; 4: Gokceoglu et al.,

2009; 5: Goriir and Cagatay, 2010; 6: Ozeren et al., 2010; 7: Shillington et al., 2012.
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Location Slope average (°) Number of cells Area (km2) Center longitude Center latitude
Slopes:

NE Tekirdag 19.25 26622 38.81 27°28'49.45"E 40°50'6.69" N
N Tekirdag 8.21 56081 83.10 27°40'59.25"E 40°53'52.88" N
S Tekirdag 7.93 146414 216.20 27°32'10.89"E 40°44'46.93" N
W Western High 7.93 36635 53.93 27°42'8.26" E 40°49'16.79" N
E Western High 7.17 12783 18.80 27°53'37.07"E  40°49'9.47"N
N Central Basin 11.45 100173 147.60 28°3'44.35"E 40°54'50.78" N
S Central Basin 8.34 126747 186.44  27°59'21.21"E 40°43'29.13"N
SE Central Basin 4.00 70431 103.61 28°9'19.65" E 40°47'58.86" N
N Kumburgaz 5.30 186127 275.23 28°21'6.50"E  40°54'3.36" N
S Kumburgaz 4.35 38823 57.08 28°22'13.24"E 40°47'48.42" N
W Central High 2.68 21818 32.09 28°29'9.98" E 40°50'57.84" N
E Central High 3.69 103781 155.48 28°40'30.36" E  40°49'20.07" N
NW Cinarcik 15.87 45535 69.15 28°47'15.86" E 40°53'36.72" N
N Cinarcik 23.11 34257 50.42 29°1'54.38"E 40°49'21.56" N
S Cinarcik 11.84 111849 164.89 28°57'44.04"E 40°42'14.78" N
SE Cinarcik 17.28 33830 49.75 29°6'34.60"E 40°41'2.90" N

Mass wasting features:
S Ganos landslide 5.65 40677 60.16  27°27'52.22"E 40°45'9.78"N
N Ganos landslide 9.42 15912 23.40 27°26'57.03"E 40°46'48.37" N
Tuzla landslide headscarp 21.04 4644 6.84 29°14'46.26"E 40°45'2.08"N
E Tuzla landslide 14.44 9130 13.39 27°28'2.65"E 40°45'30.56" N
Mass feature 32 10.14 16046 23.63 29°19'1.25"E 40°42'42.36"N



Area Length Age References Processes
Location Context Longitude Latitude (km2) (km) Width (km)

1,2,4,5,7 Creep and

collapse (7)

Deep seated

gravitational

1 Tekirdag Ganos Complex 27°27'42.43"E  40°45'28.60"N  84.9057 13.22 7.693 (this study)

Debris flow

2 Tekirdag Ganos Complex 27°26'39.06" E  40°45'40.78" N 8.9333 6.24 1.036 (this study)
3 Tekirdag Ganos Complex-Scar 27°25'16.66" E  40°46' 18.83" N 0.5523 0.872 0.487
4 Tekirdag Ganos Complex-Scar 27°25'36.10"E  40°46'19.99" N 1.0480 0.573 1.772

5 Tekirdag Marmara Island Complex ~ 27°35'54.76"E  40°46'57.44"N  15.3625 4.561 4.359 1,2,5 Creep (7)
6 Tekirdag Canyon 27°37'22.39"E  40°47'48.02" N 2.2270 - -
7 Central Canyon 27°42'21.92"E  40°42'53.30" N 1.3642 - -

14 cal. 7 Creep (7),

ka (this Debris flow

study) (this study)
8  Western Ridge W Western Ridge 27°42'59.45"E  40°50'12.04" N 9.8814 4.353 5.087

7 Creep (7)
9  Western Ridge W Western Ridge 27°44'6.92"E  40°51'11.92"N 1.7028 3.576 3.802

7 Creep (7)
10 Western Ridge N Western ridge 27°47'12.65"E  40°52'35.88" N 0.6140 1.486 0.859
11 Central Canyon 27°44' 48.93" E 40°43'7.28" N 1.3400 - -
12 Central Canyon 27°46' 16.28"E  40°44'46.10" N 2.5985 - -
13 Central canyon 27°46'4.69"E  40°42'20.69" N 0.9638 - -
14 Central canyon 27°48'30.45"E  40°44'12.80" N 0.2344 - -
15 Central Canyon 27°49'43.86"E  40°46' 14.00" N 0.6077 - -
16 Central Canyon 27°50' 16.98" E 40°43'1.46" N 0.8186 - -
17 Central Canyon 27°51'34.04"E  40°45'13.43"N 4.1227 - -
18 Central South Central 27°52'42.52"E  40°46'46.36"N  12.8765 3.23 4.154
19 Central Canyon 27°53'48.99"E  40°44'35.92" N 8.4838 - -
20 Central E Western Ridge 27°54'54.02"E  40°49'33.17"N  11.4045 2.13 5.887
21 Central Canyon 27°55'14.34"E  40°43'50.69" N 0.6989 - -
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