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1. Introduction
Continental slopes are the areas extending from shallow 
shelf areas to deep abyssal plains with a relatively high 
bathymetric gradient. The high inclination of the 
seabed along the continental slopes causes specific 
sedimentological processes such as slump and slides or 
gravitational flows (turbidity and debris flows) due to the 
effect of earthquakes, bottom currents or gravitational load 
(e.g., Mulder et al., 2009; Loncke et al., 2009; Mouchot et 
al., 2010; Savini and Corselli, 2010; Dondurur et al., 2013). 
These sedimentary processes on the continental slopes are 
the main mechanism that distributes the shelf and upper 
continental slope sediments to downslope towards the 
abyssal depths. As a result of sedimentation and erosional 
processes along the continental margins, different types 
of sediment deposits such as terrigenous sediments, 
turbidites, contourites, pelagic/hemipelagic sediments and 
mass transport deposits (MTD) occur (e.g., Hernández–
Molina et al., 2008; Domzig et al., 2009; Loncke et al., 2009). 
High resolution seismic and bathymetric measurements 
allow us to study different types of sediment accumulations 
deposited at various depths from the seabed, observed 
both in shallow and deep parts of the continental margins.

Submarine slump and slides occur as a result of sudden 
and rapid displacement of unconsolidated sediments 
in areas where the seafloor inclination is relatively high 
such as along the steep slopes or canyon walls typically 
due to the triggering by the seismic activity (Hampton et 
al., 1996). The term “gravity flow” or synonymously used 
“density flow”, which was first proposed by Middleton 
and Hampton (1973), is defined as the flow of sediment 
or sediment-liquid mixture under the effect of gravity. 
The material transported is denser than the surrounding 
liquid, and it moves down the slope due to its own gravity 
(Drago, 2002). Sediment transport capacity is quite high 
during the sliding or flowing, and sometimes 20.000 km3 
of sliding material can be transported over considerably 
long distances (typically hundreds of km) (Hampton et al., 
1996; Çukur et al., 2016).

Downslope mass movements occur mainly in the form 
of (i) slides, (ii) slumps, and (iii) debris flows (Moscardelli 
and Wood, 2008). Slides are defined as rigid sediment 
volumes that glide on a planar surface and do not show 
any internal deformation, and they usually occur in low 
gradient slope (usually less than 4°) regions. Slumps, on 
the other hand, move along a concave sliding plane, similar 
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to those observed on land, and due to this rotational 
movement, internal deformation occurs within the sliding 
material (Shanmugam, 2016).

Debris flows are one kind of subaqueous sediment 
gravity flows, which are caused by excessive sediment 
density (Yang et al., 2019). They are defined as a laminar 
plastic flow in which sediment is supported by the matrix 
strength, grain-to-grain interactions, excess pore fluid 
pressure, or buoyancy (Talling et al., 2012; Yang et al., 
2019). Although more detailed classifications exist, debris 
flows can be typically subdivided into two types: sandy (or 
noncohesive) debris flows, and muddy (or cohesive) debris 
flows (Shanmugam, 1996; Tallinget al., 2012; Shanmugam, 
2000; Yang et al., 2019). More detailed description and 
classification about debris flows can be found in Talling 
et al. (2012).

Evaluation of downslope mass movements and 
investigation of slope stability of a region as well as their 
formation and triggering mechanisms draw attention in 
recent years since they are quite important for the risk 
analyses related to the possible natural disasters (Cauchon–
Voyer et al., 2008). This is because they (i) reshape the 
continental slopes, (ii) directly affect the sedimentary 
structure of the slope and deep basins, (iii) carry large 
amounts of sediments to deep basins, (iv) have the 
potential to create destructive tsunamis, (v) may damage 
to offshore geoengineering structures such as pipelines or 
submarine cables, and (vi) constitute good cap rocks for 
deeper hydrocarbons due to their low permeability and 
porosity (e.g., von Huene et al., 2004; Krastel et al., 2006; 
Dondurur and Çifçi, 2007; Reece et al., 2012; Dondurur 
et al., 2013; Sun and Alves, 2020; Sun and Leslie, 2020). In 
addition, subaqueous sediment gravity flow deposits are 
considered as a major reservoir plays in lacustrine basins 
today (Yang et al. 2019).

Even though the morphology of Danube Delta system 
and the mud volcano area along the southern part of the 
Crimea in the Black Sea have been studied in detail, our 
knowledge on the morphological and sedimentological 
characteristics of the Turkish margin along the Black Sea 
is quite limited. This region has also become an interesting 
area for hydrocarbon exploration in relatively deep water 
zones for the last two decades (Robinson et al., 1996; 
Menlikli et al., 2009). In addition, the Black Sea hosts a 
number of deep-sea natural gas pipelines such as Blue 
Stream, Turkish Stream and South Stream. For these 
reasons, mapping the shallow sedimentary structure, 
sediment movements and unstable areas along the margin 
is important in terms of positioning and operating future 
engineering structures in the region. Also, understanding 
the triggering factors of submarine failures is important 
for hazard mitigation processes for coastal areas.

The purpose of the present study is to document the 
distribution and characteristics of the stacked debris flows 

observed in the Plio–Quaternary sediments along the 
continental rise of   Sakarya Canyon using seismic data. 
The physical properties, sizes and run–out distances of the 
debris flows as well as areas affected by the debrites based 
on their characteristic appearance in the seismic data are 
also discussed. In addition, we investigate the different 
agents promoting the debris flows and possible triggering 
factors as well as their formation mechanisms.

2. Tectonic setting
The Black Sea is a large basin located at the north of the 
North Anatolian Fault (NAF) and on the western flank of 
the active Arab–Eurasian continental collision (Figure 1a). 
Although it is within the Alpine–Himalayan orogeny and 
is surrounded by compressive belts, it exhibits extensional 
tectonics in origin (Robinson et al., 1996). The Black Sea 
consists of two basins, the western (WBS) and eastern (EBS) 
basins, which are separated by the Mid Black Sea Ridge 
(MBSR) (Figure 1a). MBSR is subdivided into two parts 
as Andrusov Ridge to the north and Archangelsky Ridge 
to the south. According to many researchers, the Black Sea 
is a back-arc basin of the northwards subducting Tethys 
Ocean, behind the Pontid volcanic arc (Zonenshain and 
Le Pichon, 1986; Finetti et al., 1988; Robinson et al., 1996). 
WBS has an oceanic crust and the sediment thickness 
since opening from the Upper Cretaceous reaches 15 km 
in the center of the basin (Nikishin et al., 2015). 

The Black Sea and its surroundings are defined as 
a region with low seismicity (Tarı et al., 2000), the most 
important seismicity is not related to the Black Sea itself 
but related to large regional faults such as NAF. The 1968 
Bartın earthquake on the boundary of WBS is the strongest 
earthquake that was instrumentally recorded, and its 
source mechanism indicates thrust faulting (Alptekin et 
al., 1986).

The morphological features of the western Black Sea 
continental margin are similar to the characteristics of 
modern ocean margins. It consists of a narrow shelf, a 
steep continental slope, an apron (or continental rise) 
with a smooth bathymetric gradient and an almost flat 
abyssal plain extending northwards. Morphologically, the 
Black Sea shows two different types of margins, shelf has 
not developed along the eastern and southern borders. 
In these regions, the continental slope is quite steep, and 
approx. 1800 m water depths are reached just in 15 km 
northwards from the shelf break. On the other hand, along 
the northern and western borders, a considerably wide 
shelf and a lower gradient continental slope is observed.

The study area is located in the western Black Sea 
continental margin, where semi–confined meandering 
Sakarya Canyon exists offshore of the Sakarya River 
(Figure 1b). The shelf break in the area is located at about 
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120 m isobath. The three heads of the Sakarya Canyon are 
located very close to the coastline, where the shelf platform 
in this area is not developed due to the canyon heads. The 
continental shelf on the western and eastern parts of the 
canyon are 8 and 14 km wide, respectively. Between the 
shelf break and about 1600 m water depths, there is a 
continental slope with a relatively high slope inclination 
(a maximum of about 25°). Further north, there exists 
the continental rise where the bathymetric gradient is 
relatively low (maximum 5°) and an almost horizontal 
abyssal plain (Figure 1b).

Studies on marine geology in this area are very limited. 
Algan et al. (2002) observed extensive normal faulting on 
single channel seismic sections collected from the shelf 
area. They suggested that these faults may be a strike-slip 
fault system that forms a flower structure as they tend to 
merge at deep in the sediments. In addition, in the deep 
part of the canyon, there are active faults in the NNE–SSW 
direction reaching to the sea floor (Yiğitbaş et al., 2004). 
Along the continental rise, Nasıf et al. (2020) showed that 
there are also areas of submarine fluid flow, shallow gas 
accumulations, gas chimneys, bottom simulating reflectors 
(BSRs) and mud volcanoes.

3. Data and methods
High resolution multichannel seismic reflection, Chirp 
subbottom profiler and multibeam bathymetric datasets 
were collected simultaneously onboard of K. Piri Reis 
research vessel operated by Dokuz Eylül University, 
Institute of Marine Sciences and Technology during 
the two separate cruises in 2012 and 2016 along the 
Sakarya Canyon. Figure 1c shows the locations of the 
lines acquired. A global DGPS system with a horizontal 
accuracy of approx. 0.5 m was used during the entire study.
A total of approx. 1400 km of multichannel seismic 
reflection data was recorded using a 168 channel seismic 
recorder and a 1050 m digital streamer. Recording time 
and sampling interval were 6 s and 1 ms; source and 
streamer depths were 3 and 4 m, respectively. A generator-
injector (GI) type air gun with a volume of 45 + 45 inc3 was 
used as a seismic source, which suppresses its own bubble 
noise, and was fired at 25 m intervals. A conventional 
data processing flow was applied to the raw seismic data 
using SeisSpace Promax software. Data processing steps 
for multichannel seismic reflection data include data 
loading, geometry definition, band-pass filter (8–180 Hz), 
trace editing, f–k dip filter, suppression of multiples with 
surface-related multiple elimination (SRME) method, 
sorting to CDP gathers, velocity analysis (at about every 
1000 CDPs), NMO correction, stacking, poststack time 
migration and gain application. 

Multibeam bathymetric data was collected using a 
SeaBeam 1050D system with hull-mounted transducers. It 

is an equi-angle system which utilizes 126 beams at 50 kHz 
frequency and the total swath range is 153°. Bathymetric 
data was processed using Caraibes software with the 
following conventional data processing steps: data loading, 
beam editing and de–spiking, correction of the navigation 
errors, data interpolation, gridding with 100 m grid 
interval and digital terrain model (DTM) construction.

4. Results
4.1. Structure of the debris flows
Along the northern part of the study area, where a 
relatively smooth bathymetric gradient exists, we observed 
14 buried debris flow lobes in the multichannel seismic 
sections in waters deeper than approx. 1600 m. These 
were named as DB1 to DB14 from west to east. Figure 2 
shows the locations of these debris flows on the multibeam 
bathymetric map and 3D views of their upper surfaces 
from different viewpoints. In Figure 2, debris flows are 
shown in different color codes as the debrites in the 
western (red), middle (blue) and eastern (green) part of 
the area. The western boundaries of DB2, DB3, and DB6 
flows exceed the limits of our study area, and therefore, 
the western border of these flows could not be mapped 
accurately.

The debris flows are lens-shaped structures in stacked 
form in the seismic sections, usually having the largest 
thickness in the middle part. The direction of almost 
all debris flows is from south to north (from the lower 
continental slope to the deep abyssal plain). In addition to 
these relatively large debris flows, traces of smaller debris 
flow structures in shallower depths in the sediments are 
also observed in seismic data, but they are not mapped 
here.

Table shows some geometric properties of the debris 
flows calculated from the seismic data. They are, as 
observed in the seismic data, given from west to east and 
are categorized in three groups according to their locations. 
Figure 3 shows a graphical comparison of the properties of 
buried debris flows given in Table. The depth of the head 
parts of the flows from the seabed varies between 25 and 
736 ms (approx. 20–590 m for an average sediment velocity 
of 1600 m/s). All of the flows are inclined to the north, and 
their depth from the seabed increases regularly towards the 
deep basin. The depths of their northern edges range from 
105 to 986 ms (approx. 84–790 m for an average sediment 
velocity of 1600 m/s). Their run-out distances change from 
3.8 to 24.4 km. The third group in the far east of the area 
(the green group) are of the smallest sediment volumes 
with the shortest run-out distances. Seismic data indicate 
that the run-out distances of the stacked debris flows and 
the vertical distances between them are not systematic.

From the graphic shown in Figure 3a, DB3, DB4, and 
DB6 flows have the steepest inclination to the north. The 
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average thickness of the debris lobes is approx. 73 m, which 
generally increases as their burial depth increases (Figure 
3b). DB10 has the largest volume and it is calculated that 
a total of 15.13 km3 of sediment transported along this 
flow (Figure 3c), which also has the largest surficial area 
affecting a total area of   224.9 km2 (Figure 3d). 

The burial depths of the flow heads typically located at 
the southernmost parts of the flows are not proportional 
to the ages of the flows. This is because the flows are 
located in the continental rise of the study area, which is 
considered to be the main sediment accumulation zone. 
In this part, the Plio–Quaternary sediment thickness 
increases rapidly towards the north, but some of the flow 
heads have quite shallow burial depths because they are 
located close to the toe of the slope to the south. It is also 
observed in the seismic data that especially the heads of 
the first group debris flows (the red group in Figure 2 and 
Table) are founded upon the acoustic basement (Figure 
4a). Figure 4a shows an example seismic section for this 

situation, in which we observe a number of stacked buried 
debris flows from the red group, whose depths from the 
seafloor increase rapidly towards the north. Although the 
head part of DB6 flow, for example, is located at a smaller 
burial depth than those of DB1 and DB2 flows, DB6 is 
older than DB1 and DB2 (Figure 4a).

Figure 4b shows a fence diagram prepared using 5 
parallel seismic sections in the N–S direction and an E–W 
section that crosscuts them to illustrate the relationship of 
the debris flows in group 2 (the blue group in Figure 2 and 
Table). Since there are several debris flows in the stacked 
form in the area, it is important to accurately determine 
their lateral continuity using 2D seismic lines. This process 
can be done by jump correlation along the intersecting 
seismic profiles.

The appearance of flow structures on the seismic 
sections is quite distinct with respect to the surrounding 
sediments: Their internal structures are typically chaotic 
and/or transparent with almost no reflections of trace–
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by–trace consistency consistent with the surrounding 
sediments. Figure 5a shows DB9, DB10, and DB11 while 
Figure 5b illustrates DB13 and DB14 as examples for 
groups 2 (blue) and 3 (green) debris flows. The western 
edge of DB13 flow terminates against on a small-scale slide 
structure, and seismic data indicates that this flow also 
passes through the Sakarya Mud Volcano feeding channel.

The appearance of the flows in 2D seismic sections 
is generally lens-shaped and the thickest part is typically 
located in the middle of the flow with decreasing thickness 
towards the edges. In general, their maximum thicknesses 
increase as the flows deepen. This is also valid for the updip 
parts (southern edges) of the flows, and we do not observe 
clear headwall scarps around the southernmost parts of 
the debris flows in the seismic sections (Figure 5a). The 
bottom surfaces of the debris flows are unconformable with 
the underlying sediments and are typically expressed as a 
distinct erosional interface possibly due to the sediment 
truncation formed during the sliding phase. In many 
cases, the underlying Plio–Quaternary sediments inclined 
from the south to the north terminate with a toplap at the 
base of the flows (Figure 5). 

The upper surface of the flow is sometimes reshaped as 
a result of the subsequent sedimentary processes following 
the flow. The seismic sections in Figure 6 show examples 
indicating well-developed sediment waves along the NW 
part of the study area. Bottom surfaces of the debris flows in 
this region generally do not show erosional characteristics 
and are seen to be conformable with the underlying unit. 
It is also observed that the upper surfaces of the debris 
flow lobes were reshaped by these sediment waves that 
developed following the flows. The southern boundary of 
DB12 in Figure 6a is limited by a fault surface. The fault 
is located beneath the crest of a local ridge structure that 
forms a steep morphology at the seafloor and separates 
both flanks of the ridge. DB1 and DB12 flows developed 
within the sediment waves and were reshaped during 
sediment wave formation afterwards (Figure 6). 
4.2. Effect of Sakarya Canyon
The most distinct morphological structure in the study 
area is the Sakarya Canyon. Sediment erosion on the 
continental slope and erosional truncations along the 
canyon walls show that the canyon is active in terms of 
sediment transport and erosional processes. Typically, the 

Table. Some geometric properties of the debris flows calculated from the seismic data. The depth conversion was done by using an 
average sediment velocity of 1600 m/s. The order and color codes of the debris flows are from west to east according to their locations 
in Figure 2a.

Group Debris flow Agea Run-out 
distance 
(km)

Failure 
direction

Total 
volume
(km3)

Surficial 
area
(km2)

Maximum 
thicknessb

(m)

Depth of 
southern 
edgec (ms)

Depth of 
northern 
edgec (ms)

1 DB1 1 10.3 S–N 0.52 32 24 25 105
DB2* 7 10.6 S–N 0.77 22.3 52 120 271
DB3* 10 24.1 S–N 8.26 120.2 84 164 767
DB4 11 12.5 S–N 2.80 42.9 88 296 728
DB5 14 11.2 S–N 2.06 25.4 121.6 736 986
DB6* 9 24.4 S–N 12.64 186 72 50 553

2 DB7 2 12.3 SSW–NNE 1.33 38.4 60.8 133 204
DB8 6 11.2 SSW–NNE 1.31 38.3 52 269 288
DB9 8 12.5 SSW–NNE 1.85 37.1 82.4 215 287
DB10 12 22.4 S–N 15.13 224.9 109.6 484 650
DB11 13 11.0 SW–NE 2.75 32.7 138.4 512 756
DB12 5 23.3 S–N 4.68 121.4 53.6 122 243

3 DB13 3 4.6 GB–KD 0.75 18.2 50 146 217
DB14 4 3.8 S–N 0.18 5.76 40 230 250

a: the youngest flow is shown by 1 while the oldest one is 14 depending on their burial depth; b: maximum thickness in the central part 
of the flow; c: depths from the seabed.
*: Since the western boundary of these flows could not be mapped, the transported sediment volumes and the surficial areas in the table 
indicate the minimum values; actual values are probably higher than these estimates.
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canyon exhibits a narrow and V-shaped crosssection in the 
southern parts close to the land, while its base expands to 
form a U-shaped structure in the deeper waters further 
north. The axis of the canyon is expressed by a very strong 
reflection extending almost horizontally in the seismic 
sections especially in the distal zone (Figure 7). Generally, 
a thin layer of turbidite accumulation is observed along 
the distal canyon axis over a distinctive erosional basal 
surface (Figure 7a). In the seismic section given in Figure 
7a, the sediment erosion along the canyon floor is quite 
evident on DB12. In Figures 7b and 7c, two seismic 
lines perpendicular to this flow along with the seafloor 
bathymetry is shown from two different perspectives. The 
Sakarya Canyon axis appears as a prominent channel on 
bathymetric data, and the erosion of the DB12 flow over 
the canyon wall and axis can be observed from seismic 
data.

In Figure 7a, the seismic data indicates the sediments 
forming a local anticline by bending upwards due to the 
small-scale ridge structure located under the canyon 
axis. The tip of this anticline reaches to the base of the 
Sakarya Canyon, however, it is observed that this part of 
the anticline was completely eroded by sediment erosion 
along the canyon axis. This erosional process also affects 
buried debris flows such as DB12 in Figure 7. Even though 
it is of two pieces now, DB12 was a single piece debris lobe 
through the Sakarya Canyon axis when it was formed. 
However, the part of DB12 flow lying over the ridge 
structure and below the canyon axis has been completely 
eroded today due to the effective erosional process along 
the canyon axis.
4.3. Relations with submarine fluid flow
Extensive bottom simulating reflectors (BSRs), which 
indicate the base of gas hydrate accumulations, have been 
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observed in the area. The depths of BSRs from the seabed 
are between 70 and 350 ms increasing towards the north. 
Figure 8a shows the distribution of BSRs and their depths 
from the seafloor, superimposed on the map showing the 
locations of some debris flows which are located within 

the underlying sediments of the BSRs (DB3, DB4, DB6, 
DB9, DB10, and DB11 flows). According to this BSR 
distribution map, it is observed that there is no BSR within 
the sediments overlying the debris flows if the flows are 
deeper in the sediments than BSRs, especially in the region 
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where the second group of debris flows (the blue group 
in Figure 2 and Table) are located. This situation is also 
clear in 3D representation given in Figure 8b. Figure 9 
shows two example seismic sections for this situation. If 
there is a debris flow accumulation in deeper sediments, 
then the BSR reflections in shallower sediments appear in 
areas where debris flow accumulations laterally terminate. 
In other words, if there is one or more debris lobes in the 
underlying sediments, then there is no BSRs, and hence 

gas hydrate formations, over these lobes in the shallower 
part of the sedimentary column [except DB6 debris flow, 
along the eastern part of which we observe a BSR (Figure 
8a)]. On the other hand, this does not apply to the debris 
flows located within the shallow sediments overlying the 
BSRs. That is to say, a debris flow accumulation located 
at shallower depths than BSR depths has no effect on BSR 
formation (e.g., DB12 debris flow in Figure 9b).
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5. Discussion
5.1. Sedimentation and source area
The onshore part of the study area is the western Pontides 
belt named as İstanbul Zone (Okay et al., 1994). This region 
is the catchment area of   the terrigenous sediments while 
the main sediment deposition region is the continental rise 
area. The topography, size, sediment type and cementation 

of the sediments in the source area as well as the climatic 
conditions prevailing in this region widely affect the type 
and amount of the sediments in the deposition (or sink) 
area.

There are two major rivers on the land of the study area: 
the Karasu River to the east and the larger Sakarya River 
(Figure 1b). Both rivers flow along the Adapazarı plain 
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and constitute the most important transport pathways 
for the terrigenous sediments to be transported to the 
sea. The discharge rate of the Sakarya River is around 5.6 
km3/year being 14% of all large Anatolian rivers (Algan 
et al., 2002) such as Kızılırmak, Yeşilırmak and Çoruh 
in the eastern Black Sea. The drainage basin of the river 
is generally composed of Eocene flysch deposits, Upper 
Cretaceous limestones and Devonian schist (Algan et al., 
2002; Yiğitbaş et al., 2004). There are terrigenous Pliocene 
deposits and Quaternary alluvium along the coastal area.

Due to the high amount of agricultural activities and 
low vegetation in the south, the sediment load carried 
by the Sakarya River is quite high. The annual average 
sediment load is ca. 3.8 million tons/year constituting 16% 
of the sediment amount transported from all Anatolian 
rivers (Algan et al., 2002), which discharge the terrigenous 
sediments directly into the narrow shelf area offshore. 
However, Sakarya River discharges its main sediment load 
to Adapazarı plain before reaching the sea. Bilgin (1984) 
suggested that, following the construction of 11 large dams 
along the Sakarya River in the last 2 decades, the coarse 
grained material carried by the Sakarya River accumulates 

in the Adapazarı plain, while the finer grained sediments 
is transported to the sea.

Late Pleistocene–Holocene stratigraphy of the Black 
Sea typically show three distinctive sedimentary units. 
When the Black Sea was a fresh water lake during the Last 
Glacial Maximum, a lacustrine clay unit (Unit 3), so called 
Lutine unit, deposited. After the connection with the 
Mediterranean at 7150 years BP, a finely laminated sapropel 
unit (Unit 2) of ca. 40 cm thick deposited due to a high 
organic productivity and limited circulation. Following 
the establishment of the present-day oceanographic 
conditions, an approx. 30 cm thick coccolith unit (Unit 
1) started deposition in the deep basin (Çağatay, 1999; 
Akyüz et al., 2001). Gravity cores collected from the upper 
continental slope of the western Black Sea clearly show 
this sedimentary succession (Duman, 1994; Genov, 2009), 
if there is no bottom current activity to modify or disturb 
the original sediment deposition.

Sakarya Canyon, along with the Kefken Canyon further 
west (Figure 1b), is the most prominent morphological 
structure in the study area, and it is suggested that it has 
significant effects on deep sea sedimentation in the area 
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(Nasıf and Dondurur, 2017; Nasıf et al., 2019, 2020). The 
canyon is located at the mouth of the Sakarya River and 
extends from shelf break to deep abyssal plain. Nasıf et 
al. (2019) proposed that the main sediment deposition 
types along the continental rise in waters deeper than 1500 
m are turbidites interbedded with pelagic/hemipelagic 

sediments. Duman (1994) defined thick (from 3.6 to 10.4 
cm thickness) turbidite layers alternating with coccolith 
layers on two gravity cores taken from the continental rise.

There is no detailed description of the deep-sea 
sedimentation in the study area defining the composition, 
amount and contents of the sediments in the continental 
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rise where we observe debris flows. We tentatively suggest 
that terrigenous sediments are sourced from Adapazarı 
basin on land and they are transported to the coastal area 
by Karasu and Sakarya Rivers (Figure 1a). This terrigenous 
sediment input is then transported from shallow shelf to 
the deep basin by different ways such as turbidity current 
activity along the Sakarya Canyon system, slumps, slides 
as well as debris flows to constitute deep water sediments 
interbedded with pelagic/hemipelagic sediments.
5.2. Structure of the debris flows
Debris flows observed in the region are interpreted as 
gravity flows formed in areas close to the region where 
Sakarya Canyon reaches to the abyssal plain in the north 
(Figure 2a). The flows are all buried and the seismic and 
Chirp subbottom profiler data indicate that there is no 
recent debris flow located on the seafloor, or their sizes are 
beyond the resolution limits of our dataset. The shallowest 
one mapped by the seismic data is DB1 which is located 
at a depth of approx. 20 m from the seafloor (Table). 
Although there are no debris flows onto the seafloor, the 
stacked structures of the flows in the region indicate that 
the sliding in debris flow form is an ongoing process in 
this area.

The reflections from the upper and bottom surfaces 
of the debris flows generally indicate that they are 
in erosional form which is unconformable with the 
underlying stratigraphic units (Figures 4a and 5a). The 
erosional base is probably associated with the erosional 
truncation occurred during the flowing process, and 
the erosive upper surface is related with the irregular 
accumulation of the postflow material. The debris lobes 
show almost no internal reflections possibly due to an 
irregular deposition of the unconsolidated material during 
the failure. Several buried debris flow structures have 
been defined on the seismic data in different regions of 
the Black Sea (Dondurur et al., 2013; Atgın et al., 2014; 
Tarı et al., 2015; Sipahioğlu and Batı, 2017; Hillman et al., 
2018) with similar characteristics such as the absence of 
headwall scarps, erosive appearance of top and bottom 
surfaces as well as transparent internal facies.

The sizes of the debris flows observed in our study 
area as well as their structure and appearance on the 
seismic sections are quite similar with those observed in 
the world ocean margins. For example, run-out distances 
of debris flows observed in Austrian Molasse Basin vary 
between 3.8 and 15.5 km, and the total volume of the 
transported material is between 1 and 29.6 km3 (Kremer et 
al., 2018). Rovere et al. (2014) reported 7.8–13.2 km run-
out distances for the debris lobes observed in the NE Sicily 
margin, and the total affected surficial area was between 9 
and 63.2 km2. A similar study has been done by Dondurur 
et al. (2013) for the Amasra Bank, approx. 80 km east 
of our study area, and the run-out distances of several 

debris flows in this region are calculated as 9.6–24.8 km, 
the affected surficial areas are 23.8–263.5 km2 with a total 
volume of sliding material as 0.4–12.2 km3. Although 
these flows are structurally similar to those observed in 
our study area, the debrites offshore Sakarya River are in 
stacked form. This indicates that the flows in the area have 
occurred periodically over time, and this part of the region 
in the past was quite unstable due to the ongoing sliding 
processes. The sediment thickness (ranging from 8 to 
150 m, decreasing westwards) between the stacked debris 
flows indicates that the time period between the formation 
of the flows maybe in between 26 and 500 ka considering a 
30 cm/ka of average sedimentation rate (Ross, 1977).

None of the buried debris flows in the study area has 
a clear headwall scarp. Generally headwall scarps are 
observed in the seismic data at the upper parts of the recent 
slumps and slides on the seafloor (e.g., Antobreh and 
Krastel, 2007; Rovere et al., 2014; Çukur et al., 2016), but 
it is typically not possible to define the headwall scarps for 
buried debris flows (e.g., Diviacco et al., 2006; Wilken and 
Mienert, 2006; Dondurur et al., 2013; Kenning and Mann, 
2020; Kret et al., 2020). The reason why the debrites in the 
study area could not be associated with a distinct headwall 
scarp could be because the flows have been displaced far 
from their source areas due to their relatively large run-out 
distances. A similar interpretation has also been suggested 
by Ducassou et al. (2013) for Nile deep sea fan. In addition, 
the heads of the debris flows, especially in the western part 
of the study area, are founded on the crystalline basement 
(Figure 4a). The inclination of the basement in this part is 
approx. 6.5°, and it is concluded that the source part of the 
debris flows may be located in the upper slope parts (more 
southern side) of the acoustic basement. 
5.3. Triggering factors for the debris flows 
There are many different agents that trigger submarine 
mass failures. These include seismicity or seismic loading, 
slope oversteepening, sea-level variations, local fault 
activity, submarine fluid-flow/gas hydrate dissociation, 
high sedimentation rates causing excess pore pressures 
as well as submarine erosional processes (e.g., Cauchon–
Voyer et al., 2008; Mulder et al., 2009; Dondurur et al., 
2013; Ducassou et al., 2013; Rovere et al., 2014; Çukur et 
al., 2016; Sun and Alves, 2020). Although the earthquake 
loading is considered to be the most effective factor for 
the mass movements, in most cases, multiple factors are 
effective on the failures.
5.3.1. Oversteepening of the slope
Western Black Sea continental margin offshore Sakarya 
River has relatively high slope gradients with inclinations 
exceeding 25° (Nasıf et al., 2020), which is possibly due to 
the Pontides thrust belt causing the oversteepening of the 
continental slope (Dondurur and Çifçi, 2007; Dondurur 
et al., 2013). The presence of a large number of block-
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type sliding on the steep continental slope was observed 
in the seismic sections (Nasıf and Dondurur, 2017; Nasıf 
et al., 2019). However, the continental rise area where 
debris flows are observed has a relatively low bathymetric 
gradient (Figures 4a, 5a and 6) and the seabed inclination 
typically does not exceed 2°. This situation indicates that 
the oversteepening is not the primary agent promoting 
the debris flows in the continental rise while it could be 
considered as an important factor for relatively small-
scale sliding along the steep continental slope due to the 
gravitational loading (Nasıf et al., 2019).
5.3.2. Local faults, structural effects and earthquake 
loading
Many researchers consider the seismic loading as the 
main triggering mechanism for submarine landslides (e.g., 
Evans et al., 1996; Lee and Baraza, 1999; Baraza et al., 1999; 
Bøe et al., 2000; Casas et al., 2003; von Huene et al., 2004). 
Observed debris flows are located close to the extensional 
deformation border of the western Black Sea basin (Figure 
1a), however, extensional tectonics within the Black Sea 
is inactive today. The most important tectonic activity 
around the study area is related to the compressional 
tectonism of the Pontides thrust belt to the south close to 
the shoreline and the North Anatolian Fault (NAF) located 
ca. 140 km south of the continental rise of the study area 
(see Figure 1a for the location of NAF). The compressional 
tectonism of the Pontides thrust belt seems to be active 
since a moderate-size earthquake (MS = 6.6) occurred in 
1968 offshore of Bartın city, ca. 160 km east to the study 
area with a thrust faulting source mechanism (Alptekin et 
al., 1986). NAF, on the other hand, is a right–lateral strike 
slip fault which is quite active today and produces large 
destructive earthquakes along the northern Anatolia. It 
can be considered that effective seismic activity of NAF 
can be responsible for the different types of sliding along 
the whole margin including the debris flows in the study 
area.

In addition to the effects of the regional tectonism, 
using regional deep seismic reflection data, Yiğitbaş et al. 
(2004) reported NE–SW trending active normal faults lying 
parallel to each other with hanging–wall side towards the 
NW along the continental rise. They also mapped NNE–
SSW trending strike-slip Adapazarı–Karasu transfer fault 
zone on the land within the Adapazarı basin to the south, 
which is proposed to be active producing seismic activity. 
In our seismic lines, we also observe active faults (not 
mapped here) along the distal parts of the Sakarya Canyon 
(see Figure 6a). The small-scale buried ridge structure 
in Figure 7 also indicates the structural activity within 
the region. The ridge is located just beneath the Sakarya 
Canyon floor and the sediments at both sides of the ridge 
onlap the ridge flanks (Figure 7a). They are also concave 
upwards at the ridge flanks, and the edges of DB12 around 

the tip of the ridge also bends upwards, which indicates 
the upward movement of the ridge is an ongoing process 
and uplifting continues after the failure of DB12. The 
local faulting in the region may also act as pathways for 
the submarine fluid flow to shallower subsurface depths 
forming local chimneys (Figures 5b and 7). Although we 
do not have reliable microearthquake activity data for the 
region, faults and the structural elements observed on the 
seismic profiles indicate that the local seismic activity may 
also play a secondary role on the formation of the debris 
flows, which may also be an agent for the triggering of the 
debris flows.
5.3.3. Submarine fluid flow and gas hydrate dissociation
Submarine fluid flow in the form of shallow gas 
accumulations and gas chimneys as well as dissociation of 
gas hydrates may promote submarine sediment failures. 
The gas in the shallow sediments can either be biogenic or 
thermogenic in origin, or provided by decomposition of 
gas hydrates. In any case, existence of gas in the pore spaces 
may result in excess pore pressures since the amount of 
existing gas is far beyond the solubility of the dissolved gas 
form in the aqueous solution. Grozic (2010) indicated that 
the failure occurs if the base of gas hydrate stability zone 
(BSR on the seismic data) and slide scars intersect, which 
makes the BSRs a potential geohazard. 

Nasıf et al. (2020) mapped the BSRs, shallow gas, gas 
chimneys as well as mud volcanoes along the Sakarya 
Canyon and showed widespread gas hydrate occurrences 
along the western part of the distal Sakarya Canyon, 
which coincides with the area where we observe the 
debris flows (Figure 8). Although they do not know the 
exact composition of the gas within the shallow sediments 
as well as forming the gas hydrates, they proposed that 
the gas could contain thermogenic component because 
of the existence of deep-rooted gas chimneys and from 
the analysis of the thermobaric stability curves for gas 
hydrates.

Our seismic data show distinct BSRs around the debris 
flows in the area (e.g., Figures 5b, 7 and 9). In most cases, 
there is no BSR in the shallower sediments if there is a 
debris flow beneath (Figure 9). Several researchers (e.g., 
Dugan, 2012; Reece et al., 2012; Hornbach et al., 2015; 
Sun et al., 2018; Sun and Alves, 2020) suggested that the 
debrites can be characterized by their high velocity, bulk 
density and shear strength as well as their lower porosity, 
water content and permeability as compared to the 
surrounding sediments because of the overconsolidation 
of the debris material formed during their emplacement 
and burial. They also proposed that debris flow deposits 
can be considered as good seal units to prevent the vertical 
fluid migration after their emplacement. We, therefore, 
conclude that the debrites act as cap rocks for the fluids 
ascending from deeper sources, which also prevents the 



262

DONDURUR and NASIF / Turkish J Earth Sci

formation of gas hydrates (and hence BSR reflections) 
within the sediments overlying the debris flows. That 
the gas chimneys from deeper sediments terminate at 
the base of the debris flows (Figure 7) also supports this 
interpretation. The only exception for this hypothesis is a 
part of DB6 debris flow (Figure 8a), some part of which is 
located directly beneath a BSR reflection. We tentatively 
interpret that the gas hydrates occurring directly above 
DB6 in this area might be formed by in situ biogenic gas 
production, or there would be a lateral gas migration 
especially along fractured basal shear of the debris as 
suggested by Sun and Alves (2020). In fact, this suggestion 
needs further investigation, especially applying gas 
chromatography analyses.

Seismic data show that the gas hydrates and debris 
flows coexist in the area. For offshore Amasra further 
east, Dondurur et al. (2013) suggested that gas hydrate 
dissociations are responsible for relatively large 
amphitheater-shaped submarine slides. They associated 
the gas hydrate dissociations with the sea level variations 
and a temperature increase within the water column due 
to the warmer Mediterranean Sea input following the 
rapid transgression period between 8500 and 7150 years 
before present as well as in the sediments due to the high 
sedimentation rate. In our study area, we do not know 
the exact timing of the debris flows, and therefore, we 
cannot provide a connection between the sea level rise in 
the Black Sea during Last Glacial Maximum (LGM) and 
the onset of the debris flows. However, considering the 
stacked form (Figures 4a, 5a and 9) and relatively large 
subsurface depths (Table) of the debrites in the area, they 
cannot be linked with the gas hydrate dissociations during 
a single sea level variation phase. In addition, we do not 
observe distinct acoustic turbidity zones below the base 
of the debrites or beneath the BSR reflections, which may 
indicate free gas accumulations in these zones. Therefore, 
we do not suggest that the submarine fluid flow has a 
primary effect on the initiation of the debris flows offshore 
Sakarya River.
5.3.4. Excess pore pressures due to high sedimentation 
Debris flows are mainly located in the western region 
of the distal part of Sakarya Canyon (Figure 2a). This 
region is considered to be the deposition area along the 
continental rise and is not affected by the erosive effects of 
the canyon. Seismic data indicate that there is a thick Plio–
Quaternary sediment accumulation in this region (Finetti 
et al., 1988; Nikishin et al., 2015), which inclined to the 
north with a structural inclination of ca. 2.2° (Figures 4a, 
5a and 6). For this region, Ross (1977) and Çağatay (1999) 
proposed a sedimentation rate of >30 cm/ka while Duman 
(1994) suggested >100 cm/ka sedimentation rate. The 
burial depths of northern edges of the debrites are higher 
than those of southern edges (Table), which indicates that 

the sedimentation rate increases to the north towards 
the abyssal depths. The fact that the sediment packages 
surrounding the debris flows terminate with onlaps onto 
the highly inclined basement to the south (Figure 4a), 
and the increasing thickness of these packages inclined 
basinwards towards the north (Figure 5a) also supports 
this interpretation.

Atgın et al. (2014) reported large (reaching 500 m 
thickness around the continental rise) buried debris flows 
affecting a surficial area of 3500 km2 along the Danube deep 
sea fan at the NW Black Sea, where high sedimentation 
rates exist (between 1.19 and 2.19 m/ka as an average, 
Winguth et al., 2000). Similar but smaller debris flows 
are also observed in the different parts of the Black Sea, 
especially in areas with high sedimentation rate and low 
bathymetric gradient (Dondurur et al., 2013; Tarı et al., 
2015; Sipahioğlu and Batı, 2017; Hillman et al., 2018), 
which indicates that especially high sedimentation rates 
have an important effect on the formation of the debris 
flows. Excess pore pressures due to the high sedimentation 
rates sometimes cause massive submarine slope failures 
(Sultan et al., 2004; Talling et al., 2012; Dondurur et al., 
2013) whenever pore pressures in fine-grained sediments 
exceed the confining pressure. We hereby suggest that 
the high sedimentation rate in the area where we observe 
stacked debris flows causes excess pore pressures within 
the underconsolidated shallow weak layers, which is the 
primary triggering factor for the debris flows.
5.4. A conceptual model for the formation of stacked 
debris flows
From the analysis of seismic data, a simple conceptual 
model consisting of four stages was developed to show 
the formation mechanism of the stacked debris flows in 
the region (Figure 10). According to this model, high 
sedimentation rate in the continental rise results in 
overpressure within the pore fluids of the unconsolidated 
subbottom sediments in stage 1 (Figure 10a). Both pelagic/
hemipelagic sediments and turbidites contribute this high 
rate of sedimentation. In stage 2, a debris flow occurs at 
the seafloor due to the effect of the overpressured pore 
fluids with a possible triggering of the seismic activity 
of NAF and/or other local faulting. At this stage, the 
base of the debris flow might be coherent with the upper 
surface of the underlying sediment waves (Figure 10b). 
As the sedimentation continues, the debris flow formed 
in the second stage becomes buried and an overpressured 
zone develops again within the unconsolidated shallow 
sediments in the third stage (Figure 10c). At this stage, 
the inclination and the thickness of the sediment packages 
lying above the acoustic basement increases due to the 
basinal subsidence. That the inclinations of the layers are 
higher for deeper sediments indicates that the basinal 
subsidence is an ongoing process in this area. In the last 
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stage, a new debris flow occurs on the seafloor, again 
with a possible triggering of the local or regional seismic 
activity (Figure 10d). The process of overpressure zone 
formation and occurrence of the debris flows continue 
in this way to form the stacked debrites in the area. The 
time span between the debrites depends on the formation 
of the overpressure zone (and hence on the sediment 
accumulation rate) and the period of seismic loading. 
Laboratory experiments proposed by De Blasio et al. 
(2004) explain the large run-out distances of the debris 
flows. They showed the subaquous debris flows are of 
higher velocities and longer run-out distances than 
subaerial debris flows. This is due to the hydroplaning 
effect, in which the dynamic pressure at the frontal zone 
becomes a function of the weight of the sediment involved 
in the flow (Ilstad et al., 2004; De Blasio et al., 2004). We 
also conclude that formation of a lubricating water layer 
beneath the frontal zone due to the hydroplaning reduces 
the friction along the base of the flow, which contributes to 
large run-out distances in the study area. 

A similar mechanism for the large buried debris 
lobes offshore Amasra was also proposed by Dondurur 
et al. (2013) along with a contribution of submarine fluid 
flow. We do not know the exact timing and sediment 
composition of the debrites in the area, which needs 
further investigation with ground-truthing data and C14 
dating analysis. As suggested by Dondurur et al. (2013), 
we conclude that buried debris flows are gravity flows 
of unconsolidated sediments located in the areas of low 
slope gradient along the continental rise. In contrast to 
the debrites offshore Amasra, the flows we observe are in 
stacked form, which indicates that overpressure conditions 
in our study area change periodically over the time. 

We also propose that the seismicity caused by NAF has 
a significant effect on the triggering of the debris flows. 
However, it is not possible to correlate the major events 
along the NAF with the debris flows in the area. This is 
because the southernmost edge of the shallowest (and 
hence, the youngest) debris flow (DB1) is located  20 m 
depth below the seafloor (assuming a 1600 m/s sediment 

(b) Stage 2

pelagic sedimentation

basinal subsidence

(c) Stage 3 (d) Stage 4

buried debris flow

sediment waves

pelagic sedimentation
terrigenous
sediments

overpressured zone

(a) Stage 1

debris flow

overpressured zone

debris flow

buried debris flow

acoustic
basement

seismic loading

seismic loading

terrigenous
sediments

Figure 10. Conceptual model for the formation of stacked debris flows in the study area. (a) In stage 1, relatively high sedimentation rate 
in the continental rise results in overpressured pore fluids in the uppermost unconsolidated sediments, (b) with a possible contribution 
of seismic loading, a debris flow occurs at the seafloor, (c) due to the continuous sediment loading, an overpressured zone develops 
again while the previously formed debris flow becomes buried, and (d) another debris flow takes place at the seafloor. Not to scale. See 
text for details. 
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velocity), which corresponds to approx. 66,000 years 
assuming a sedimentation rate of 30 cm/ka. On the other 
hand, paleoseismological studies on the western part of 
the NAF are typically concentrated for the time period of 
the last 2000 years (e.g., Rockwell et al., 2009; Özalp et al., 
2013; Drab et al., 2015; Dikbaş et al., 2018). Therefore, it 
is not possible to correlate the timing of the debris flows 
with the activity of NAF in the area since there is no 
information on the seismic activity of NAF at such large 
time span along the onshore of the study area.

6. Conclusion
High resolution multichannel seismic data show the 
presence of 14 buried debris lobes in stacked form along 
the continental rise area between 1400 and 1950 m water 
depths generally lying in S–to–N direction with run-out 
distances changing from 3.8 to 24.4 km. The largest debris 
flow affects a total area of ca. 225 km2 transporting 15.13 
km3 of sediment. They show the general characteristics 
of buried debris lobes on the seismic data, such as 
erosional upper and lower surfaces, lens-shaped form and 
transparent to chaotic internal structure.

We conclude that the debris flows are gravity flows 
of unconsolidated sediments located in the areas of low 
gradient slope along the continental rise. We also suggest 
that the relatively high sedimentation rate in the area results 
in excess pore pressures within the underconsolidated 
subsurface sediments, which is the primary triggering 
factor along with the seismicity caused by NAF and/or local 
faulting. That the debrites are in stacked form indicates 
that the overpressure conditions change periodically over 

the time. Due to the lack of ground-truthing data, we 
do not know the exact timing of the debrites. However, 
relatively small sediment thickness between the stacked 
debris flows ranging from 8 to 150 m indicates that the 
time period between the flows may be between 26 and 
500 ka considering an average sedimentation rate of 30 
cm/ka. The time span between the debrites depends on 
the formation of the overpressure zone and the period of 
seismic loading.

Submarine sediment failures are considered as serious 
geohazards for the settlements of offshore geoengineering 
structures. Therefore, potentially unstable areas in 
the region, such as our study area, should be carefully 
investigated before drilling operations conducted along 
the margin since the western Black Sea has become a 
potential region for deep water petroleum exploration in 
recent years.
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