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ABSTRACT

Several basins are developing near bends on strands of the
North Anatolian transform fault in northwest Turkey. Oblique slip
on these faults, rather than strain partitioning, accounts for trans-
tension and subsidence. These basins are asymmetric, and tilt and
subside most rapidly at their narrow ends near the bends. The
turbidite surface marking the floor of the Cinarcik Basin (eastern
Marmara Sea) was mostly abandoned at a sudden drop in sedi-
mentation, which was likely coincident with the 14 ka lake-sea
transition, and is now a warped reference surface from which we
can measure strain and sedimentation. Subsidence and tilt are rap-
id, but do not require late Quaternary changes in regime. They
are linked to transcurrent motion by slip parallel to an oblique
bend on the North Anatolian fault and suggest tsunamogenic ver-
tical motion in large Marmara Sea earthquakes.

Keywords: continental transform, fault bend, basin subsidence, North
Anatolian fault.

INTRODUCTION

Basins are common along continental transforms and are often
linked to fault bends or jogs that require deformation within a finite
zone, including vertical kinematics. This deformation is recorded in the
sediment and constrains the evolution of the transform, provided hor-
izontal and vertical motions are clearly linked by the geometry and
kinematics of the fault system. While many models have been proposed
(e.g., Crowell, 1987), correlations between horizontal and vertical mo-
tions in specific basins remain largely qualitative, and available data
often cannot differentiate between competing models (e.g., study area).
We use high-resolution images of the bathymetry and shallow subbot-
tom to reconstruct vertical deformation in a submarine basin as marked
by a warped horizon. Our approach is generally applicable to basins
receiving a sea-level modulated sediment flux from the continental
shelf. The pattern of deformation is clearly related to a bend in the
main strand of the transform and points to a specific fault geometry
that accounts for the bend with minimal off-fault deformation. This
model may apply to a wider class of bend-related transforms basins.

The 1700-km-long North Anatolian dextral fault accommodates
the westward motion of Anatolia relative to Asia. This continental
transform is notorious for destructive earthquakes (Ambraseys, 2002).
A propagating sequence of ruptures during the twentieth century has
reached westward to the Marmara segment, which is expected to rup-
ture next in a particularly destructive earthquake (e.g., Toksoz et al.,
1979). Branching and transtensional tectonics increase westward as the
North Anatolian fault enters the Aegean Sea—western Turkey region of
backarc extension (Fig. 1; McKenzie, 1972; Sengor et al., 1985). The
North Anatolian fault is the type transform for basin formation (Barka
and Kadinsky-Cade, 1988). The 150-km-long Marmara Sea is traversed
by the northern strand of the transform (LePichon et al., 2001), which
carries much of the plate motion (20-25 mm/yr; Meade et al., 2002).
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This sea covers three major starved basins, which have water depths
of ~—1.2 km (Fig. 1). The rectangular central basin has been inter-
preted as a classic “‘pull-apart” structure (Armijo et al., 2002). The
western (Tekirdag) and eastern (Cinarcik) basins, instead, are triangular
half grabens bordered to the south and north, respectively, by the north-
ern strand of the North Anatolian transform fault (Fig. 1). These basins
are similarly positioned on the extensional side of prominent fault
bends, with depocenters at their narrow ends near the bends (Okay et
al., 2000). Triangular transform-bend-related basins occur also further
east (Fig. 1). These bends involve nonvertical segments of the North
Anatolian transform fault that have oblique slip and are fixed to the
footwall sides, which are relatively stable (Seeber et al., 2004). Thus,
fault geometry, which may be inherited from pre-existing sutures (Fig.
1), controls kinematics and is critical for modeling the seismogenic
behavior of the fault system.

The Cinarcik segment of the North Anatolian fault next to the
Cinarcik Basin is particularly oblique to plate motion (Fig. 2). It is a
key element for Marmara Sea tectonics and for hazard in Istanbul, but
interpretations remain divergent despite recent intense investigations.
We use multibeam bathymetry (Rangin et al., 2001) and chirp seismics
(Polonia et al., 2004) to investigate the uppermost sediments in the
basin. In the tectonically active environment, fresh turbidites are quasi-
horizontal (Fig. 3), probably because they are reworked by strong
earthquakes into homogenites (McHugh et al., 2006), and are thus
markers for vertical deformation. Turbiditic supply to the basin fluc-
tuates, and the area covered by the most recent sediment grows and
wanes while the basin floor tilts. The flux of turbidites from the shelf
to the basin is high at glacial maxima and low sea levels, but can drop
dramatically when sea level rises and makes room for sediment on the
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Figure 1. Tectonic sketch map of Marmara Sea region. West of 32°E,
North Anatolian transform splits into northern and southern branch-
es (NAF-N and NAF-S). They absorb 4/5 and 1/5 of motion, respec-
tively (geodetic velocity vectors are relative to Eurasia; McClusky
et al., 2000). NAF-N follows early Eocene suture (Yilmaz et al., 1997).
Cinarcik Basin (boxed) is on extensional side of prominent south-
pointing bend along NAF-N. P—Peninsula; G—Gulf; B—Basin.
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Figure 2. Relief and bathymetry of Cinarcik Basin (Rangin et al.,
2001). This triangular half graben is bordered on north by arcuate
transtensional segment of northern North Anatolian transform fault
between Tuzla and Istanbul bends. This fault forms south-facing
monocline on horizontal “bench” at base of footwall escarpment.
Bench height and width (inset plot) decrease linearly westward and
vanish near Istanbul bend. Bench narrows abruptly toward east
across toe of large slump. Basin tilts toward depocenter at narrow
eastern corner. Deepest part is maintained horizontal (—1265 to
—1270 m) by turbidite sedimentation. It is surrounded by abandoned
turbidite surface, which was deformed into three tilted panels sep-
arated by synclinal kinks (black and red arrows, respectively) and
into bench on footwall side of fault. Bench and tilted panels reach
~—1200 m, above which flanks of basin become steeper. Sharp trun-
cation of channels at slope change (e.g., southern flank) is strong
evidence for depositional contact. Contour-subparallel corrugations
are probably from shallow-rooted low-displacement normal faults
accommodating downslope motion of tilted turbidites (Stewart,
1999). Steep walls around basin are rocky outcrops subject to ero-
sion (Armijo et al., 2005).

shelf (e.g., Nardin, 1983). An increase in drowned shelf area is ex-
pected to reduce fresh turbidite cover on a tilting basin floor. We thus
interpret panels of sediments around the area of current deposition as
older turbidites deposited just prior to a reduction in turbidite area.
They are covered only by relatively thin pelagic sediment and are tilted
by tectonics. In contrast to expected large changes in sediment flux,
patterns and rates of deformation are likely to remain stable at the time
scale of glacial cycles, so that tilt can be a proxy for age.

THE CINARCIK BASIN

In plan view, the Cinarcik is a narrow triangular basin bordered
on the northeast side by the 30-km-long transtensional Cinarcik seg-
ment of the northern North Anatolian fault, between the southwest-
pointing bend near Tuzla and the northeast-pointing bend near Istanbul
(Fig. 2). The Cinarcik segment is extensionally oblique to local ap-
proximately east-west plate motion (Fig. 1; Meade et al., 2002) and
separates the 1200—1270-m-deep floor of the basin from a steep (20°-
25°) escarpment, which is the eroded footwall of the southwest-dipping
fault (Figs. 2 and 3; Okay et al., 2000; LePichon et al., 2001; Imren
et al., 2001; Armijo et al., 2002; Demirbag et al., 2003). In contrast to
several kilometers of basin subsidence south of the south-dipping fault
(Carton, 2003), the footwall block north of the fault is relatively stable.
The northern shelf is wide (Fig. 1), it is marked by a paleoshoreline
at the Dardanelles sill depth (Cormier et al., 2006), and the Pliocene-
Pleistocene Istanbul Plateau has modest elevation and little tilting or
warping (Emre et al., 1998). The vertical velocity field is not only one-
sided across the Cinarcik segment, but also along it. The depocenter
is at the narrow eastern end of the basin, near the Tuzla bend (Fig. 2).
It is characterized by a remarkably horizontal but relatively small area
of active turbidite deposition surrounded by a wider basin “floor” with
distinct panels of tilted sediment.

The “bench” is a strip of elevated seafloor sediment at the base
of the northern escarpment on the footwall side of the northern Cin-
arcik segment (Fig. 2). Neglecting small fans fed by the escarpment,
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Figure 3. N-S (A) and E-W (B) Chirp profiles across depocenter of
basin (Fig. 2). Syndepositional normal displacement on blind border
fault raises bench above basin floor and progressively deforms sed-
iments. Same beds are traced in each profile and are connected in
plot. Tracings match beds by scaling vertical amplitude (numbers
in B). Shape and horizontal position are identical in each profile,
indicating steady pattern of deformation. If its rate is also steady,
~50-m-deep bend in deformation-depth plots implies sharp drop in
sedimentation rate, which is assumed to coincide with lacustrine-
to-marine transition and onset of water-level rise in Marmara Sea at
14 = 0.5 ka. Note that drop in sedimentation occurs at same horizon
that pinches out, marking emergence of bench. Compaction is un-
accounted for, but it reduces both thickness and tilt. A slump and
secondary faults distort bench at these profiles (Fig. 2).

the top of the bench is nearly horizontal at ~—1200 m and is elevated
above the basin floor by a monocline controlled by the dip component
of the fault (Figs. 2 and 3). En-echelon “‘scarps’ characterize this
monocline and mark the trace of the fault (Armijo et al., 2005). Bench
width and height are proportional. They taper to the west, reflecting
gradual shallowing of the basin floor, and vanish where the floor rises
to —1200 m at the Istanbul bend of the fault. A slump disrupts the
bench at the southeastern end of the basin, but the frontal monocline
of the bench continues around the Tuzla bend and into Izmit Gulf as
the trace of the northern branch of the North Anatolian transform fault.
On the hanging-wall side of the basin, the horizontal area of active
sedimentation merges into three subplanar “‘panels,” which are gently
tilted toward the depocenter and are separated by synclinal kinks, like
the tilted floor of an auditorium (Fig. 2). Upslope, these panels merge
onto steeper and probably older sediment panels, which in turn merge
into rocky escarpments. The top of the bench and the boundary be-
tween first- and second-order panels form an ~1200-m-deep ‘‘bathtub
ring”’ around the basin, which marks a sharp change not only in sea-
floor dip, but also in drainage morphology. Prominent erosional chan-
nels are truncated at that boundary and are absent below it (Fig. 2),
strongly supporting an onlap and not a fault contact interpretation of
this ring.
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Figure 4. Interaction between fault-controlled subsidence and sed-
imentation in Cinarcik Basin, assuming stable footwall and steady
tectonics through last glacial cycle. Basin tilts but sedimentation
maintains horizontal area, size and depth of which is controlled by
variable turbidite rates. Sedimentation during high preglacial sea
level may resemble current pattern: turbidite accumulation D is
slower than subsidence dsind and is confined to hanging-wall side
of fault at eastern end of basin. Basin floor deepens. Escarpment
erosion maintains a slope of ~20° above fault. During glacial low-
stand, sedimentation is much higher and overtakes subsidence
(Figure 3). Turbidite floor shallows and covers fault and footwall
block over a width B = 2 km at the Tuzla bend (Tb). Low sedimen-
tation returns at the lake-sea transition (LST) 14 = 0.5 kybp with
rising post-glacial sea level. Turbidite floor subsides and retreats
below footwall. The broad pre-LST turbidite surface is warped into
a bench monocline. The total elevation offset at the depocenter
since LST, h1+h2 = 50+57 = 10 m yields a subsidence rate dsind
= 7.7 = 1.3 mm/yr. If bench was accumulated from 75 ka to 15 ka
when sea level was <—85m, inferred thickness of bench suggests
average sedimentation D2 = dsind +(Btan20°)/60 k.y. =~ 20 mm/yr.
Similar rate is measured in Figure 3 for uppermost pre-lake-sea
transition section.

The shape of the Cinarcik Basin floor is accounted for by tectonic
warping of the paleohorizontal turbidite surface abandoned since a re-
duction of the area of deposition. In this hypothesis, the bench and
tilted panels below the ‘‘bathtub ring” are vestiges of the latest major
turbidite sequence covering the trace of the Cinarcik segment, the base
of the steep escarpment to the north and much of the basin on the
footwall block to the south (Fig. 2). This area is much wider than the
area of current turbidites (Fig. 2) and implies an earlier period of faster
sedimentation. The chirp profiles at the depocenter (Fig. 3) display
progressive deformation. While the pattern of deformation is uniform,
the ratio between deformation and sediment thickness changes abruptly
~50 m below the depocenter. This horizon is also the uppermost tur-
bidite covering the bench (Fig. 3B). Two independent observations thus
point to the same abrupt drop in sedimentation.

We assume that the drop in turbidite flux correlates with the lake-
sea transition in the Marmara Sea and the onset of sea-level rise at 14
* 0.5 ka (Cagatay et al., 2003; McHugh et al., 2006). We then derive
sedimentation rates from thicknesses and progressive deformation of
horizons through the sections imaged at the depocenter (Fig. 3). Post—
lake-sea transition sedimentation is relatively steady, averaging 3.4 =
0.3 mm/yr, and is in good agreement with core measurements (Cagatay
et al., 2003; Mercier de Lepinay et al., 2003). Sedimentation in the late
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Figure 5. Subsidence in eastern Marmara Sea is accounted for by
motion parallel to oblique bend on northern North Anatolian trans-
form fault (NAF-N) near Tuzla. If western Izmit segment is vertical
and moves 10-20 mm/yr, eastern Cinarcik segment needs to dip 74—
60° south to subside at 7.7 mm/yr (Fig. 4). Westward decrease in dip
slip implies clockwise rotation of basin.

pre—lake-sea transition was much higher, 18 * 4 mm/yr. The height of
the bench (excluding post—lake-sea transition pelagic sediment; Figs.
3 and 4) yields a 7.7 = 1.3 mm/yr subsidence rate, which is inter-
mediate between pre— and post—lake-sea transition sedimentation rates.
The subsidence includes both tectonic subsidence and compaction and
can be considered absolute because vertical motions of the footwall
block are within the uncertainty (Cormier et al., 2006). The top of both
bench and tilted panels, the ‘“‘bathtub ring”” at —1200 m, and the pre—
lake-sea transition depocenter, now at —1320 m (Fig. 2), define an
inverted 9 km? pyramid of increased post—lake-sea transition basin vol-
ume (an average rate of 73m3/hr!). Late pre—lake-sea transition sedi-
mentation is more than twice the rate of subsidence at the depocenter,
implying a sediment flux exceeding the volume rate. In contrast, post—
lake-sea transition turbidite is only 0.7 km?, an order of magnitude less
than the volume increase.

Subsidence from Slip Parallel to an Oblique Fault Bend

The Cinarcik Basin is primarily the result of subsidence caused
by a dip component on the Cinarcik segment. This down-to-the-south
fault motion starts on the subvertical Izmit segment and increases west-
ward, from 2 to 4 mm/yr 15 km east of the Tuzla bend (Cormier et
al., 2006) to 7.7 mm/yr at the bend, and then it decreases along the
south-dipping Cinarcik segment, vanishing 30 km west of the bend
(Figs. 2-4). These segments intersect along an oblique ‘‘bend” plung-
ing west, where they differ in strike by 13° (Fig. 2). This bend can be
fixed to both sides of the northern North Anatolian transform fault,
provided the slip vector is parallel to the bend (Fig. 5). The bend is
thus like a rail guiding oblique fault motion with relatively little off-
fault deformation (Figs. 2 and 3). A 20 mm/yr (or 10 mm/yr; Polonia
et al., 2004) rate on the Izmit segment will produce 7.7 mm/yr subsi-
dence (neglecting compaction) if the Cinarcik segment dips 60° (or
74°) south. This model also predicts that the Cinarcik Basin is rotating
clockwise at 0.018°/k.y. The rotation accounts for ~1/4 of the dextral
motion on the northern branch and thus absorbs significant slip from
the fault near Istanbul (Fig. 1). This rotation is consistent with the

935


http://geology.gsapubs.org/

Downloaded from geology.gsapubs.org on October 14, 2015

northward component exhibited by geodetic-motion vectors in the Ar-
mutlu Peninsula (Fig. 1).

CONCLUSIONS

1. Subsidence at the Cinarcik Basin depocenter near the Tuzla bend
of the northern strand of the North Anatolian fault is 7.7 = 1.3 mm/
yr. During the last Marmara lacustrine phase, depocenter sedimentation
of 18 £ 4 mm/yr overtook subsidence, thus covering the border fault
and much of the floor of the basin. This implies a sediment flux =6
X 10° m3/yr, the rate of basin-volume increase below —1200 m. At
the marine incursion, sedimentation dropped abruptly to 3.4 = 0.3 mm/
yr, and the basin has been deepening since.

2. The North Anatolian transform fault tends to account for trans-
tension and vertical thinning by oblique slip. Slip is dextral and down-
to-the-south over a 50 km portion of this fault centered at the Tuzla
bend. Two synclinal hinges plunging toward the bend account for the
pattern of vertical motion south of the Cinarcik segment. Lack of other
Holocene structure suggests that slip is parallel to the bend. The ob-
served subsidence and dextral motions can be produced with a 21°
(38°) west-plunging bend between a vertical Izmit segment and a Cin-
arcik segment dipping 60° (74°) southwest. The Cinarcik Basin rotates
clockwise at 0.018°/k.y., thus absorbing ~1/4 of the dextral motion
south of Istanbul.

3. Turbidites, probably reworked as homogenites, in starved basins
along active transforms are precise horizontal markers. Deposition sur-
faces abandoned by abrupt decrease in turbidite flux related to sea-
level rise can be sharp age markers. High-resolution bathymetry and
shallow-penetration seismics can detect these marker horizons and thus
constrain regional tilts, subsidence, and fault offsets over the last gla-
cial cycle.
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