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ABSTRACT

Partitioning of horizontal deformation between localized and distributed modes in regions
of oblique tectonic convergence is, in many cases, hard to quantify. Here we use the geometry
of river basins and numerical modeling to evaluate modes and rates of horizontal deforma-
tion associated with the Arabia-Sinai relative plate motion in Lebanon. We focus on river
basins that drain Mount Lebanon to the west and are bounded by the Yammouneh fault, a
segment of the Dead Sea fault system that transfers left-lateral deformation across the Leba-
nese restraining bend. We quantify a systematic counterclockwise rotation of these basins and
evaluate drainage area disequilibrium using the ) metric. The analysis indicates a systematic
spatial pattern whereby tributaries of the rotated basins appear to experience drainage area
loss or gain with respect to channel length. A kinematic model reveals that since the late Mio-
cene, 23%-31% of the relative plate motion parallel to the plate boundary has been distrib-
uted along a wide band of deformation to the west of the Yammouneh fault. Taken together
with previous, shorter-term estimates, the model indicates little variation of slip rate along the
Yammouneh fault since the late Miocene. Kinematic model results are compatible with late
Miocene paleomagnetic rotations in western Mount Lebanon. A numerical landscape evolu-
tion experiment demonstrates the emergence of a similar pattern of drainage area disequilib-
rium in response to progressive distributed shear deformation of river basins with relatively

minor drainage network reorganization.

INTRODUCTION

Theory (e.g., Sanderson and Marchini, 1984;
Teyssier et al., 1995) and observations (e.g.,
Vallage et al., 2014) of regions of oblique tec-
tonic convergence have demonstrated that defor-
mation in such settings is commonly partitioned
into localized (faults) and distributed zones of
pure or combined convergence and shear in
variable ratios. In such situations, knowledge of
long-term relative plate velocity is insufficient
for estimating geological slip rates on the main
faults, which hinders our understanding of the
related regional tectonics.

Rivers are commonly used as offset mark-
ers across strike-slip faults (e.g., Klinger et al.,
2000), and entire river basins have been sug-
gested to record large-scale distributed horizontal
deformation (Hallet and Molnar, 2001; Ramsey
et al., 2007; Castelltort et al., 2012). Here we use
morphometric analysis of river basins and mod-
eling to constrain rates and modes of localized
and distributed deformation along the Lebanese
segment of the Dead Sea fault system (DSFS).

THE DEAD SEA FAULT SYSTEM IN
LEBANON

The DSFS accommodates the left-lateral mo-
tion between Sinai and Arabia plates (Freund
et al., 1970). Along Lebanon, the DSFS bends
30°E, forming a 180-km-long restraining bend
(Fig. 1). The left-lateral Yammouneh fault (YF)
and the Serghaya fault are the two main structures
that run along the sides of Bekaa Valley (Fig. 1).
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By contrast, the Beirut-Tripoli thrust system off-
shore of Lebanon accommodates mainly dip-slip
motion (Elias et al., 2007; Carton et al., 2009).

The YF, the sole continuous structure across
the Lebanese bend, has been suggested to ac-
commodate the fastest slip in the area (Daéron
et al., 2004). However, there are gaps and un-
certainties in our understanding of the kinematic
history of the Arabia-Sinai plate boundary along
the Lebanese restraining bend. For example,
how much of the relative plate velocity is taken
up by the YF is still debated. This is partly re-
flected in the relatively wide range of slip rates,
3.8-6.4 mm/yr, that have been proposed for the
YF (Daéron et al., 2004; Gomez et al., 2006,
2007). Furthermore, these rates are considered
relevant for Holocene/Quaternary times, but the
onset of relative motion has been suggested to
date back to the late Miocene (Quennell, 1984;
Ben-Avraham et al., 2008).

Moreover, paleomagnetic measurements of
~30° counterclockwise rotation along an ~30-
km-wide region west of the YF (Van Dongen et
al., 1967; Gregor et al., 1974; Ron, 1987; Henry
et al., 2010) suggest distributed deformation off
the major faults (McKenzie and Jackson, 1983).
However, the timing of the rotation and its re-
lation to the DSFES activity remain poorly con-
strained (Gomez et al., 2007).

ROTATED RIVERS
We determine the orientation of river basins
in western Mount Lebanon (Fig. 1) by orthogo-
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Figure 1. Shaded relief map of study area
along the Lebanese restraining bend. White
thick lines are sinistral strike-slip faults,
blue lines are thrust faults, and black lines
are oblique dextral strike-slip normal faults.
DSFS—Dead Sea fault system; RAF—Ra-
chaya fault; RF—Roum fault; AF—Akkar
fault. Drainage network of western Mount
Lebanon is colored by i (see Equation 1) with
min =03 and A =1 km? (m/n is the concavity
index, A, is an arbitrary scaling area; see the
Data Repository [see footnote 1]). Pink lines
show basin orientation calculated by using
weighted orthogonal linear regression (see
the Data Repository). Enlargements of boxes
a—f show y differences across divides.

nal linear regression through the pixels of each
basin, weighted by upstream drainage area (see
the GSA Data Repository'). River basins 2-6
(Fig. 1) show a systematic pattern of 41° + 3°
counterclockwise rotation with respect to the
typical transverse drainage orientation of linear
mountain ranges (Hovius, 1996) such as Mount
Lebanon. We suggest that these five rivers be-

!GSA Data Repository item 2015286, method-
ological details, X analysis, kinematic model, Sinai-
Arabia long-term relative plate velocity, and land-
scape evolution model, Movie DRI (simulation),
and a kml file (Google Earth™), is available online at
www.geosociety.org/pubs/ft2015.htm, or on request
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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have as markers of the time-integrated velocity
field to the west of the YF and thus indicate sig-
nificant distributed horizontal crustal deforma-
tion in the area (e.g., Castelltort et al., 2012).

At both ends of the restraining bend, river
basins show a different pattern and are ignored
in our analysis. In the north, basins 7 and 8 could
have been affected by the change of orientation
of the YF (Fig. 1, inset) and interacted with the
Akkar fault (Elias et al., 2007), which could
have led to significant drainage reorganization.
In the south, basin 1 is offset by the Roum fault
(Fig. 1), and its orientation reflects both distrib-
uted and localized deformation.

DRAINAGE AREA DISEQUILIBRIUM

Our hypothesis is that basins 2—6 and their
river networks are advected and deformed to-
gether with the crust over which they are im-
printed. Therefore, the drainage network topol-
ogy and the distribution of stream length and
drainage area in these basins are transient fea-
tures and are expected to be in a state of disequi-
librium. We investigate this transiency by using
the y metric (Perron and Royden, 2013), which
is defined along fluvial channels as:

m

x(x)=j( A?;,)]" d, (1)

0

where A is the upstream drainage area, A, is an
arbitrary scaling area, x is distance along chan-
nel, x* is the variable of integration, and m and n
are positive empirical constants. The integral in
Equation 1 is taken from the base level (x =0) to a
position x along a channel. Under a common pat-
tern and history of rock uplift rate, U, and of ero-
sivity, K, that reflects runoff characteristics and
rock erodibility, there is a one-to-one mapping
between the expected elevation at steady state
and the value of  (Perron and Royden, 2013).
Therefore, when % is mapped along a fluvial
channel system and shows different values be-
tween two adjacent channel heads across a wa-
ter divide, the assumption of U and K common-
ality or the assumption of steady state is violated
(Willett et al., 2014). Such y differences can
arise from variations of the tectonic history and
erosivity pattern of the two channels between
the divide and the channels’ confluence, or they
can arise from disequilibrium in the drainage
area distribution such that the position of the
water divide is not optimal and perhaps transient
(Willett et al., 2014; Shelef and Hilley, 2014).
Figure 1 shows that within each of the cen-
tral and southern basins, the value of  is sys-
tematically higher along northern tributaries
with respect to southern tributaries. Thus, ¥
differences arise across internal divides within
each basin and across the divides that separate
these basins, with high % values to the south of
each inter-basin divide and low % to its north.
This periodic pattern of 7 differences can result
from periodic variation of U and K along strike
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with a wavelength equal to the width of a single
basin, a scenario for which there is no evidence.
Hence, following previous interpretations of
similar y behavior in other settings (Willett et
al., 2014; Shelef and Hilley, 2014; Yang et al.,
2015), we suggest that the pattern is indicative
of disequilibrium in drainage area distribution
and in divide position. This view is supported
by the landscape morphology showing high-x
perched channels and asymmetric hillslopes that
are steeper toward low-x channels (Fig. DRS in
the Data Repository).

KINEMATIC MODEL

We develop a kinematic model of distributed
deformation along a wide band between the YF
and the offshore Beirut-Tripoli thrust system.

River basins 2—6 are assumed to be the end
product of shearing of a drainage network that
was initially perpendicular to the main axis of
the range (Hovius, 1996) prior to the current epi-
sode of deformation, with headwaters of basin 6
at the northern kink of the YF. According to our
hypothesis, these rivers were simultaneously
deformed by southward translation and coun-
terclockwise rotation, leading to their current
orientation. The northern kink of the YF defines
the origin of the coordinate system, with x-axis
and y-axis perpendicular (positive westward)
and parallel (positive southward) to the YF, re-
spectively (Fig. 2). The velocity field is defined
with respect to a fixed block east of the YF. The
fault-parallel and fault-perpendicular velocities,
Vand U respectively, decrease linearly eastward
from a far-field value, Vp and Up, to a fault value,
V. and U, = 0, immediately to the west of the YF
(Daéron et al., 2004; Gomez et al., 2006). We
can express U and V as functions of x and the
width of the band of deformation, R, (Fig. 2):

U(=-2tx @

x+V. 3)

We consider a single river as a straight line
that stretches westward from the YF. The velocity
field prescribed by Equations 2 and 3 can be used
to find the deviation angle, 0, of the line river as a
function of V, (see the Data Repository):

V-V U R
tan@(V. )= 22—~ 21| @
an6(V;) =~ {exp(Rdv‘J } &)

P

where R, = tV, is the distance of the headwaters
of basin 6 from the origin (the fault kink) at time
t. R, = 30 km is measured on the map. To esti-
mate V_ and U, the relative plate velocity from
Arabia-Sinai poles of rotation of Le Pichon and
Gaulier (1988) (see the Data Repository) is de-
composed into a component perpendicular to
the YF, 4.2 mm/yr, and a component parallel to
the YF, 7.0 mm/yr. In the kinematic model, we
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Figure 2. Plan view of kinematic model.
YF—Yammouneh fault, R, —distance of the
current position of basin 6 from the origin,
R,—width of the band of deformation, R —
width of the zone along which the distrib-
uted deformation affects the rivers. x-axis is
positive to the west, and y-axis is positive
to the south. Red arrows represent the ve-
locity field along western Mount Lebanon.
V, and U, are far-field fault-parallel and
fault-perpendicular velocities, respectively.
V, is fault-parallel velocity immediately to
the west of the YF. Points ‘0’ and ‘h’ mark
western end and headwater of the advected
line-river, respectively. x () is x coordinate
of point ‘o’ at time {, I(t) is y-axis projection
of the line-river at time t, and 6(t) is deviation
angle of the line-river from a fault-perpendic-
ular orientation at time t. Line-river color be-
comes darker as it progressively translates
to the south and rotates counterclockwise.
Numbers refer the basins in Figure 1.

choose U =4.2 mm/yr (such that all the conver-
gence is accommodated to the west of the YF).
We account for an average, post-mid-Miocene,
slip rate of 1 mm/yr along the Serghaya fault
(Gomez et al., 2006), which leaves Vp =6.0 mm/
yr. R,, the width of the band of deformation, is
unknown, but we estimate that it varies between
25 km, the distance from the YF to the western
end of the Lebanese flexure, to 35 km, the dis-
tance from the YF to the proximal parts of the
Beirut-Tripoli thrust system.

Figure 3 shows 0 as a function of V, com-
puted with Equation 4 for three values of R,.
The gray bar represents the range of orientations
of basins 2—6 and thus indicates that V, ranges
between 3.8 and 4.4 mm/yr. As a consequence,
given ¢t = R /V,, the duration of the episode of
distributed deformation that has led to the cur-
rent configuration is in the range 7 = 6.8-7.9 m.y.
for R, =25-35 km.

LANDSCAPE EVOLUTION MODELING
We use a numerical model of landscape evo-

lution (Goren et al., 2014) to test the hypothesis

that river orientation and the anomalous Y pat-
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Figure 3: Results of kinematic model show-
ing river deviation angle, 6, as function of
average slip rate on Yammouneh fault, V..
Three gray curves are solution of Equation 4
for three values of R, (width of band of defor-
mation), from bottom to top R, = 35, 30, and
25 km. Light gray bar and dashed line show
range and average deviation, respectively, of
basins 2-6 (Fig. 1).

3 35

tern both result from the proposed distributed
deformation. The numerical model adds a de-
gree of freedom with respect to the kinematic
model, as here rivers can oppose deformation
by reorganization of the drainage network. The
numerical domain of a linear mountain range
starts from a subdued topography (Gomez et al.,
2006). We then simultaneously impose a sud-
den increase in uplift rate (see the Data Reposi-
tory) and a horizontal velocity field between the
western base level and the YF, 32 km to the east
(Fig. 4). Following the kinematic model, V and
U decrease linearly from V= 6.0 mm/yr and
U,= 4.2 mm/yr at the western boundary to V, =
4.1 mm/yr and U, = 0 mm/yr immediately west
of the YE. The domain to the east of the YF is
horizontally fixed. To account for lithological
variability along channels in west Lebanon, we
simulate a dual-layer domain (see the Data Re-
pository) with 800 m of resistant rock capping
a softer, more erodible, layer at depth (Fig. 4).

Simulation results show that along with the
upstream propagation of an incision wave, the
western river channels are advected to the south
and rotated counterclockwise. Despite small-
scale reorganization in between neighboring
basins of the western mountain flank and across
the main water divide, the river basins act pri-
marily as passive markers of the imposed hori-
zontal crustal deformation (Movie DRI in the
Data Repository).

Distortion of drainage area of the western
rivers during the simulation (Fig. 4; Movie
DR1) results in preferential increase of x val-
ues along southwest-flowing tributaries. This
leads to a periodic variation of % similar to the
x pattern found in western Mount Lebanon
(compare Fig. 1 and Fig. 4).

DISCUSSION

The similarity of simulated and real drainage
network geometry and spatial distribution of
supports the hypothesis that western Lebanon
rivers are reliable markers of horizontal distrib-
uted crustal deformation.
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Figure 4. Results from landscape evolution
simulation showing western flank of Mount
Lebanon-like domain. Left: Drainage network
after distributed and localized deformation
following our kinematic model for 7.35 m.y.,
colored by % value (see Equation 1). Note
similarity of  pattern between numerical riv-
ers and western Lebanon rivers in Figure 1.
Enlargements a-g illustrate x differences
across divides. Right: The same domain,
colored by erodibility, showing exposure
of older softer rocks (red) where total ero-
sional exhumation is >800 m. More resistant
rocks (blue) are preserved in highs and are
advected across western base level. This re-
sults in lithological pattern similar to that of
western Lebanon (Daéron, 2005). Simulated
eastern side of numerical mountain range is
not shown. Gray arrows represent imposed
horizontal velocity field in western Mount
Lebanon. R—width of band of deformation;
DSFS—Dead Sea fault system.

The kinematic model described by Equa-
tions 2 and 3 defines a combined simple and
pure shear deformation field. The simple shear
rotates any marker not parallel to the YF and
elongates markers that are sub-parallel to the
YF. The pure shear results in shortening per-
pendicular to the YF, elongation in the vertical
direction (uplift) (which is not part of the cur-
rent two-dimensional analysis), and rotation of
any marker that is neither parallel nor perpen-
dicular to the YF.

This distributed deformation field can ex-
plain the observed 7 pattern. Southwest-flowing
tributaries of basins 2—6 flow in a direction of line
elongation, while the width of their drainage area
is in a shortening domain. As such, their catch-
ments become longer and narrower during defor-
mation, which results in an increase of  (Equa-
tion 1). On the contrary, tributaries that flow to
the west and northwest are shortened while their
drainage area widens, leading to low 7 values.

GEOLOGY | Volume 43 | Number 9 | www.gsapubs.org

In the numerical model, we observe a com-
petition between basin deformation and network
reorganization. Capture events are observed
along small tributaries of the western drain-
age network. These tend to shorten southwest-
flowing tributaries and lengthen west- and
northwest-flowing tributaries. This process is
a response to the deformation of drainage ba-
sins: high-y, southwest-flowing tributaries are
captured by low-y, west- and northwest-flowing
tributaries that try to lengthen at the expense
of the high-) segments. High-y tributaries are
also captured by east-draining channels forming
short-lived hook bends. The capacity for river
capture depends on fluvial and hillslope geo-
morphic parameters, local incision rates, and
local relief (Goren et al., 2014). In our model,
geomorphic parameters are calibrated through
a x-z analysis (Perron and Royden, 2013) (see
the Data Repository), and we observe that mi-
nor fluvial reorganization remains insufficient to
amend the deformed drainage network. For this
reason, ) differences across divides and rotated
basins abound in the model.

The results of the kinematic analysis (Fig.
3) constrain the magnitude of the fault-parallel
distributed deformation to the west of the YF
to 1.6-2.2 mm/yr, which is 23%-31% of the
relative fault-parallel plate velocity. The average
slip rate along the YF since the late Miocene is
found to be 3.8—4.4 mm/yr. This narrow range
is within previous estimates of average slip rate
along the YF for the Holocene and Quaternary
(Gomez et al., 2007), and it indicates that aver-
age slip rate along the YF has remained constant
since the late Miocene.

The distributed deformation field generates
rotation about vertical and horizontal axes. To
compare geomorphic and paleomagnetic mea-
surements of rotation (McKenzie and Jackson,
1983), we calculated the expected rotation, 6, of
a line marker when only simple shear is applied,
i.e., when U = 0 (see the Data Repository). This
is done because paleomagnetic measurements
of declination are insensitive to the pure shear
component (rotation about a horizontal axis).
For the range of V, = 3.8-4.4 mm/yr this sce-
nario yields rotation of 20°-30°, consistent with
the magnitude of counterclockwise rotation that
has been inferred from paleomagnetic measure-
ments, and in support of the view that the mea-
sured post-Cretaceous paleomagnetic rotation
in west Lebanon relates to the post-late Mio-
cene deformation in the DSFS (e.g., Ron, 1987;
Henry et al., 2010).

Following Ron (1987), we suggest that dis-
tributed deformation in western Lebanon is ac-
commodated by block rotation. The blocks are
bounded by the YF, the Beirut-Tripoli thrust
system, and smaller faults that stretch in be-
tween them (black lines in Fig. 1). This view
is consistent with the right-lateral kinematics
of the block-bounding faults (black lines in
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Fig. 1), as confirmed by focal mechanism solu-
tions (Salamon et al., 2003), by the parallelism
between these faults and the orientation of the
southwestern basins (pink lines in Fig. 1), and
by significant micro-seismicity in the southern
part of the deformation band (National Centre
For Geophysical Research, 2015).

CONCLUSIONS

River orientation and pattern of drainage
area disequilibrium contain retrievable informa-
tion about modes and rates of horizontal defor-
mation. Analysis and interpretation of river ba-
sin geometry in west Lebanon reveal that about
one-quarter of the Arabia-Sinai plate motion
parallel to the YF is distributed along a wide
band to the west of the YF. We calculate an aver-
age slip rate on the YF since the late Miocene of
3.8-4.4 mm/yr. These rates are consistent with
previous estimates obtained from Quaternary
and Holocene markers, and thus suggest little
variation of average slip rate since the late Mio-
cene. We further demonstrate that rotation about
a vertical axis as inferred from river orientation
is consistent with paleomagnetic measurements.
Modeling points toward a possible competi-
tion between basin deformation and drainage
network reorganization. In the current setting,
modeling shows minor reorganization that can-
not compensate for the deformation and sup-
ports the view that rivers can serve as reliable
markers of crustal horizontal distributed defor-
mation in oblique convergence zones.
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