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Abstract

The Gediz (Alasehir) Graben is located in the highly tectonically active and seismogenic region of
Western Turkey. The rivers upstream of the normal fault-bounded graben each contain a non-lithologic
knickpoint, including those that drain through inferred fault segment boundaries. Knickpoint heights
measured vertically from the fault scale with footwall relief and documented fault throw (vertical
displacement). Consequently, we deduce these knickpoints were initiated by an increase in slip rate on
the basin-bounding fault, driven by linkage of the three main fault segments of the high-angle graben
bounding fault array. Fault interaction theory and ratios of channel steepness suggest that the slip rate
enhancement factor on linkage was a factor of 3. We combine this information with geomorphic and
structural constraints to estimate that linkage took place between 0.6 Ma and 1 Ma. Calculated pre- and
post-linkage throw rates are 0.6 and 2 mm/yr respectively. Maximum knickpoint retreat rates upstream
of the faults range from 4.5 to 28 mm/yr, faster than for similar catchments upstream of normal faults in
the Central Apennines and the Hatay Graben of Turkey, and implying a fluvial landscape response time
of 1.6 to 2.7 Myr. We explore the relative controls of drainage area and precipitation on these retreat
rates, and conclude that while climate variation and fault throw rate partially explain the variations seen,
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lithology remains a potentially important but poorly characterised variable.

Introduction

Fluvial geomorphology can give qualitative and quantitative insights into tectonics. In steady state
landscapes, channel steepness indices and chi analyses have been directly linked to rock uplift rates
(Snyder et al., 2000; Whipple, 2001; Kirby et al., 2003; Ouimet et al., 2009; Mudd et al., 2014),
although the form of this relationship varies across a range of settings (Kirby and Whipple, 2012;
Whittaker, 2012). In transient landscapes responding to a tectonic perturbation, studies have addressed
the way in which the fluvial system records changes in tectonic uplift rate in time and space, particularly
with respect to the formation, generation and upstream advection of knickpoints (Whipple and Tucker,
2002; Wobus et al., 2006b; Whittaker et al., 2008; Whittaker and Boulton, 2012; Kirby and Whipple,
2012; Royden and Perron, 2013). In bedrock fluvial systems, a knickpoint (here defined as the point
where the rate of change of the channel gradient reaches a local maximum) can be initiated following a
change in boundary conditions, such as an increase in fault slip rate (Snyder et al., 2000; Whipple and
Tucker, 2002; Crosby and Whipple, 2006; Whittaker et al., 2008; Whittaker and Boulton, 2012). The
increase in channel steepness, caused by faster throw rates, drives locally enhanced river incision.
Consequently, the knickpoint migrates upstream, and the effects of the new tectonic boundary conditions
are propagated throughout the catchment (Crosby and Whipple, 2006; Gasparini et al., 2006; Whittaker
etal, 2008).

Analysis of transient river long profiles and knickpoint retreat offers an analytically tractable way of
extracting tectonic information from the landscape (Royden and Perron, 2013; Mudd et al., 2014).
Studies that tackle this problem are increasingly varied and include field and remote sensing approaches
(Bishop et al., 2005; Whittaker et al., 2007a; Boulton and Whittaker, 2009; Miller et al., 2012; Boulton
et al., 2014), formal numerical inversion methods (Roberts and White, 2010; Goren et al., 2014; Rudge
et al., 2015) and comparative landscape evolution modelling (Cowie et al., 2006; Attal et al., 2008;
Gasparini and Whipple, 2014). These studies potentially allow tectonic rates and fault throw rates to be
determined, even when geodetic, geologic or other geomorphic constraints are sparse, and consequently,
they have conceivably important implications for seismic hazard (Kirby et al., 2008; Boulton and
Whittaker, 2009).

This paper addresses this challenge to derive new constraints on fault slip rates and landscape response
times in the Gediz Graben (Western Turkey). We investigate the evolution of the southern margin of the
graben from the late Pliocene to recent and explore the interaction between active faulting and the fluvial
system. In particular, we: (i) evaluate the differences in the longitudinal profiles of the rivers crossing the
active high-angle graben-bounding normal faults; (ii) identify knickpoints initiated by tectonic processes,
and identify landscape transience; (iii) relate these to fault throw and estimate fault slip rate; and (iv)
determine the effects of differing boundary conditions (e.g. tectonics, climate, mapped lithology) on
knickpoint retreat rates and hence landscape response times.

Existing work

Upstream propagation of knickpoints in response to boundary condition change can be seen in terms of
both horizontal and vertical vectors (Wobus et al., 2006a; Whittaker and Boulton, 2012). The progress of
knickpoints upstream in plan view is influenced by several factors including drainage area and lithology
(Whipple, 2004; Wobus et al., 2006a, 2006b; Whittaker et al., 2007a, 2008; Attal et al., 2008). The
form of any stream power law is a non-linear kinematic wave with an intrinsic wave celerity that can be
used to represent the planform knickpoint retreat rate (Tucker and Whipple, 2002 ; Whipple and Tucker,
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2002; Wobus et al., 2006a, 2006b; Whittaker et al., 2008; Whittaker and Boulton, 2012). The celerity
( CE) can be represented as

Cr =WA™S™! (1)

where A is the upstream area, S is the channel gradient and m and n are positive exponents. ¥ is a
parameter that represents all of the other controls on the knickpoint retreat velocity, including sediment flux
and width effects (Whittaker et al., 2007b; Attal et al., 2011). When the erosion rate is dependent upon
the rate of energy expenditure per unit width (unit stream power), and hydraulic width scaling is subsumed
into the exponenton A (i.e. m =0.5and n =1), C g should solely be a function of A °-5 (Tucker and
Whipple, 2002; Attal et al., 2008). Consequently ¥ can be thought of as a drainage-area normalised
knickpoint retreat parameter (Whittaker et al., 2008) and rivers with greater drainage areas (and hence
discharges) have knickpoints that retreat faster in a predictable manner (Tucker and Whipple, 2002; Berlin
and Anderson, 2007; Attal et al., 2008). This upstream retreat rate fundamentally controls landscape
response times to a tectonic perturbation (Attal et al., 2008).

A number of field studies confirm that drainage area, and not slope, predominantly controls knickpoint
retreat rate (Wobus et al., 2006b; Berlin and Anderson, 2007; Crosby et al., 2007; Whittaker et al.,
2007b) and that knickpoints may take >10°€ years to propagate through catchments (Whittaker and
Boulton, 2012). In principle, lithology influences knickpoint retreat rate because it should affect bedrock
erodibility, which is implicitly imbedded in the parameter ¥ in Equation (1) (Goldrick and Bishop, 2007;
Anthony and Granger, 2007; Cook et al., 2009; Schildgen et al., 2012; Whitbread et al., 2015).
However, converting measures of rock strength, fracture density or weathering into a measure of bedrock
erodibility remains a challenging problem (cf. Bursztyn et al., 2015), while a number of knickpoint studies
(Stock and Montgomery, 1999; Whittaker and Boulton, 2012) have concluded that lithology seemingly has
little relative influence on documented retreat rates. Climate also plays a significant role in controlling
landscape response times, through the amount and variability of run off and through the growth or
absence of vegetation (Ferrier et al., 2013).

In contrast to the plan view celerity discussed above, the vertical rate of knickpoint propagation upstream
in a catchment is theoretically independent of drainage area. Instead it is fundamentally dependent on the
relative magnitude of tectonic perturbation or base-level fall generating the knickpoint (Wobus et al .,
2006b; Crosby et al., 2007; Whittaker and Boulton, 2012). Consequently, knickpoints propagate upwards
through the landscape predictably, and at greater speed if the tectonic perturbation is larger (Boulton and
Whittaker, 2009; Whittaker and Walker, 2015). For cases in which knickpoints are measured according to
their vertical height above an active fault, the height should scale with the throw rate on the structure since
formation, or since it started to move at its current rate (Attal et al., 2008). For normal faults, it is
important to stress that although the ratio of footwall uplift to hanging wall subsidence can vary in different
settings (Anders et al.,, 1993; Densmore et al., 2007; Whittaker and Walker, 2015), explicit constraints
on the partitioning of the displacement between these two components are not needed for the above
analysis. This is because rivers respond to the total throw rate difference across the fault, minus any
sediment aggradation in the (typically under-filled) hanging wall which would counteract the relative base
level fall (Whittaker et al., 2007b). A number of field studies have now linked the heights of the
knickpoints upstream to the rate of fault movement and have clearly verified these general principles
(Harkins et al., 2007; Boulton and Whittaker, 2009; Whittaker, 2012), including for active normal faults in
Greece (Whittaker and Walker, 2015), the Italian Apennines and Turkey (Whittaker and Boulton, 2012),
which have undergone fault interaction and linkage.

The time span over which rivers respond to base-level changes, and thus the timescale taken to pass
effects to the surrounding landscape is fundamentally determined by knickpoint migration rates (Whipple
and Tucker, 1999; Whipple et al., 2000; Whipple, 2004; Wobus et al., 2006a). A number of studies have
suggested that this process can take several million years (Merritts and Bull, 1989; Snyder et al., 2000;
Whipple, 2001; Whittaker and Boulton, 2012; Stephenson et al., 2014). Consequently, this makes rivers

3/29



5/18/2017 Normal fault growth and linkage in the Gediz (Alasehir) Graben, Western Turkey, revealed by transient river long-profiles and slope-break knickpoin...

ideal natural laboratories for evaluation of the landscape response to active faulting over Pliocene to
Recent timescales.

Geological Background

The Gediz (or Alasehir) Graben lies (Figure 1) within the Western Anatolian Extensional Province (WAEP),
an area of active extensional tectonics (Dewey and Sengor, 1979; Bozkurt and Mittwede, 2005; ten Veen
et al., 2009; Ciftci and Bozkurt, 2009b, 2010; Kent et al., 2016). The formation of the Gediz Graben
occurred as a two-stage process, which was initiated at 16 Ma with uplift and subsidence occurring
primarily along a laterally continuous low-angle detachment fault (Kogyigit et al., 1999; Seyitoglu et al .,
2002; Bozkurt and Sozbilir, 2004 ; Purvis and Robertson, 2004 ; Buscher et al., 2013). At 2.6—-2 Ma the
dominant style of faulting switched to high-angle normal faulting along the southern graben margin
(Buscher et al., 2013).
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Figure 1.

Open in figure viewer

(A) Simplified geological map of the Western Anatolian Extensional Province (adapted from
Bozkurt, 2000, 2003; Seyitodlu et al., 2004; Cemen et al., 2006; Kent et al., 2016); the box
shows the location of Figures 2 and 4. GG, Gediz Graben; KMG, Kug¢uk Menderes Graben; BMG,
Buyuk Menderes Graben; DKBF, Datgca—Kale Breakaway Fault (Seyitoglu et al., 2004), also
known as the South West Anatolian Shear Zone (Cemen et al., 2006). Key towns: A, Alasehir;
S, Sahlili; I, 1zmir. (B) ASTER digital elevation model (NASA Land Processes Distributed Active
Archive Center, 2001) of the Bozdag Mountains and Gediz Graben showing the DEM derived

river network (extent shown in Figure 1(A)).

The modern topographic graben is 120 km long with a roughly E-W oriented graben axis (Figures 1, 2).
Along the southern margin the high-angle normal faulting occurs on three segments that form the 120 km
long Gediz Graben fault array. The longest fault segment is the central Salihli segment, 47 km in length,
while the eastern Alasehir segment is 42 km long and the western Turgutlu segment is 35 km in length
(Figure 2(a)). Uplift along the southern margin has formed the highly incised, ~2 km high Bozdagd Range,
which is dominated by the metamorphic central Menderes sub-massif. Regional mapping shows the massif
is predominantly composed of gneisses and sub-ordinate schists and Cenozoic granites (Sengor et al.,
1984; Bozkurt, 2003; Seyitoglu et al., 2004; Cemen et al., 2006) (Figure 2). Younger Mio-Pliocene
sedimentary units are uplifted in the proximal footwalls of the fault segments (green units, Figure 2),
including sandstones and conglomerates derived from the metamorphic basement (Purvis and Robertson,
2005; Ciftci and Bozkurt, 2009b). Time-averaged throw rates have been calculated from geological data
and footwall relief measurements for the high-angle normal faults bounding the present day topographic
graben, assuming these normal faults have been active from ~2.6 Ma to the present day (Kent et al,,
2016). The average throw rate calculated over the Turgutlu, Salihli and Alasehir fault segments are 0.7
mm/yr, 1.2 mm/yr and 1.0 mm/yr, respectively, for the last 2.6 My (Kent et al., 2016). The highest values
of throw rates are found towards the centre of the fault array, 1.2 mm/yr at 72 km along strike, and the
lowest values ~0.5 mm/yr are at the ends of the fault array. These values increase to 1.5 mm/yr and 0.6
mm/yr if 2 Ma is taken as the time of fault initiation. Where the mapped extent of the eastern and western
segments meet the central fault segment, there are non-zero values for the fault throw, which suggests
that at least one fault linkage event has occurred between the fault segments since fault initiation.
Consequently these time-averaged rates may disguise a temporal acceleration in throw rate due to this
process (Cowie and Roberts, 2001; Hopkins and Dawers, 2015).
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Figure 2.

Open in figure viewer

(A) A simplified geological map showing the main lithologies in the Gediz Graben and the
significant regional faults (same extent as Figure 1(B)), a low angle detachment and an array of
high-angle normal faults that bound the modern topographic graben (modified from Bozkurt,
2003; Seyitoglu et al., 2004; Cemen et al., 2006; Kent et al., 2016). Note that the
easternmost Alasehir segment (AS) ruptured in the 1969 earthquake. Overlain are the rivers,
catchments and tectonic knickpoints extracted for this study. SS — Salihli segment; TS — Turgutlu

segment. (B) Long profiles for the 29 rivers extracted that drain the Bozdag Range and cross the
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active high-angle normal fault array. The catchment locations for each of the rivers are shown in
part A. The location where the river intersects the active normal fault is shown with a red dash

and the position of the tectonic knickpoint for each river is marked with a star.

GPS data show that extension is still occurring in the WAEP indicating 10 £ 5 mm/yr of extension distributed
between the Gediz and Blylk Menderes grabens yielding an opening rate of 6 mm/yr and 4 mm/yr for the
Buyuk Menderes and Gediz Graben, respectively (Barka and Reilinger, 1997; Aktug et al., 2009).
Furthermore, the extensional tectonic regime of western Turkey has led to significant historic earthquakes
in the region (Guidoboni et al., 1994 ; Guidoboni and Comastri, 2005). Of note within the Gediz Graben
was the 1969 Alasehir earthquake of magnitude ~6.9, which formed a surface rupture ~30 km in length on
the Alasehir segment (Arpat and Bingdl, 1969; Eyidogan and Jackson, 1985). Therefore, a detailed
understanding of the pattern and rates of fault motion is necessary for robust assessments of current
seismic hazard in the region.

Methods

Topographic data for the Gediz Graben were acquired from the Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) digital elevation model (DEM) data, with 30 m resolution (NASA
https://wist.echo.nasa.gov/api/) . The drainage network for the graben was extracted using standard Arc
hydrology tools (Figure 1(b)). A threshold value of 300 pixels was used to create a stream network, giving
a stream-forming drainage area threshold 0.27 km?, which we confirmed against ‘blue-lined’ streams on
conventional topographic maps. 24 major catchments containing one or more rivers that flow across the
southern graben-bounding fault were identified (Figure 2(a)) and 29 rivers for study were selected that
originate at or near the drainage divide. Using the RiverTools software, the long profile of each river
(Figure 3(b)), the channel slope, S, and drainage area, A, as a function of downstream distance, L, was
derived. Reach-average channel gradients were calculated using elevation differences of 15 m. Linear
regression was undertaken on log—log slope-drainage area plots for each river in order to calculate
normalised channel steepness index, ks, where,

S = kg, A el (2)

and 06 is the channel concavity. A standard concavity of 0.45 was used to derive the normalised steepness
index (cf. Wobus et al., 2006a) to enable comparison between different rivers in the graben that vary in
terms of their absolute concavity. Where knickpoints were present in the long profile, normalised steepness
indices were derived for (i) upstream of the fault and downstream of the knickpoints and (ii) upstream of
the knickpoint and downstream of the drainage divide.
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The long profiles of four rivers that contain lithological knickpoints. The lithologies that the
channel incises through are displayed under the profile, and both the lithologic and tectonic
knickpoints are shown. (B) Inset slope—area graph of river 29 showing vertical step knickpoint
associated with the lithological knickpoint (blue) and the slope break knickpoint associated with

the tectonically induced knickpoint (black).

A knickzone can be defined as a large-scale convexity in a river longitudinal profile, and a knickpoint as the
precise profile break where the rate of change of the channel gradient is greatest in the river profile (Kirby
et al., 2003; Crosby and Whipple, 2006; Wobus et al., 2006a; Pederson and Tressler, 2012; Whittaker
and Boulton, 2012). The knickzones and knickpoints identified here are large in scale (hundreds to
thousands of metres), thus influence a significant portion of each catchment by length. It is stressed that
this study is not concerned with small-scale or localised waterfall-type gradient changes, which are
sometimes called knickpoints (cf. Bishop et al., 2005; Whittaker et al., 2007a). Robust knickpoint
locations were derived by plotting the reach-averaged slope data against downstream distance for each
profile with the river profile overlaid. Having constrained knickpoint locations in each river, the vertical
height of the knickpoint above the active fault, the upstream drainage and the downstream distance to the
knickpoint, and the along-strike position, relative to the graben margin (Table 1) were extracted from the
DEM. Errors in estimating knickzone heights reflect uncertainties in the elevation of the basin-bounding
fault and the exact location of the knickpoint on the long profile. An empirically-derived error of £10%
reflects this uncertainty.

Table 1. Data extracted for the 29 rivers considered in this study. The knickpoint data in this
table are for the tectonically induced knickpoints identified in each river and the active normal
fault that they cross.

Distance River Drainage Knick- Knickpoint

Drainage . . Knick-point
. along length to area at point distance .

River . area . . . distance from
strike (km?) fault knickpoint elevation downstream fault (km)
(km) (km) (km?2) (m) (km)

1 5.6 491 14.7 20.8 525 54 9.4

2 12.8 63.9 10.8 6.0 519 27 8.1

3 15.3 9.6 9.2 5.9 670 4.9 4.3

4 17.7 18.3 10.3 115 619 4.8 55

5 227 18.5 12.5 53 598 4.9 7.6

6 227 63.0 12.0 16.2 550 4.5 7.5

7 227 90.0 16.8 142 612 6.6 10.2

8 329 79.5 16.4 20.6 520 5.6 10.8

9 354 46.7 15.1 11.6 645 4.8 10.4

10 446 105.2 222 19.2 785 5.6 16.6

1" 53.4 73.2 18.2 12.6 681 8.5 9.7

12 534 735 17.2 272 780 9.8 7.4
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Distance Drainage River Drainage Kni_ck- Kr!ickpoint Knick-point
River alo_ng area length to area a_t pom_t distance distance from
strike (km ) fault knickpoint elevation downstream fault (km)
(km) (km) (km ) (m) (km)
13 56.3 82.7 241 294 1002 94 14.7
14 56.3 82.7 12.8 42 950 4.1 8.7
15 60.3 711 21.0 371 945 10.7 10.3
16 65.4 59.8 20.2 26.9 1156 9.8 104
17 69 27.0 1.9 9.8 1124 43 7.6
18 73.7 47.8 14.6 7.9 1040 5.6 9.0
19 79.2 220 13.7 8.5 837 6.1 7.7
20 79.8 118.6 20.8 7.0 1131 55 15.2
21 79.8 118.6 17.2 16.5 710 5.9 11.3
22 82.8 119.2 214 246 930 8.6 12.8
23 85 15.0 84 2.1 602 1.7 6.7
24 90 53.4 20.5 204 920 8.7 11.9
25 915 427 19.0 16.0 870 7.0 12.0
26 97.2 34.3 145 3.8 1000 3.7 10.8
27 100.9 223 13.2 8.1 954 45 8.7
28 105.1 291 13.6 6.4 1010 5.8 7.8
29 110 7.7 7.8 5.9 781 5.1 27

Lithology can cause knickpoints to form through differences in erodibility (Snyder et al., 2000; Baldwin et
al., 2003; Duvall et al., 2004; Anthony and Granger, 2007 ; Goldrick and Bishop, 2007 ; Whittaker et al.,
2007a). Consequently, it was necessary to identify any lithological-instigated knickpoints so that these
could be excluded from the analysis of knickpoints related to fault movement. Knickpoints initiated by
lithology were identified (i) by determining where the rivers cross boundaries between different lithologies
using geologic maps and field observations (Purvis and Robertson, 2004, 2005; Cift¢i and Bozkurt,
2009a; Oner and Dilek, 2011) and (ii) through the use of a log—log plot of drainage area against slope
where ‘vertical-step’ knickpoints (Goldrick and Bishop, 2007), which do not have a change in steepness
index across the knickpoint, were recognised (Haviv et al., 2010; Pederson and Tressler, 2012). These
knickpoints clearly contrast with those driven by a relative base-level fall, in which steepness index is
measurably higher downstream of knickpoint. Any verified lithological knickpoints (examples, Figure 3)
were excluded from further consideration in this study. Typically these were found to be either pinned to
the contact between the sedimentary units and the metamorphic basement, or at the boundary between
different metamorphic lithologies. The reasonable assumption was made that the knickpoint (the top of the
convex reach) upstream of the active normal faults in each long profile is the distance upstream that the
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wave-like response to tectonic perturbation has travelled (Crosby and Whipple, 2006; Whittaker et al.,
2007b, 2008; Berlin and Anderson, 2007; Attal et al., 2011); this distance upstream of the fault was
measured using the along stream distance on the DEM.

Results

All the extracted rivers drain in a broadly northern direction into the Gediz River, which runs along the axis
of the Gediz Graben. The length of the rivers varies between 7.8 km and 24.1 km, with the longest rivers in
the centre of the range, and shorter rivers at the range margins. There is a corresponding variation in the
size of the catchment area for each river from 7.7 km? to 119.1 km? (Table 1). The catchments are
elongate with their long axis parallel to the regional extension in a NNE-SSW direction (Figure 2(a)).

The Bozdag Range displays a marked topographic asymmetry with the shallow dipping Gediz Detachment
to the north creating a wide, gently sloping range to the drainage divide. Steep topography forms the
southern part of the range bounding the adjacent Kligiik Menderes Graben. The drainage divide through
most of the mountain range is situated close to the Kiiglik Menderes Graben, although it is more central in
the eastern part of the mountains.

Significantly, all rivers draining the Bozdag Range and crossing the margin-bounding fault of the graben
have convex long profiles. Associated knickpoints, defined using the methodologies discussed above, are
identified in each of the rivers studied (Figure 3; Table 1). All rivers contain at least one non-lithologic
knickpoint, identified from slope—area analysis, upstream of the active fault. The plan-view distance
upstream that the tectonic knickpoint in each river has migrated varies along strike of the mountain range
(Figure 2(a)). However, when the distance of each knickpoint upstream of the fault is plotted against the
drainage area, A, of each river catchment (Figure 4), it is evident that the knickpoints within the channels
with the largest catchments have travelled further upstream. For example, river 10 has a catchment
drainage area of 105.2 km? and the knickpoint has travelled 16.6 km upstream, while river 4, which has a
drainage area of 18.3 km?, has a knickpoint that has travelled only 5.5 km upstream.

http://onlinelibrary.wiley.com/doi/10.1002/esp.4049/full 12/29
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Figure 4.

Open in figure viewer

Graph showing the distance of the knickpoint upstream plotted against drainage area of the river
catchment. The data show a trend towards greater distances retreated by the knickpoint with

increasing catchment area of the river.

The vertical heights of knickpoints, measured relative to the basin bounding fault in each catchment, varies
systematically along the strike of the graben (Figure 5). The highest knickpoint is 1029 m above the fault
occurring in river 16, at 65.4 km along strike of the range front, and approximately half-way along the fault
segment. The lowest knickpoints are found at the western end of the range, at 346 m to 550 m above the
fault. At the eastern end of the range the knickpoint elevations are higher, ranging from 427 m to 800 m
above the fault (Figure 5; Table 1).
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The heights of the knickpoints above the active fault plotted along strike, with the total throw and
footwall relief superimposed. An error of 10% has been assigned to the knickpoint data to
account of the variations in knickpoint placement between methods. The data shows that the

heights of the knickpoints mirror the trends in the total throw and footwall relief.

The height of the knickpoints above the fault correlates well with the relative values of footwall relief and
total throw on the active high-angle normal faults bounding the graben, which were first presented in Kent
etal. (2016). In that study, Kent et al ., compared fault throw measurements, derived from structural and
seismic analysis, with the topographic relief in the Gediz Graben between the valley floor and the top of the
exhumed basin sediments along the southern margin. This approach was used as the total relief also
contains information on the earlier uplift of the margin along the low-angle detachment fault in addition to
the younger uplift resulting from high-angle faulting. The total throw increases towards the centre of the
fault array (Figure 5). Similarly, the height of the knickpoint above the active fault in the centre of the range
increases by a factor of 3 compared with the fault tips. Moreover, the three fault segments are clearly
expressed in the footwall relief profile along strike of the fault, and are marked by throw minima at 38 km
and 85 km along strike. Rivers located at the fault segment boundaries have knickpoints with vertical
heights of several hundred metres.

To test the relationship between knickpoint height and the magnitude of the normal fault throw, knickpoint
heights above the fault are plotted against the high-angle normal fault footwall relief and the inferred total
throw documented in Kent et al. (2016) (Figure 6). These data show that knickpoint height can be related
to both relief and total throw with a linear relationship (r? =0.52). The equation of the line of best fit for the
plot of knickpoint height versus footwall relief has a gradient of ~1, and therefore knickpoints heights are
generally similar in magnitude to the footwall relief (Figure 6(a)). However, knickpoint heights are only a
small fraction of the total geological throw (35% on average). Figure 6(b) illustrates how the knickpoints
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record both footwall uplift and total throw variations with a reasonable degree of fidelity, suggesting that
they are recording variations in fault displacement along the strike of the basin-bounding structure.
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Plots of knickpoint height above the fault against (A) the extracted relief of the footwall and (B)

the calculated total throw on the active normal faults. The red lines represent a linear regression.

There is a trend towards greater height of the knickpoint above the fault with higher topography.

Channel steepness indices (ksn) for each study river were also derived for channel reaches upstream and

downstream of each knickpoint (Figure 7(a)); these show significant variations between each data set.

Upstream of the knickpoints, the ks, values for each river range between 17.8 m°° and 95.3 m°° (grey
points, Figure 7(a)). There is also little systematic variation in kg, along the strike of the fault array. In
contrast, the values of ks, downstream of the knickpoints, but upstream of the faults, are consistently
higher than the upstream value for the respective river; the average kg, value upstream of the knickpoints

is 55.5 m?® while downstream of the knickpoints it is 124.2 m®°. There is a general trend in the
downstream kg, data of significantly higher ks, values in the centre of the fault array, with kg, values
reaching >300 m®-° at 70 km along strike. In contrast, lower values of channel steepness in the

downstream reaches of the rivers are consistently recorded towards the mapped extent of the fault array.
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Along strike plots of concavity normalised steepness index (Kgn). The reference concavity used
was 0.45. (A) The Kg, values below the knickpoint on each river and the corresponding Kg,
above the knickpoint. (B) The ratios of K, above and below the knickpoint plotted along strike
with back data points. Total fault throw is also shown to illustrate relationships between throw and

Ksn ratios.

The disparities in channel steepness index upstream and downstream of the knickpoints on the channels
can be explored by the considering the ratio of the kg, values along the strike of fault (Figure 7(b)). This
ratio increases to higher values in the centre of the fault array (i.e. ks, values downstream of the knickpoint
within rivers crossing the centre of the active normal fault are larger than the upstream values by a greater
amount). The ratio values in the centre of the fault array range from 2.5-3.9, while at the mapped edge of
the fault array values of 1.1-2 are typical. These ratios confirm that the disparity in steepness for river
reaches upstream and downstream of knickpoints at the centre of the fault array is considerably greater
than that found at the tips.

Discussion

Landscape response to active normal faulting

Our results show that rivers within the Bozdag Range typically contain one tectonic knickpoint upstream of
the active graben bounding faults, including the streams that drain across the inferred fault segment
boundaries (Figure 5), as any lithology-related knickpoints identified (Figure 3) were excluded from the
subsequent analysis. There has also not been a regional base level fall or removal of sediment out of the
graben valley that could account for the formation of knickpoints. Furthermore, climatic changes are
unlikely to be the cause of the knickpoints or their height variation, as precipitation rates do not vary
significantly along the Bozdag Range (Sensoy et al., 2008). Consequently, active faulting is the most likely
mechanism for generating the observed knickpoints. The fact they are still observable in the landscape
suggests that the rivers draining the Bozdag Range are recording a transient response to tectonics.

Figure 4 shows that the drainage area of each river is a key determinant of how far the knickpoints have
moved upstream. In rivers with greatest drainage area, the incisional wave associated with the knickpoint
has migrated further from the fault. The relationship between the upstream channel distance that the
knickpoints have migrated, and their catchment drainage area (L ~ A °4') is similar to the theoretical
predictions from simple stream power models if the knickpoints had all started at the same time (L ~ A °)
(Whittaker and Boulton, 2012). Therefore, the simplest explanation for this relationship is that these
knickpoints were generated by the same tectonic event. However, we hypothesise that additional factors,
such as mapped lithological differences and differing distributions of drainage area with upstream channel
distance from the fault may explain the residual signal in Figure 5 and we return to this later (cf. Jansen et
al., 2011; Whittaker and Boulton, 2012).

Knickpoints and fault linkage

The two potential tectonic events that could explain the formation of the knickpoints are therefore either (i)
the initiation of active faulting in the Pliocene, or (ii) a subsequent fault slip rate increase along the fault
array, due to the interaction and linkage of previously isolated fault segments (Cowie and Roberts, 2001;
Densmore et al., 2007; Boulton and Whittaker, 2009).

Mechanically, the linkage process acts to increase fault throw rates due to repeated stress-loading of the
centrally-located fault segments by failure of neighbouring strands located along strike (Cowie, 1998a,

17/29


http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1002/esp.4049#figure-viewer-esp4049-fig-0007

5/18/2017 Normal fault growth and linkage in the Gediz (Alasehir) Graben, Western Turkey, revealed by transient river long-profiles and slope-break knickpoin...

1998b). Additionally, linked segments are relatively under-displaced for the larger fault structure that they
join (Cowie and Roberts, 2001), while larger displacement events occur on longer faults (Dawers and
Anders, 1995; Cowie and Roberts, 2001).

The existence of fault linkage has been demonstrated by Ciftci and Bozkurt (2007) and Kent et al.
(2016), and is clearly evidenced by the pattern of throw along strike of the fault, with non-zero values of
throw at the fault segment boundaries. The existence of knickpoints in the channels upstream of segment
boundaries also suggests that these knickpoints formed due to the linkage. Additionally, two sets of
knickpoints in each channel would be expected if fault initiation was being recorded, in addition to a later
linkage event (cf. Whittaker and Walker, 2015), and these are not systematically present.

Furthermore, the height of knickpoints along the strike of the fault array mirrors the pattern in throw and
footwall relief measurements (Figure 5) with maximum values of both throw and knickpoint height in the
centre of the fault. Whittaker et al. (2008) proposed that the magnitude of the difference in throw rate
before and after fault linkage was the cause of a similar relationship documented for knickpoints upstream
of active faults in the central Italian Apennines.

The interpretation of linkage is consistent with our estimates of normalised channel steepness index, which
should reflect variations in relative uplift rate along the strike of the fault (Duvall et al., 2004; Wobus et
al., 2006a; Whittaker et al., 2007a; Boulton and Whittaker, 2009 ; Whittaker and Boulton, 2012). As a
channel is perturbed by increased slip on the basin-bounding fault, the river attempts to keep pace with the
new rate of throw, leading to the steepening of the channel and the migration of a knickpoint upstream. A
higher throw rate should therefore increase the kg, value below the knickpoint by a greater amount than a
lower throw rate increase, and this is reflected in the data from the Gediz Graben when considered along
strike (Figure 5). If it is assumed that uplift rates are linearly proportional to ksn, (Wobus et al., 2006a;
Kirby and Whipple, 2012; Whittaker, 2012) the ratio of ks upstream and downstream of the knickpoints
suggests a maximum relative uplift rate difference of 3—4 in the centre of the fault.

This inference can be independently tested by considering a fault enhancement factor, which quantifies
the increase in fault displacement following linkage (Boulton and Whittaker, 2009 ; Whittaker and Walker,
2015). The enhancement factor, E, for any linking fault segment can be calculated by considering the
length of the segment pre-linkage (L ;) and the distance between the mid-point of the segment to the
mapped extent of the post-linkage array ( R ):

L,:display math (3)

This theory assumes that the displacement profile of the fault array is triangular in shape, with a maximum
value at the centre, decreasing linearly to zero at the tips. The validity of this approximation has been
tested by Cowie and Roberts (2001), who showed that the greatest inaccuracies are at the tips of the fault
array, where the absolute fault slip rate increases are in any case small. The lengths of the three fault
segments in the Gediz Graben are 41 km, 43 km, 36 km from west to east, with a total array length of 120
km. Application of Equation (3) yields a throw enhancement factor of ~3 at the centre of the array,
assuming that the fault strands linked at the same time. This is consistent with the enhancement factor of
3—-4 deduced from kg, ratios at the centre of the fault system.

Therefore, these data show that: (i) the rivers in the Gediz Graben are undergoing a transient response to
active faulting; (ii) this transient response is best explained by an increase in throw rate due to fault
linkage; and (iii) ratios of channel steepness and fault interaction theory independently predict a 3-fold
increase in throw rate during the linkage event. Below we use these deductions to improve constraints on
the slip rate of the graben-bounding fault.

Constraining fault throw rates
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One caveat of using geological throw data to produce slip-rate estimates along strike of a basin-bounding
fault is that the rate derived is time-averaged. Throw rates for the Gediz Fault estimated by Kent et al.
(2016) are based on averages made over 2.6 or 2 Myr. However, linked fault arrays preferentially
accumulate throw at the array centre, with minimal changes in throw rates at the tips of the faults (Cowie
and Roberts, 2001; Roberts and Michetti, 2004 ; Whittaker and Walker, 2015). Time-averaged throw rate
values at the centre of the Gediz Graben Boundary Fault may therefore under-estimate the present day
rates, as they include the slower pre-linkage rate. In contrast, the eastern and western segments of the
fault array should have throw rates broadly similar to those that were produced using the time averaged
method, given that they are close to the tips of the fault array.

The fact that the knickpoints documented here have likely grown in response to the post-linkage fault
throw rate allows us to resolve rates of pre- and post-linkage fault motion, and to deduce the timing of fault
linkage, and the post-linkage rates. To do this we: (i) calculate the range of times for which fault
acceleration could have occurred, given geological estimates of fault throw (Figure 8) and the
enhancement factor, E, associated with fault linkage event along the array; (ii) compare these with the
times and throw rates required for the knickpoints to grow with the measured vertical heights upstream of
the fault (cf. Boulton and Whittaker, 2009; Whittaker and Walker, 2015). We use the total throw across the
fault to estimate these rates because this is well-constrained (Kent et al., 2016) and because rivers
crossing active faults are sensitive to the magnitude of the throw rate difference across the structure. Our
analysis, below, also takes account of sediment accumulation in the hanging wall of the basin.
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Open in figure viewer

Calculation of possible throw rates for the centre of the active normal fault array in the Gediz
Graben before and after linkage as predicted by Equation (4), for fault initiation at (a) 2 Ma and
(b) 2.6 Ma. Given a displacement of T =2800 m, the diamonds show the required throw rate
before linkage (r1), as a function of time since the throw rate increase (fault linkage [t2]); and
squares show the rate after linkage, also as a function of time since throw rate increase. A throw
rate enhancement factor of 3 was used. The triangles show the throw rate needed to generate a
1019 m high knickzone, r(knickzone). The knickpoints respond to relative base level change so
the amount of graben fill in the subsiding hanging wall needs to be considered as this can reduce

the throw ‘perceived’ by the river shown by the dashed lines.

For (i) we need an estimate of when high-angle active faulting first occurred in the Gediz Graben. Buscher
etal. (2013) and Kogyigit et al. (1999) infer a similar age for this from sedimentary and structural
evidence, so a range from 2 to 2.6 Myr will be used here; since this time, ~ 2800 m of throw has
accumulated at the centre of the fault (Kent et al.,, 2016). Given these constraints, all the possible
solutions for the following equation are found, which equates the total throw ( D 1), to the slip rates pre-
and post-linkage, r 1 and r,, respectively:

Dr=rn ti+nr t (4)

Where t 1 is the time between fault initiation and fault linkage, and t, is the time since the throw rate
increase; t 4+ t o therefore equals 2.6 or 2 Myr. Additionally, we know that

l#.display math (5)

where E is the throw rate enhancement factor. We use E =3 for the centre of the fault. Using these
equations, we calculate the range of possible throw rates before and after linkage, each of which is
associated with a specific linkage time t , years before present.

We plot the individual combinations of throw rates both pre- (white diamonds) and post-linkage (black
squares) for any time, t, before present, which satisfy the above constraints for faulting initiation at 2
(Figure 8(a)) and 2.6 Ma (Figure 8(b)), respectively. Without additional information, we do not know which
pair of throw rate values is correct. However, the timescale and magnitude of the post-linkage throw rate
must be consistent with the knickpoint heights measured in the rivers (Boulton and Whittaker, 2009;
Whittaker and Walker, 2015). Modelling and theoretical studies (Attal et al., 2008; Whittaker et al., 2008)
show that the vertical height of a knickpoint, H, should scale with the throw rate difference since the fault
linkage event. This means that

Ht2(r2 — ) (6)

The locus of points satisfying this relation is shown by grey triangles in Figure 8, for the highest knickpoint,
right in the centre of the fault array, which is at an elevation of 1019 m above the fault. As the time to ‘grow’
the knickpoint should be consistent with the predicted differential throw rate pre- and post- linkage, we can
therefore estimate the timing of this event, and the post-linkage rate, r, (cf. Boulton and Whittaker, 2009;
Whittaker and Walker, 2015). Our best estimate for the time of linkage is derived from the point at which
the knickpoint data set (grey triangles) crosses the throw rate difference data set (red circles). A fault
linkage event at 0.6 to 0.75 Ma therefore explains the data well given the fault initiation at 2 to 2.6 Ma.

However, as the knickpoints grow in response to a relative base level change, consideration needs to be
given to the graben fill in the subsiding hanging wall of the fault. This reduces the differential throw rate
increase experienced by the river (Whittaker et al., 2007b). The sedimentation rate in the hanging wall of
the fault is not known well, but can be approximated by considering 0.35 to 0.5 mm/yr of sediment
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accumulation, to account for the presence of >1000 m of sediment filling the graben depo-centre during
the time period of faulting (Ciftci, 2007). This has been represented on Figure 8 as a red dotted line;
taking the lower bound, a maximum estimated time for the linkage event is ~0.9 to 1.2 Ma.

The throw rate values yielded by this method are representative of the centre of the fault and are range-
maximum values. We calculate post-linkage throw rates from 2.4—1.9 + 0.2 mm/yr, and pre-linkage rates of
0.6-0.7 mm/yr at the centre of the fault array. The values for throw rate along strike between the centre
and the mapped extent of the normal faults could be estimated by extrapolating a straight line that joins
the peak and minimum values for throw rate, if the distribution of throw rates along strike is modelled as a
triangle (cf. Cowie and Roberts, 2001) and are shown in Table 1.

Independent quantitative constraints on the rate of motion along the graben boundary fault are surprisingly
rare, although the timing for the onset of fault activity is now reasonably well constrained at ~2 to 2.6 Ma
(Kogyigit et al., 1999; Oner and Dilek, 2011; Buscher et al., 2013). Only Kogyigit et al. (1999) estimates
the subsidence rate along the southern margin as 1 mm/yr based upon ~2.2 km of throw. This estimate
would equate to a throw rate of ~1.3 mm/y using a 1:3 ratio of uplift to subsidence along the fault array.
Throw rates derived from our analysis of geologic and geomorphic data (Kent et al., 2016) give a similar
maximum time-averaged throw rate of 1.4 mm/yr at the centre of the fault array. Therefore, the calculated
post-linkage throw rate of ¢. 2 mml/yr is consistent as the linkage event results in an acceleration of motion
in the centre of the fault array, which would result in an underestimation of present throw-rates when using
long-term averaged data.

Constraining knickpoint retreat rates and landscape response times

Having determined that there has been a tectonic perturbation due to fault linkage in the Gediz Graben at
c. 0.8 Ma, a significant question is how fast the fluvially-sculpted landscape is responding to the
interaction and linkage of the faults. As discussed earlier, as knickpoints retreat upstream, they transmit
the relative base-level or uplift rate change to the catchment as a whole. Consequently, knickpoint retreat
rates play a fundamental role in determining landscape response times in non-glaciated terrain (Tucker
and Whipple, 2002; Harkins et al., 2007; Whittaker et al., 2008; Whittaker and Boulton, 2012).

We calculate retreat rates for knickpoints in the Gediz Graben using their documented position upstream
from the fault, assuming they were generated by a fault linkage event at 0.6—1.0 Ma (Figure 9(a)). The
lowest average retreat rates are found in the Turgutlu and Alasehir Segments, with minimum values at
each end occurring within the half of the segment nearest to the edge of the fault array. The minimum
value within the Turgutlu Segment is 7.6 mm/yr with linkage at 600 Ka and 4.3 mm/yr with linkage at 1 Ma,
while the minimum for Alasehir with linkage at 600 Ka is 4.5 mm/yr and with linkage at 1 Ma is 2.7 mm/yr.
The maximum average knickpoint retreat rates are found within the Salihli Segment and are 27.6 mm/yr
and 16.6 mm/yr for linkage at 600 Ka and 1 Ma respectively.
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(a) Time average retreat rates for knickpoints in the Gediz Graben plotted along strike. The

range of the values is determined by the calculated range for time for fault linage induced
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knickpoint initiation of 1 to 0.6 Myr. (b) The knickpoint retreat parameters for knickpoints in the
Gediz Graben plotted along strike, showing a bar range based on an oldest and youngest age for
linkage at 1 to 0.6 Myr. The fill of the bars is determined by the lithologies that the knickpoints in
the rivers have retreated through, up to the current position of the knickpoint in the channel.

[Colour figure can be viewed at wileyonlinelibrary.com]

Control of mapped lithology on knickpoint propagation

There is considerable intra-graben variation in knickpoint retreat rates that could be explained by the
range of lithologies forming Bozdag Range (Figure 2). All but two of the 29 rivers studied have >1.5 km of
continental clastic sediments directly upstream of the fault. These sediments are generally not strongly
lithified and potentially easily erodible (Purvis and Robertson, 2005; Kent, 2015). These units are
juxtaposed against the metamorphic basement forming the higher elevations of the Bozdag Range,
including schists and gneisses with additional granite, phyllite and quartzite (Figure 2). We hypothesise
that these differences in mapped lithology could influence knickzone retreat rates between the study rivers
(Goldrick and Bishop, 1995; Anthony and Granger, 2007; Bursztyn et al., 2015; Kent, 2015).

To investigate intra-graben variation in knickpoint retreat, ¥ is plotted along strike of the Gediz Graben
Boundary Fault, using a bar whose percentage fill is determined by the up-channel distribution of mapped
lithologies that the knickpoints have retreated through, to reach their current positions (Figure 9(b)). The
mapped formations may disguise a range of lithological resistances to fluvial erosion but for our purposes
serve as a first-order approximation of potential differences in bedrock erodibility (cf. Bursztyn et al.,
2015). Maximum and minimum values are determined by the fault linkage times deduced above. The
dashed line shows catchments with ¥ > 3.5x10~¢ yr™', representing the upper 20% of retreat values,
assuming a linkage event at 0.6 Ma. River 5, within the Turgutlu fault segment lies over this line. The
knickpoint has retreated through a channel that, by length, is around two-thirds clastic sediments and one-
third gneiss. However, the distribution of gneiss and sediments in the rest of the rivers in the Turgutlu
segment is similar, so mapped lithology does not immediately provide an explanation. Within the Salihli
Segment three rivers have high ¥: Rivers 13 and 14 have knickpoints that have retreated through almost
two-thirds gneiss and around %5 sediments. River 21 has a knickpoint that has retreated through one-third
each of sediments, gneiss and schist; these lithological percentages do not differ significantly from those in
the rivers with smaller ¥ values. In the Alasehir segment, rivers 23, 25 and 26 all have ¥ values higher
than 3.5x1078. Each has a knickpoint that has retreated through around one-third quartzite with various
proportions of clastic sediments and schist, and in one river about one-quarter granite. Again, these
percentages are not very different from other rivers draining across this fault segment.

This analysis does not rule out lithology as a cause of the variation; it simply means the differences cannot
be attributed to mapped lithologies in a trivial way. Bedrock erodibility is a function of many parameters,
including intrinsic rock hardness, weathering, and the spacing, orientation, and size of joints. We argue
that capturing this detail from regional-scale geological maps is difficult and this study underlines the
complexity of converting mapped lithology to bedrock erodibility and hence its influence on ¥ in Equation
(1). A key challenge for the future is to constrain knickpoint retreat in individual study catchments as a
function of bedrock erodibility, quantified by using appropriate physical measurements of rock strength and
fracture density (cf. Bursztyn et al,, 2015).

Comparison of knickpoint retreat rates

The knickpoint migration rates calculated here are also comparable with those quoted in other studies over
the same time periods. Jansen et al. (2011) calculated knickpoint retreat rates in response to
glacioisostatic rebound of 20 mm/yr to 200 mm/yr in study sites in France. Hayakawa and Matsukura
(2003) calculated retreat rates of 1.3 mm/yr to 270 mm/yr for Japanese rivers responding to ongoing
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tectonic uplift. Retreat rates upstream of active normal faults range from 1.4 to 10.7 mm/yr in the Central
Apennines of Italy (Whittaker et al., 2008) to just 0.3 mm/yr to 2.7 mm/yr in the Hatay Graben of Turkey
(Whittaker and Boulton, 2012). At face value, knickpoints upstream of faults in the Gediz graben are
moving up to 2.5 times faster than those in the Central Apennines and 10 times faster than those in the
Hatay Graben. However, average rate differences also reflect significant variations in catchment size. We
therefore estimate the drainage area normalised retreat rate, ¥, for a unit stream power model (Equation
(1)) for all the rivers in the Gediz Graben (Table 1) by solving iteratively the following relation for the
upstream position of the knickpoint, L ¢ over the time period t 5:

Linick = Liautr — (W As ) /12 (7)

This equation takes into account the decrease in drainage area with upstream distance, which leads to a
deceleration of knickpoint retreat over time (Whittaker et al., 2008). The best-fit ¥ values obtained are
plotted against fault throw rate, to enable comparison of rivers with different drainage areas crossing active
faults in the Hatay Graben and the Central Apennines (Figure 10).
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The knickpoint retreat parameter for the Gediz graben plotted against throw rate with maximum
and minimum values based on linkage between 1 and 0.6 myr. The data for The Italian
Apennines and Hatay Graben, Turkey, are included as black and grey bars. Additional data from
Whittaker et al. (2008) and Whittaker and Boulton (2012). [Colour figure can be viewed at

wileyonlinelibrary.com]

The drainage area normalised knickpoint retreat parameter ( ¥) varies by a factor of c. 6, between
9.2x107 7 yr~" for a linkage time of 1 Ma to 4.3 x 10~ 8 yr™" for linkage at 0.6 Ma (Figure 10). These ¥
values can be used to calculate an effective landscape response time to active faulting by considering the
time taken for a knickpoint to propagate to the headwaters of the catchment. Using a theoretical river with
a 50 km? drainage area, an average value appropriate for the Gediz Graben channels, and assuming that
such a catchment obeys Hack's scaling law (Hack, 1957), we calculate (using Equation (1)) that it would
take between 1.6 Myr and 2.7 Ma to propagate a knickpoint to within 1 km of the headwaters. These
results therefore confirm the suggestion that rivers record tectonic information in their long profiles over
geologic time periods (cf. Whittaker et al., 2007a; Roberts and White, 2010).

Although normalising by A does explain some of the absolute differences in knickpoint retreat rate, the 6-
fold variation in % in the Gediz Graben shows that drainage area is not the only influence on the
knickpoint retreat rate. Other parameters that may influence these rates include lithology, sediment flux
(Jansen et al.,, 2011), dynamic channel narrowing effects (Attal et al., 2011) and channel gradient, if n
> 1 in the stream power erosion law (Equation (1)). Local climate differences in the Gediz Graben can be
ruled out immediately and existing work suggests that stream-power driven erosion in the area is
consistent with n ~1 (Kent, 2015). Moreover, Whittaker and Boulton (2012) suggested that knickpoint
retreat rates are sensitive to fault throw rates because fault-driven channel steepening leads to a
predictable dynamic channel narrowing effect.

Figure 10 shows there is a trend towards higher values for ¥ at higher throw rates, with average values
increasing from ~1 x 1078 yr~' to >3 x 10~ yr~' across the throw rate range. We do not have width data
for all these channels, but we hypothesise that channel narrowing effects, similar to those documented by
Whittaker and Boulton (2012) apply here also. When these data are compared to existing studies of
knickpoints upstream of normal faults in the Hatay Graben of Turkey and in the Central Apennines of Italy,
the most significant observation is that Y is greater and therefore landscape response times faster in the
Gediz Graben than in the other two study areas. The lowest ¥ values for the Gediz rivers are as large as
the highest values for the Apennines, and on average W values are at least a factor of two larger than for
Italian examples. All the Y values for the Gediz Graben are significantly greater than those from the
Hatay Graben, with a typical difference of a factor of 7.

Climate-controlled differences in precipitation-driven discharge, Q, could be one explanation for these
effects, because we normalise retreat rate parameters by drainage area, A, which is only a proxy for Q
(Attal et al., 2008). The climate along the Bozdagd range today is uniform and moderately arid with
modern precipitation rates varying from 500 mm/yr to 1000 mm/yr in the highest parts of the range
(Sensoy et al., 2008), while in the Apennines the precipitation varies between 750 mm/yr in the city of
L'Aquilla, to 1500 mm/yr in the high Apennines (Whittaker et al., 2008). In the Hatay Graben, annual
precipitation varies between 500 mm/yr and 1500 mm/yr (Whittaker and Boulton, 2012). Consequently,
present-day precipitation data cannot explain the differences in ¥ between the areas. During Pleistocene
glacial episodes, the Hatay Graben was twice as dry as at the present, while Central Apennines was 2—4
times wetter; this difference accounted for the two-fold difference drainage area normalised knickpoint
retreat rate documented by Whittaker and Boulton (2012). Data suggests that a 4- fold increase in
precipitation rate within the Gediz Graben is the maximum possible difference that could have occurred in
the last 5 Myr (Eronen et al., 2011). This gives a maximum past annual precipitation of around 3000
mm/yr for the Gediz Graben, values similar to the Italian Apennines. Consequently, climate could explain
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differences in retreat rates and landscape response times between the Turkish study areas, but it does not
explain differences in retreat rates between the Gediz Graben and Central Apennines.

Conclusions

Rivers draining across the Gediz Graben Boundary Fault each contain knickpoints, which we conclude
were generated by active normal faulting and specifically, an increase in fault throw rates during the
Pleistocene. We show that knickpoint heights along the fault trace vary systematically with respect to both
fault throw and footwall relief, and we deduce that these knickpoints were caused by linkage of the three
main fault segments of the high-angle graben-bounding normal fault at ¢. 0.8 Myr. The linkage event
produced a fault enhancement factor of 3 at the centre of the array, and we use this information to quantify
the maximum post-linkage throw rate to be 2.4 + 0.2 mm/yr to 1.85 £ 0.15 mm/yr given fault initiation times
of 2 and 2.6 Ma, respectively. This compares with a pre-linkage rate of 0.6 to 0.7 mm/yr for the central fault
segment. Given that earthquakes of up to M, 7.6 could be expected in this region (Kent et al., 2016), the
linkage of the faults likely increased the frequency and magnitude of significant seismic activity in the
Graben.

Knickpoints upstream of the rivers are retreating at maximum time-averaged rates of 4.5 to 28 mm/yr, if
the fault interaction event is as young as 0.6 Myr. Consequently, the fluvial landscape response time
implied for these rivers is between 1.6 Ma and 2.7 Ma. When knickpoint retreat rate is normalised for its
dependence on upstream drainage area, we find there are still significant differences in the area-
normalised knickpoint retreat parameter, ¥, along strike within the Gediz Graben. There is a trend
towards higher retreat rates with higher throw rates, which may be driven by dynamic channel narrowing
effects (cf. Attal et al,, 2008; Whittaker and Boulton, 2012). Lithology is diverse in the footwall of the fault,
but variations in the mapped rock units do not link simply to intra-graben variations in ¥.

Finally, our analysis shows that knickpoints upstream of active faults in the Gediz Graben are retreating
twice as fast on average than data for normal faults in the Central Apennines of Italy (Whittaker et al.,
2008) and up to seven times as fast as knickpoints in the Hatay Graben, Turkey (Boulton and Whittaker,
2009; Whittaker and Boulton, 2012). Differences in long term precipitation explain the variation in ¥
between the Turkish study sites, and we hypothesise that bedrock erodibility differences between the
limestone footwalls of the Apennine examples, and the clastic sediments and schists in the footwall of the
Gediz Fault explain the latter observation.
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