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Abstract

The seismically active Alborz mountains of northern Iran are an integral part of the Arabia-
Eurasia collision zone and offer an excellent opportunity to study continental faults and their
interaction at various time and length scales. Linked strike-slip and thrust /reverse-fault sys-
tems in this mountain belt are characterized by slow loading rates, and large earthquakes are
highly disparate in space and time. Similar to other intracontinental deformation zones such
a pattern of tectonic activity is still insufficiently understood, because recurrence intervals
between seismic events may be on the order of thousands of years, and are thus beyond the
resolution of short-term measurements based on GPS, InSAR or instrumentally recorded
seismicity.

This study bridges the gap of deformation processes on different time scales. In particular,
my investigation focuses on deformation on the Quaternary time scale, beyond present-day
deformation rates, and it uses present-day and paleotectonic characteristics to model fault
behavior. The study includes data based on structural and geomorphic mapping, fault-
kinematic analysis, DEM-based morphometry, and numerical fault-interaction modeling. In
order to better understand the long- to short term behavior of such complex fault systems,
I used geomorphic surfaces as strain markers and dated fluvial and alluvial surfaces using
terrestrial cosmogenic nuclides (TCN, 9Be, 2Al, 36Cl) and optically stimulated lumines-
cence (OSL). My investigation focuses on the seismically active Mosha-Fasham fault (MFF)
and the seismically virtually inactive North Tehran Thrust (NTT), adjacent to the Tehran
metropolitan area.

The results show that the deformation field has changed over time. Fault-kinematic data
reveal an early mechanical linkage of the NTT and MFF during an earlier dextral trans-
pressional stage, when the shortening direction was oriented northwest. This regime was
superseded by Pliocene to Recent NE-oriented shortening, which caused thrusting and sinis-
tral strike-slip faulting. In the course of this kinematic changeover, the NTT and MFF were
reactivated and incorporated into a nascent transpressional duplex, which has significantly
affected landscape evolution in this part of the range. Two of three distinctive features which
characterize topography and relief in the study area can be directly related to their location
inside the duplex array and are thus linked to interaction between eastern MFF and NTT,
and between western MFF and Taleghan fault, respectively. The close agreement between
vertical displacement calculated from fault-interaction modeling and real topography and
relief, calculated from an SRTM based DEM, suggests that such fault interaction results in
both, short-term and long-term effects.

To account for inferred inherited topography from the previous dextral-transpression
regime, a new concept of tectonic landscape characterization has been used. Accordingly, I
define simple landscapes as those environments, which have developed during the influence
of a sustained tectonic regime. In contrast, composite landscapes contain topographic el-

ements inherited from previous tectonic conditions that are inconsistent with the regional



present-day stress field and kinematic style. Using numerical fault-interaction modeling with
different tectonic boundary conditions, I calculated synoptic snapshots of artificial topogra-
phy to compare it with the real topographic metrics. However, in the Alborz mountains,
E-W faults are favorably oriented to accommodate the entire range of NW- to NE-directed
compression. These faults (western MFF and Taleghan Fault) show the highest total dis-
placement, as reflected by basement-involved faulting and exhumation, which might indicate
sustained faulting under changing boundary conditions as suggested by the models.

In contrast to the fault system within and at the flanks of the Alborz mountains, Quater-
nary deformation in the adjacent Tehran plain is characterized by oblique motion and thrust
and strike-slip fault systems. In this morphotectonic province fault-propagation folding along
major faults, limited strike-slip motion, and en-échelon arrays of second-order upper plate
thrusts are typical. While the Tehran plain is characterized by young deformation phenom-
ena, the majority of faulting took place in the early stages of the Quaternary and during
late Pliocene time. TCN-dating, which was performed for the first time on geomorphic sur-
faces in the Tehran plain, revealed that the oldest two phases of alluviation (units A and B)
must be older than late Pleistocene. Due to an unexpectedly high terrace denudation rate,
steady-state conditions of the nuclide concentrations are reached early. The oldest dated
surface at the location Saboo is 195 ka old. From abandonment of late Pleistocene fluvial
terraces, I have calculated a mean incision rate of 0.7 mm/a for rivers that drain the east
and west of the Tehran plain, respectively.

A deviation from this trend are pulses of increased Holocene incision that might be related
to repeated earthquake ruptures. The corresponding vertical offsets creating fluvial knick-
points and straths in longitudinal stream profiles has been calculated to be 0.58 m and 2.10
m. From these relationships, associated moment magnitudes of 6.74 and 7.19, respectively,
were calculated. Although rupture can be inferred for areas near the eastern tip of the NTT,
the entire length of this fault may have been affected. With regards to fault interaction
between NT'T and MFF, it is reasonable that slip on the eastern MFF segment has been
transferred onto the NTT. This allows higher average and maximum slip at the NT'T tip,
i.e., the position of the inferred paleo-earthquakes. While urban development in Tehran
increasingly covers and obliterates the active fault traces, the present-day kinematic style,
the vestiges of formerly undeformed Quaternary landforms, and paleo-earthquake indicators
from the last millennia attest to the threat that these faults and their related structures pose

for the megacity.



Zusammenfassung

Das seismisch aktive Elburs Gebirge im Nordiran ist Bestandteil der Arabisch-Eurasischen
Kollisionszone und ist fiir die Untersuchung kontinentaler Schwéchezonen und ihrer Interak-
tion auf verschiedenen zeitlichen und rdumlichen Skalen hervorragend geeignet. Gekoppelte
Blattverschiebungs- und Uberschiebungssysteme dieses Gebirges zeichnen sich durch geringe
Spannungsaufbauraten aus. Dementsprechend treten grofe Erdbeben raumlich und zeitlich
weit verteilt voneinander auf. Diese Muster tektonischer Aktivitdt in Intraplattenbereichen
sind nur unzureichend verstanden, da die Wiederkehrperioden solcher Erdbeben tausende
von Jahren dauern kénnen und nicht von kurzzeitigen Messmethoden, wie GPS, InSAR oder
instrumenteller Seismologie erfasst werden.

Diese Arbeit iiberbriickt verschiedene Zeitskalen. Meine Untersuchungen konzentrieren
sich auf Quartdre Deformation, jenseits heutiger Verformungsraten, aber auch auf heuti-
ge und paldotektonische Charakterisierungen der Schwichezonen. Diese Studie beinhaltet
insbesondere Auswertungen struktureller und geomorphologischer Kartierungen, storungski-
nematische Analysen, auf digitalen Hohenmodellen basierende Morphometrie und numeri-
sche Modellierung von Storungsinteraktion. Um das lang- und kurzfristige Verhalten solcher
komplexen Schwichezonen besser zu verstehen, benutze ich geomorphologische Oberflachen
als Deformationsmarker und datiere alluviale und fluviatile Oberflaichen mittels kosmogener
Nuklide (TCN, '“Be, 26Al, 36Cl) und optisch stimulierter Lumineszenz (OSL). Mein Un-
tersuchungsgebiet umfasst die seismisch aktive Mosha-Fasham Stérung (MFF) und die als
seismisch quasi inaktiv geltende Nordteheranstérung (NTT), die sich in unmittelbarer Nahe
zum Teheraner Ballungsgebiet befinden.

Die Ergebnisse zeigen, dass sich das Deformationfeld mit der Zeit verandert hat. Die st6-
rungskinematischen Daten haben ergeben, dass NTT und MFF bereits seit einer fritheren
dextral-transpressionalen Phase unter NW-gerichteter Einengung mechanisch gekoppelt sind.
Dieses System wurde von pliozédner und bis heute andauernder NE-gerichteter Einengung er-
setzt, woraufthin sich Uberschiebungen und linkslaterale Blattverschiebungen herausbildeten.
Wahrend dieses kinematischen Wechsels wurden NTT und MFF reaktiviert und in ein be-
ginnendes transpressionales Duplexsystem eingebunden, welches die Landschaftentwicklung
in diesem Teil des Gebirges signifikant beeinflusst hat. Zwei von drei ausgeprégten topo-
graphischen Besonderheiten des Untersuchungsgebietes konnen direkt mit deren Lage in der
Duplexanordnung in Verbindung gebracht werden und spiegeln Interaktion zwischen den 6st-
lichen Segmenten von NTT und MFF, bzw., zwischen dem westlichen Segment der MFF und
der parallelen Taleghan Schwichezone wider. Die hervorragende Ubereinstimmung zwischen
dem modellierten vertikalen Versatz und der aus den digitalen Héhendaten berechneten To-
pographie und Relief lassen vermuten, dass es sich bei der Interaktion der Schwéchezonen

sowohl um ein kurzfristiges, als auch ein langfristiges Phanomen handelt.



Um diejenige Topographie auszuweisen, die moglicherweise aus der vorhergehenden dextral-
transpressionalen Phase vererbt wurde, wurde ein neues Konzept tektonischer Landschafts-
charakterisierung benutzt. Demnach definiere ich einfache Landschaften als diejenigen Umge-
bungen, die unter dem Einfluft gleichbleibender tektonischer Randbedingungen entstanden
sind. Dagegen enthalten zusammengesetzte Landschaften vererbte Elemente vergangener
tektonischer Randbedingungen, die mit dem heutigen Spannungsfeld und kinematischen Stil
unvereinbar sind. Mittels numerischer Storungsinteraktionsmodellierungen teste ich verschie-
dene Randbedingungen und berechne synoptische Momentaufnahmen kiinstlicher Topogra-
phie um sie mit reellen topographischen Maften zu vergleichen. Im Elburs Gebirge treten
allerdings auch E-W streichende Schwéchezonen auf, die so giinstig orientiert sind, dass sie
Verformung unter der gesamten Einengungsspanne von Nordwest nach Nordost zeigen. Diese
Storungen (westliche MFF und Taleghan Stérung) weisen den hochsten totalen Versatz auf.
Hier tritt das Grundgebirge zutage und wird versetzt, was, wie die Modellierunegn vermuten
lassen, auf langanhaltende Verformung unter sich &ndernden Randbedingungen hinweisen
kann.

Quartéare Deformation in der benachbarten Teheran Ebene ist durch Schraghewegungen,
Uberschiebungen und Blattverschiebungssyteme gekennzeichnet, die typischerweise in Auf-
faltungen entlang von Hauptstérungen, vereinzelten Blattverschiebungen und en-échelon An-
ordnungen untergeordneter oberflichlicher Uberschiebungen resultieren. Junge Deformation
tritt auf, die Hauptbewegungen fanden allerdings im frithen Quartér und wahrscheinlich spa-
ten Pliozén statt. TCN-Datierungen, die erstmalig an geomorphologischen Oberfléchen in der
Teheran Ebene durchgefiihrt wurden, ergeben dass die beiden &lteren Sedimentationsphasen
(Einheiten A und B) &lter sind als spétes Pleistozén. Aufgrund unerwartet hoher Terras-
senabtragungsraten erreichen die Nuklidkonzentrationen frither das Sattigungsgleichgewicht.
Die alteste direkt datierte Terrasse nahe Saboo ist 195.000 Jahre alt. Aus der Einschneidung
der Fluftterrassen mit spatpleistozanem Alter konnte ich eine Hintergrundeinschneidung von
0,7 mm/a berechnen.

Davon abweichend treten im Holozén Impulse verstarkter Einschneidung auf, die mogli-
cherweise mit wiederholtem Versatz durch Erdbeben zusammenhéngen. Der entsprechende
vertikale Versatz, wurde mit 0,58 und 2,1 m bestimmt, tritt allerdings nahe des ostlichen
Endes der NTT auf. Aufgrund der zu erwartenden Stérungsinteraktion zwischen NTT und
MFF ist es durchaus moglich, dass Versatz von der MFF auf die NT'T iibertragen wird. Das
ermoglicht hohere Versatzbetrige nahe des NTT-Endpunktes. Unter der Annahme einer
Oberflachenruptur entlang der gesamten Storungsldnge ergibt sich eine Momentenmagni-
tude von 6,74, bzw., 7,19. Obwohl die urbane Entwicklung im Teheraner Ballungsraum die
aktiven Storungslinien zunehmend verdeckt und ausradiert, zeugen der heutige kinematische
Stil, die Uberreste ehemals unverstellter Quartérer Landschaftsformen und Hinweise auf Pa-
ldoerdbeben wihrend der letzten Jahrtausende von der Gefahr, die diese Schwéchezonen und

deren Strukturen fiir die Megastadt bedeuten.
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Chapter 1
Introduction

Increasing evidence for large earthquakes in continental interiors far away from plate bound-
aries and regions with low deformation rates demonstrates that such environments are sub-
jected to earthquakes of considerable size, which might cause catastrophic damage (e.g.,
Tuttle & Schweig, 1995; Johnston, 1996a; Johnston & Schweig, 1996; Crone et al., 1997;
Camelbeeck & Meghraoui, 1998; Camelbeeck et al., 2000; Rastogi et al., 2001; Crone et al.,
2003; Singh et al., 2004). While the importance of these types of earthquakes is generally
recognized now, the recurrence intervals of such events are often poorly known and are typi-
cally on the order of thousands to ten thousands of years, thus beyond the time scale covered
by instrumental recordings or historic accounts. The level of tectonic activity in these en-
vironments is also very difficult to assess, because the location of these earthquakes often
involves inherited zones of crustal weakness and is spatially variable. Short-term indicators
of tectonic deformation such as space-geodetic techniques (GPS, InSAR) and instrumentally
recorded seismicity have not yet measured complete deformation cycles and only provide
insufficient datasets to understand the present-day and long-term tectonic characteristics of
intraplate or low-strain regions (e.g., Friedrich et al., 2003; Stein & Liu, 2009; Stein et al.,
2009). Furthermore, even in densely populated parts of central Europe with a long history
of written documents, such as the Lower Rhine Embayment, records of historical seismicity
span no more than two thousand years, which is insufficient to constrain the size of the
largest possible earthquakes or return period by statistical techniques alone (e.g., Schmedes,
et al., 2004; Fah et al., 2009). The low level of seismic activity and the scarcity of empir-
ical data are thus major obstacles in correctly evaluating and understanding such highly
disparate and diachronous tectonic deformation. Furthermore, especially in mid-continent
settings, it has been observed that large magnitude events might be clustered along specific
faults for a while, and then migrate to others, such that clusters in the past few thousand
years do not necessarily reflect the long-term fault behavior (Stein et al., 2009). It is pos-
sible that such faults “turn on” and “turn off” on time scales of hundreds to thousands of
years, an effect that probably results from transient stress migration and interaction be-

tween faults in a region (Stein et al., 2009). Because faults are loaded at very slow rates
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in continental interiors, such interaction can give rise to earthquakes on other faults after
a long period of quiescence and seismicity can migrate from one fault to the other. Slow
loading rates also affect the duration of aftershocks, i.e., the reloading does not overwhelm
the effects of the main shock and aftershocks can last for several hundreds of years (Stein &
Liu, 2009), complicating the seismic characterization of a region. To overcome this dilemma,
a rigorous identification and characterization of regions experiencing intraplate earthquakes
is required. Observations concerning recent events and timescales of 103 to 10* years need to
be integrated with long-term geological processes in order to compare and assess short- and
medium-term processes and deformation rates, respectively. This is a major challenge in the
geosciences and requires the integration of different datasets covering a variety of time and
length scales and involving a broad set of methods spanning structural field observations,
landform analysis, assessment of kinematic fault behavior, modeling fault interaction, and
geochronology. This thesis addresses most of these aspects.

The key objective of this study is to characterize the spatio-temporal behavior of such
faults in the Alborz mountains of seismically active northern Iran. Current crustal defor-
mation is related to the Arabian-Eurasian continental collision, which is part of the Alpine-
Himalayan orogeny, where a portion of convergence is absorbed by significant intraplate de-
formation along major fault systems (e.g., Molnar & Tapponnier, 1975; Jackson & McKenzie,
1984; Hancock & Skinner, 2000). The Alborz range is located several hundreds of kilometers
north of the suture between the Arabian and Eurasian plates. The mountain range is part of
the Eurasian continental interior, which is an assemblage of multiple terranes that have been
attached in repeated phases since more than 200 million years ago (e.g., Stampfli & Borel,
2002; Moix et al., 2007). This assemblage is probably the reason why some areas of the
larger convergence zone are actively deforming and other blocks are quasi-stable. Thus, as
tectonic setting, the Alborz mountains differ from clear intraplate zones as the New Madrid
area, but can be considered as a diffuse plate-boundary zone, comparable to the Basin and
Range of the western USA, where loading rates are low and deformation is spatially and
temporally distributed (Stein & Liu, 2009).

In Iran, deformation is expressed in spectacular, thrust-fault bounded, high-relief moun-
tain ranges and activity along strike-slip fault systems. There is ample evidence that such
fault systems are active now or have been repeatedly active during the recent past. Four
out of the forty worst global natural catastrophes in terms of victims between 1970 and
2008 were caused by Iranian earthquakes (Enz et al., 2009). Importantly, these four events
were distributed across the whole country and were partly related to hitherto unrecognized
faults or occurred in regions known to have been seismically quiescent for centuries (Berbe-
rian, 1979; Mohajer-Ashjai & Nowroozi, 1979; Berberian et al., 1992; Gao & Wallace, 1995).
This underscores the importance of mid- to long-term geological investigations along faults
with known Quaternary activity, but also points at the possibility of limited preservation of

earthquake-related landforms in such low-strain environments even in an arid climate.



Geological and geomorphic analysis will thus play a crucial role to constrain the potential
for large earthquakes in regions with highly disparate and diachronous tectonic deformation.
The increased availability of new dating techniques, including cosmogenic radionuclides,
digital topography, and remote sensing data have enriched tectonic and geomorphologic
methodology and now enable us to investigate such issues on different spatial and temporal
scales with a much higher temporal resolution compared to previous efforts. Accordingly,
I have combined extensive fieldwork, structural and geomorphic fault-kinematic analysis,
morphometry using digital topography, boundary element modeling, as well as cosmogenic
nuclide dating of Pleistocene and Holocene deposits to analyze landscape evolution in re-
sponse to tectonic deformation on short- to intermediate time scales.

Following the Introduction, I will give a brief overview of the striking range-wide oro-
graphic characteristics, which impressively reflect the large-scale tectonic and climatic inter-
play and which help to illustrate the orogen-wide pattern of tectonic activity. Subsequently,
the main study focus on a smaller area along the southern border of the central Alborz moun-
tains, in the greater Tehran area. Two prominent faults with a disputed seismic history there
are the North Tehran Thrust (NTT), immediately north of Tehran, and the Mosha-Fasham
Fault (MFF) to the east. Destructive historical earthquakes and the vestiges of long-term tec-
tonic deformation contrast virtual instrumental seismic quiescence along most of the faults.
Based on these issues I asked the following research questions that formed the framework of
this study.

(1) What is the kinematic relationship between the NTT and MFF? How is the deforma-
tion distributed along these faults in space and time? (2) Does the long-term deformation
pattern help explain the current and short-term tectonic behavior?

This thesis is organized into three main chapters that address the evolution of the North
Tehran Fault and its linkage with the Mosha-Fasham Fault or deformation in the Tehran
plain foreland, respectively (Chapters 3-6).

Chapter 3 is primarily based on field work and combines fault-kinematic with geomorphic
and morphometric analysis in order to reveal the kinematic history of the major faults in
the study area. Combined, the newly obtained data suggest an early mechanical linkage
of the NTT and MFF fault systems during a former dextral transpressional stage, during
regional NW-directed shortening. During subsequent NE-oriented shortening, the NTT and
MFF were reactivated and incorporated into a nascent transpressional duplex. The youngest
manifestation of motion in this system is ongoing extension in a field of sinistral transtension.
However, this deformation must be very young. It is not observed everywhere and has not yet
resulted in topographic inversion. This chapter (‘‘Fault-kinematic and geomorphic observa-
tions along the North Tehran Thrust and Mosha Fasham Fault, Alborz mountains Iran: im-
plications for fault-system evolution and interaction in a changing tectonic regime” by Angela
Landgraf, Paolo Ballato, Manfred R. Strecker, Anke M. Friedrich, Saeid H. Tabatabaei, and
Majid Shahpasandzadeh) was published in the Geophysical Journal International, 177(2),



676-690.

Chapter 4 (“Differentiating simple and composite tectonic landscapes using numerical
fault-slip modeling. Insights from the south-central Alborz mountains, Iran” by Angela Land-
graf, Olaf Zielke, J. Ramon Arrowsmith, Paolo Ballato, Manfred R. Strecker, Anke M.
Friedrich, and Saeid H. Tabatabaei) is in preparation for re-submission to the Journal of
Geophysical Research - Earth Surface. In this chapter, I use numerical simulations to de-
termine the vertical displacement field caused by mechanically interacting faults that are
subjected to a uniform tectonic stress field. For this study, I have implemented those faults
which correspond to the duplex structure described in Chapter 3. Because of the change
in the direction of Sy4., this study addresses the question as to what extent the present-
day topography still reflects the influence of the old stress field, and which topographic
elements are indicative of the recent stress field and thus the presently active tectonism. To
address this issue, I have introduced the definitions of simple (tectonic) landscapes (com-
patible with motion on currently active faults) and composite landscapes. The latter also
comprise additional landscape elements that are inherited and unrelated to active deforma-
tion. While progressively rotating the axis of maximum horizontal stress (Sgmq.) in the
structural model setup, I produce a synoptic overview of simple landscapes and compare
them with topographic features of the real composite landscape in the south-central Alborz
mountains. I am able to show that topographic residuals, calculated from Digital Elevation
Models (DEMs), reveal distinct zones of inferred high rock-uplift rates in the south-central
Alborz. Certain areas of high elevation and rock-uplift rates can only be reproduced under
a restricted range of Syq.-directions. The long-lived, steep Mosha Fasham Fault is able
to maintain a predominant left-lateral motion under NE-directed Sg.mq., While in general,
the fault array accommodates NNE-oriented shortening. However, the faults bounding the
Taleghan range in the orogen interior are less indicative of changes in the Sp,,q.-direction.
This area of inferred inherited topography is favorably oriented to undergo reactivation under
a wide range of NW- to NE-directed compression.

Chapter 5 (“Quaternary deformation and landscape evolution in the greater Tehran area”
by Angela Landgraf, Lucilla Benedetti, Regis Braucher, Didier Boules, Irene Schimmelpfen-
nig, Silke Merchel, Paolo Ballato, Manfred R. Strecker, and Anke M. Friedrich) will be sub-
mitted to the Geophysical Journal International. Here, I use cosmogenic radionuclide dating
(TCN), field work, as well as geomorphic airphoto mapping to reveal a relative chronology
of deformation in the Tehran plain. Because the typical target mineral for TCN dating,
quartz, is rare and the surfaces are subjected to relatively high denudation rates, I have
used a new approach of separating quartz and calcite from the same set of amalgamated
depth profile samples and analyzing them separately using '°Be and 39Cl, respectively. This
approach gives some additional details of differential erosion processes on the abandoned
surfaces. Furthermore, the dating clearly shows that because of erosion, surface sampling

alone is insufficient to define the age of the associated geomorphic surfaces. The Tehran



plain shows evidence for Quaternary left-oblique and pure thrusting, displacing Quaternary
fluvial sediments and alluvial fan deposits. The western sector of the plain is deforming
by (partly blind) thrusting, as manifested by segmented and internally deformed anticlines
and abandoned and diverted channels on both sides of this structure. The recency of fault-
ing at depth and corresponding surface deformation can be inferred from !°Be-dating of
an adjacent river terrace and possibly postdates 25 ka. The central sector of the plain,
which forms the substratum of the Tehran megacity, is affected by thrusting and left-lateral
strike-slip faulting and contains several sets of uplifted fluvial terraces. These terraces and
the associated deformation pattern are reminiscent of a transpressional foreberg structure.
Chi-squared-fitting of a TCN depth profile reveals that the second-highest terrace level is
in steady-state, yielding an effective age of about 195 ka, hence indicating a Pleistocene or
older deformation age. In contrast to these environments, the eastern footwall of the NTT
is affected by left-transtension, possibly related to either the left-bending of the NTT or a
horsetail-termination of eastern NTT strike-slip faulting. The topography reflects the ge-
ometry of a relay ramp with an elevated footwall, which progressively decreases in elevation
towards the west, and terraces which become increasingly abandoned westward. The second
highest terrace level of this ramp-structure is about 195 ky old, as independently determined
by Chi-squared-fitting of °Be and 2¢Cl-depth-profiles, indicating activity since at least the
middle Pleistocene. Where the eastern NTT bounds this structure, a channel is currently
incising a dioritic sill, forming a pronounced knickpoint and leaving behind two abandoned
narrow bedrock channels at 5 m and 1.70 m above the recent channel. 6Cl dating of these
paleo-channels resulted in ages of 32904408 and 1591+223 years, respectively. This could in-
dicate pulsed Holocene incision related to dip-slip motion of the NTT. In any case, although
the manifestations of ongoing deformation along the N'T'T are scarce, numerous faults and
deformed Quaternary units in its footwall and in the Tehran plain unambiguously demon-
strate that this region is tectonically active, although perhaps not on time scales spanning
the ultimate millenia.

Finally, Chapter 6 comprises the principle conclusions and an outlook for future work in

the region.






Chapter 2

Orography, climate, and distribution of
rock-uplift in the Central Alborz

mountains

The use of high-resolution remote sensing and digital elevation data (DEM) has enriched the
tools to analyze surface geomorphology and tectonics and their related physical processes
on various spatial scales. Here, we use DEMs derived from the Shuttle Radar Topography
Mission (SRTM) in order to visualize the topography and to calculate the channel response
to orographic boundary conditions as tectonism and orographic precipitation on the orogen
scale. The Alborz mountain chain in northern Iran is an integral part of the wide deformation
zone of the Alpine-Himalayan belt, the archetypical collisional orogen, assembled of different
fragments of Gondwana which have successively collided with Eurasia (e.g., Horton et al.,
2008). In Iran, this deformation is related to the Arabian-Eurasian continental collision,
which is accommodated by shortening and strike-slip faulting in the Zagros, the Alborz and
Kopeh Dagh mountains, as well as the Aspheron Sill in the Caspian Sea, and is documented
by widespread seismicity (e.g., Jackson & McKenzie, 1984). These seismically active regions
are separated by relatively rigid, aseismic crustal blocks, such as the South Caspian Basin,
Central Iran, and the Lut Block (Fig. 2.1). While the majority of earthquakes is fairly
distributed across the entire Zagros range, the Alborz mountains show few and spatially
more disparate events, but also higher magnitudes (Fig. 2.1).

The Alborz mountains constitute a doubly verging orogen, which straddles the South
Caspian basin in an arcuate shape (Fig. 2.2A). This shape is conditioned by the strike of
the main faults: NW-SE in the west and NE-SW to ENE-WSW in the eastern part of the
range (Fig. 2.1 and 3.1).

Space geodetic measurements in Iran suggest NNE-directed shortening at a rate of 2242
mm/a relative to a Furasian reference frame, of which 6+2 mm/a are apparently accom-
modated across the Alborz mountains (Vernant et al., 2004a,b; Masson et al., 2007). In

addition to the NNE-directed shortening component, range-wide left-lateral shearing at a
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Figure 2.1: Overview of Middle Eastern and Iranian seismicity, and regional geographic setting on a
GTOPO30 DEM. Note that seismicity in Iran is focused in the Zagros and Alborz mountains. While the
majority of earthquakes are distributed across the entire Zagros, the Alborz mountains show rather disparate
events, but also higher magnitudes. Compare Fig. 3.1 for relative motion of the crustal blocks and sense of

motion along the major active structures. Box outlines Fig. 2.2

rate of 4+2 mm/a is observed in the Alborz, because the adjacent South Caspian basin
moves northwestward relative to western Eurasia at a rate of 6+2 mm/a (Vernant et al.,
2004b)(Fig. 3.1, 4.1). The oblique shortening with respect to the main strike of the range
has led to strain partitioning into thrusting and strike-slip faulting (e.g., Priestley et al.,
1994; Jackson et al., 2002b) (Fig. 4.1).

Mountain tops in the Alborz reach up to 4850 m, culminating in the 5590 m high Mt.
Damavand, a Quaternary volcano. Despite these high elevations, the Alborz range seems

isostatically unsupported due to a relatively low crustal thickness of only about 54 km with



a local thickening below Damavand volcano (Sodoudi et al., 2009). However, the high topog-
raphy might be regionally compensated by the adjacent Iranian Plateau and South Caspian
Basin (Radjaee et al., 2010). The high topography makes the Alborz chain an effective oro-
graphic barrier to northerly moisture derived from the Caspian Sea (Fig. 2.2B and C). This
climatic gradient results in a humid environment with dense vegetation cover on the northern
flank and semiarid to arid, sparsely vegetated conditions on the southern flank (e.g., Alijani
& Harman, 1985; Alijani, 2002; Alijani et al., 2007). Furthermore, precipitation is focused
at the lower two thirds of the northern flank and decreases towards the divide. Interestingly,
the sector of the orogen between the exceptionally deep South Caspian Basin and the Cen-
tral Iranian Plateau is highly asymmetric in cross-section. The northern boundary is below
sealevel and the southern boundary is located at elevations between several hundred to more
than one thousand meters (Fig. 2.2A and B).

The topographic asymmetry renders the northern flanks steeper than their southern coun-
terparts. An inspection of satellite images suggests that the landscape in this sector is
starting to adjust to this topographic imbalance, with headward migration of the north-
ern channels, thus causing a southward migration of the drainage divide (Fig. 2.2B). This
process is associated with the capture of large transversal tributaries, as the Haraz, Nur,
Sharud, and Alamut rivers, which finally drain northwards (Fig. 2.2B and 2.3B). This in
turn means that northern catchments, or their halfwidth, respectively, are for the most part
larger than southern catchments. Enhanced by the extreme N-S gradient in precipitation,
this results in higher runoff to the Caspian compared to Central Iran (Fig. 2.2C), and thus
in a higher potential of fluvial erosion and basin excavation on the windward side. Examples
from the Himalayas and numerical modeling studies suggest that such protracted focused
erosion may eventually alter rock-deformation patterns and strain rates and thus increase
the rock-uplift rate (e.g., Koons, 1994, 1995; Wobus et al., 2003; Hilley et al., 2004; Thiede
et al., 2004; Bookhagen et al., 2005; Whipple & Meade, 2006; Roe et al., 2006; Stolar et al.,
2006, 2007).

To reveal trends in the gross distribution of rock-uplift in the Central Alborz mountains,
I have calculated concavity and normalized steepness indices of the main trunk channels,
derived from DEM data of slope and contributing drainage area using the Stream Profiler
toolbox (http://www.geomorphtools.org/, Wobus et al. (2006)). This is a powerful tool to
assess the influence of tectonic forcing on landscape evolution and may help identify sets of
pronounced tectonic activity. Rock-uplift rate is assumed to exert a first-order control on
the power-law scaling between channel slope and contributing drainage area (e.g., Whipple
& Tucker, 1999; Kirby & Whipple, 2001; Wobus et al., 2006) as expressed by the following

equations

S =k« A0 (2.1)
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or

S = (U/K)Y™ « Am/m (2.2)

where S refers to the local channel slope, A is the upstream drainage area, k is the
steepness index, 6 the concavity index, U is rock-uplift rate, K is the coefficient of erosion,
and m and n are constants describing the basin hydraulic parameters. While equation 2.1
is an observation for many river basins, equation 2.2 is valid under steady-state condition
and for fluvial processes, thus drainage areas larger than a critical threshold. A power-law
relation and positive correlation exists between ks and rock-uplift rate (e.g., Whipple &
Tucker, 1999), and it varies depending on the geological setting (e.g., Wobus et al., 2006).
Steepness indices reveal differences in rock-uplift rate. This concept only works with uniform
boundary conditions, such as erosivity (Equation 2.2), because channel steepness reflects the
ratio between uplift and the coefficient of erosion. If rock uplift is spatially uniform, the
concavity index is independent of rock-uplift rate and erosional process and is found to
vary only in a narrow range between 0.35 and 0.6 (e.g., Whipple & Tucker, 1999). Any
spatial (downstream) change in erosivity or rock-uplift rate will be manifested by a change
in channel concavity (e.g., Kirby & Whipple, 2001; Wobus et al., 2006). Thus, channels have
low concavity or convex-up slopes, if the rock-uplift rate increases downstream, and vice
versa (Kirby & Whipple, 2001).

The central Alborz mountains reveal spatially distinguishable trends in channel concavity
and steepness, indicating spatially non-uniform rock-uplift rates. Many channels or channel
reaches do not fit into the expected range of concavity values, and are mainly higher and
sometimes lower or even convex-upward (Fig. 2.3A). More striking, however, is the fact that
north-draining streams show generally higher normalized steepness indices than transverse or
south-draining streams (Fig. 2.3B and 2.4A). Alongside with the generally higher steepness,
the northern channels exhibit a pronounced knickpoint or transition zone, separating steep
upper reaches from even steeper lower reaches (2.4B, illustrated in Chalus example (Ch)),
indicating transient behavior. In light of a typical channel response to tectonic forcing (e.g.,
Whipple & Tucker, 1999), this would suggest that the northern part of the Central Alborz
mountains is currently undergoing higher rates of rock-uplift than the southern part, with
an additional gradient from west to east.

However, this tectonic signal needs to be distinguished from possible influences of climate
or different erosivity. From the geological map (Fig. 2.3A) it could be argued that the
difference in steepness might be related to differences in rock type (low steepness and higher
erosivity in Tertiary units vs. high steepness and low erosivity in pre-Tertiary units). In
fact, Pre-Cambrian to Paleozoic units exposed in the Alborz have been described as being
very resistent to erosion (e.g., Assereto, 1966). However, these units rather occur locally on

the southern flanks or in the interior of the range, near the drainage divide (e.g., Fig. 4.2A).
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The majority of the northern flanks is characterized by Mesozoic units (mainly limestone,
some marl, dolomite, or sandstone). Of these Mesozoic assemblages, some sub-units (e.g.,
Tiz-Kuh, Lar, or Abnak formations) are considered to be resistent to erosion, but they occur
only locally and with limited thickness (e.g., Assereto, 1966). Thus, the striking difference
in channel steepness between north and south is not simply owed to variable rock types. In
contrast, the observed orographic precipitation, with a maximum at the northern flanks, but
decreasing gradient towards the drainage divide, is expected to develop higher relief with
steeper channel slopes in the upper reaches and a higher concavity (e.g., Roe et al., 2003;
Bookhagen & Burbank, 2006). Moreover, the rain distribution also shows a pronounced west-
east gradient, leaving the two less steep north-eastern channels (NN2, NN3) in a low-rain
zone (Fig. 2.2C, inner frame). These observations indicate a strong correlation between the
observed channel steepness and the pattern of orographic precipitation. However, this does
not exclude a further correlation with differences in rock-uplift rate. Accelerated uplift will
cause a positive feedback on the precipitation-steepness coupling, as it elevates the profile,
and therefore increases the longitudinal precipitation gradient (Roe et al., 2003). Moreover,
the knickzones suggest a transient stage with non-equilibrium conditions. Thus, without
quantifying the singular effects, it is reasonable to assume that at intermediate to short
timescales, the north-central Alborz mountains are undergoing higher rock-uplift rates than
the south-central Alborz (or pulses of base-level fall in the South Caspian). This first-order
assessment may be supported by the trends in seismicity. Although rare, teleseismically
recorded earthquakes also seem to be more frequent on the northern flanks of the Alborz
(Fig. 2.1 and 2.3B), supporting the inference of higher tectonic activity in the north. On the
southern flank, only the Garmsar fault area (GF in Fig. 2.3A) shows significant earthquake
activity. It may be a coincidence, but this area spatially correlates with the steepest southern
channel (Fig. 2.3B, channel G). In fact, this area differs from the general characterization
of the southern flanks because of Oligocene-Miocene salt deposits, which might focus the
deformation (e.g., Jackson et al., 1990; Ashtari et al., 2005).

These inferences concerning the current state of tectonic activity are very intriguing,
because they are at odds with the degree of tectonism exhibited by major faults along the
northern and southern flanks, respectively. In contrast to the present-day, faults in the
southern sector and internal domain reveal an important protracted deformation history
and higher total displacements than structures in the northern sector (e.g., Zanchi et al.,
2006; Yassaghi & Madanipour, 2008). Furthermore, Eocene sediments, which are widespread
on southern flanks and reach in places more than 5 km thickness, have no exposures on the
northern flanks, which are instead dominated by Mesozoic rocks. Several apatite fission
track samples from northern flanks (Rezaeian, 2008) are only partially reset or even un-
reset, arguing for less than 4-5 km, in places less than 3 km burial of these sites. This
in turn indicates that probably less post-Mesozoic rocks have been deposited there, that

instead Mesozoic formations might have already formed a relative topographic high, and
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that less total exhumation took place in the north since that time. These observations
combined indicate a temporal shift in the focus of deformation from southern and internal
to northern domains. Ultimately, such a shift could have been associated with the formation
of a threshold elevation of the orographic barrier, associated forcing of precipitation, and
accompanying focused erosion.

Exhumation rates increased in the inner domain by approximately 20 Ma, probably in
response to enhanced crustal shortening and thickening (Rezaeian, 2008). At the same time,
foreland basin initiation started in the south (Ballato et al., 2008, 2010a), also indicating
significant deformation at this time. Such shortening may have caused progressive increase in
surface uplift resulting in an effective barrier to moisture-bearing northerly winds (Ballato et
al., 2010b). An increase in southern aridity, as indicated by a positive isotopic shift in §'80,
suggests that such a barrier was effective by at least 17.5 to 17.2 Ma (Ballato et al., 2010b).
While the transience in the drainage system infers higher tectonic activity on a time-scale
that is probably shorter than few million years, a lower temperature thermochronometer,
as the U/Th-He system might be helpful to track the timing of this shift in the focus of
deformation.

Nevertheless, deformation is ongoing in the southern range, as strongly deformed Qua-
ternary deposits attest. In addition, the historical record of destructive earthquakes lists
numerous events on faults at the southern flank (e.g., Ambraseys & Melville, 1982; Berbe-
rian & Yeats, 1999, 2001).

The following chapters will therefore focus on the deformation history in a study area in

the south-central Alborz, immediately adjacent to the Iranian capital, Tehran.
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Figure 2.2: Topography and rainfall distribution of the Alborz mountains and surrounding regions. (A)
SRTM-DEM and hillshade with locations of swath profiles. (B) Swath profiles, showing asymmetric topog-
raphy (max, mean, and min) and pronounced gradient of orographically driven rainfall distribution (derived
from TRMM data). (C) Annual mean rain fall rate (1998-2007), derived from TRMM data (courtesy of B.
Bookhagen) showing strong spatial gradient of rainfall distribution across the Alborz. Water discharge was
calculated by multiplying the flow accumulation with the TRMM rain data. As a result, most north-draining
streams have higher runoff, and thus may have higher erosional potential than south-draining streams. Black

line depicts drainage divide; solid line depicts division between northern and southern channels; dashed line

between northern and large transverse channels.
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Figure 2.3: Stream profile analysis of the Central Alborz. (A) Concavity of major trunk streams superposed
on simplified geological map (after Pollastro et al. (2000), main faults with sense of motion after Hessami &
Jamali (2006). KF - Khazar Fault, NAF - North Alborz Fault, KT - Kandevan Thrust, TF - Taleghan Fault,
MFF - Mosha Fasham Fault, NTT - North Tehran Thrust, EF - Eyvanakey Fault, GF - Garmsar Fault, AF
- Astaneh Fault). (B) Normalized steepness indices and seismicity on SRTM-DEM, northern streams: DH
- Do Hezar, SH - Se Hezar, S - Sardab, Ch - Chalus, NN1 - No Name 1, K - Kojoor, H - Haraz, NN2 - No
Name 2, NN3 - No Name 3; transverse and south-draining streams: A - Alamut, Sh - Sharud, Ka - Karaj,
K - Kan, J - Jajrud, D - Damavand, E - Eyvanakey, G - Garmsar.
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Ch). Abbreviations of channel names as in Figure 2.3B. Crosses mark locations of knickpoints.
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Chapter 3

Fault-kinematic and geomorphic
observations along the North Tehran
Thrust and Mosha-Fasham Fault, Alborz
mountains Iran: implications for
fault-system evolution and interaction in

a changing tectonic regime

3.1 Introduction

Interaction of faults or their segments in tectonically active regions are observed on different
temporal scales, ranging from rupture propagation in singular earthquake events (e.g., Stein
et al., 1997; Hubert-Ferrari et al., 2000; Hartleb et al., 2002; Wesnousky, 2006) over decades
to millions of years (e.g., Meyer et al., 1998; Peltzer et al., 2001; Barka et al., 2002; Anderson
et al., 2003a,b; Armijo et al., 2003; Eberhart-Phillips et al., 2003; Bennett et al., 2004; Lin &
Stein, 2004; Spotila & Anderson, 2004). A better knowledge of temporal aspects of faulting
therefore is relevant for the evaluation of seismotectonic segments and associated landscape
development that span the Quaternary and beyond.

Fault interaction is also observed at a range of spatial scales involving an alternation of
slip rates on neighboring fault systems (Rockwell et al., 2000; Peltzer et al., 2001; Pollitz &
Sacks, 2002; Friedrich et al., 2003; Bennett et al., 2004; Niemi et al., 2004; Dolan et al., 2007).
Conversely, at the spatial scale of a single mountain front sustained faulting can occur over
timescales of 10 to 10° years within discrete seismotectonic segments, apparently without
interfering with adjacent segments (Arrowsmith et al., 1999; Strecker et al., 2003).

The effects of fault propagation also can be studied at various scales and are in the broadest
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sense compatible with each other, as well as with laboratory studies at various smaller scales
or modeled results of joint propagation. The relative motion of the fracture (fault) surfaces
(opening, sliding, or tearing mode) causes differences in the stress field near the tips, resulting
in different styles of propagation (Pollard & Aydin, 1988; Pollard & Fletcher, 2005). However,
the magnitudes of these stress components depend upon the fracture geometry away from
the tipline and the loading conditions. Thus, faulting is a process that can involve several
different physical mechanisms, which may differ depending upon the rock type and the
tectonic setting (Pollard & Fletcher, 2005).

These relationships underscore the different levels in the complexity of fault development
and the necessity to identify and evaluate spatiotemporal fault behavior. Faulting scenarios
may become even more complex if a reorientation of the tectonic stress field triggers the
reactivation of dip-slip faults as obliquely slipping or pure strike-slip faults (Strecker et al.,
1990). Alternatively, deformation may be partitioned into a number of different faults, each
with different kinematics and pronounced temporal variation (Sanderson & Marchini, 1984;
Teyssier et al., 1995).

Fault linkage and subsequent interaction on the field-scale has been primarily studied in
detail in extensional settings (e.g., Dawers et al., 1993; Armijo et al., 1996; Cowie et al., 1993,
2000; Densmore et al., 2003, 2007), and from the perspective of strike-slip partitioning and
weak vs. strong fault behavior, particularly along the San Andreas Fault (e.g., Zoback et al.,
1987; Teyssier and Tikoff, 1998; King et al., 2005), where fault-normal crustal compression
parallel to the strike-slip fault is observed. Other natural examples are from segmented
strike-slip faults, including geometric observations resulting from spacing or contractional or
extensional overlaps (e.g., Bilham & King, 1989; Aydin & Schultz, 1990; Brankman & Aydin,
2004). Fault propagation has been detailed studied in areas of blind thrusts, where it results
in the lateral growth of hanging wall anticlines with subsequent imprints in the landscape
(e.g., Burbank et al., 1996; Jackson et al., 1996; Keller et al., 1998, 1999; Burbank et al.,
1999; Jackson et al., 2002a). However, on a regional scale, the problem of fault interaction
and the effects of a changed tectonic stress field on the kinematic evolution of faults in areas
governed by shortening seems less well understood.

The Alborz mountains of Iran are a tectonically active range, where such fault interactions
can be studied at the scale of range bounding faults, several tens of kilometers long. Two
prominent faults along the southern border of the central Alborz mountains are the North
Tehran Thrust (NTT), immediately north of Tehran, and the Mosha-Fasham Fault (MFF)
to the east (Fig. 3.2). The kinematic relationship and interaction between these neighboring
faults is an unresolved problem in the late Cenozoic evolution of this mountain range. An
improved understanding of the nature of possible interaction between these faults is, however,
crucial for the evaluation of regional tectonic activity, and the overall assessment of the
evolution of fault systems in the Alborz range, which accommodate almost one third of the

intracontinental deformation in Iran. GPS measurements revealed NNE-directed shortening
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with a rate of 5+ 2 mm/yr (Vernant et al., 2004a,b). In addition, a range-wide shearing
is observed at a rate of 4 £ 2 mm/yr, which is associated with left-lateral motion on E-W
striking structures (Fig.3.1). In regions of low deformation rates, morphological indicators
in the landscape might suggest important Quaternary tectonic activity along discrete faults,
which would correspond to widely distributed deformation in space and time.

Along the North-Tehran Thrust,

the relief increases to more than

Eurasia 60°

3000 m over the Tehran plain, sug-
gesting that the fault has accom-
modated significant amounts of strain
or high strain rates in the Tehran
region. The Mosha-Fasham Fault

has been inferred to accommodate

a significant amount of the observed
lateral shearing in the range (Allen

et al., 2003; Vernant et al., 2004a,b;
Ashtari et al., 2005; Ritz et al.,
2006a). The eastern fault termi-
nation of the NTT probably marks

the junction with the MFF (Tchalenko,
1974; Allen et al., 2003). Here,

o
+
1 1 _ 1k - shortenin strike-sli N .
the orientation of the E-W strik 9 P N Arabia

(mm/a) (mm/a)

ing NTT agrees with similar strik-
ing thrusts and fold axes that are Figure 3.1: Simplified tectonic map of the Middle East with arrows

showing sense of relative motion. Relative displacement in the

partly cut by the MFF farther east.

central Alborz mountains occurs at rates of 5+2 mm/a and 442

Several historical carthquakes are mm/a for shortening and shearing, respectively (modified after

attributed to ruptures of different  Vernant et al., 2004a). The box indicates the study area in the
segments of the MFF that have south-central Alborz mountains Fig.4.2. Note the approximate

affected this fault along its entire location of Tehran (marked as star).

length (Tchalenko, 1974; Ambraseys & Melville, 1982; Berberian, 1983; Berberian & Yeats,
2001). In contrast, recent seismicity and manifestations of active faulting are limited to
the eastern segment of the MFF, indicating sinistral motion. Interestingly, in the vicin-
ity of both faults, instrumentally recorded earthquakes do not exceed magnitudes of 5.5
(Tchalenko, 1974). However, historical reports of damage in the vicinity indicate that M
> 7.0 events may occur on these faults, suggesting that the instrumental record may not yet
have recorded the large magnitude events that accommodate much of the relative motions
in the area (Tchalenko, 1974; Ambraseys & Melville, 1982; Berberian, 1983; Berberian &
Yeats, 2001).

It is not known whether or not this gap in seismicity may be associated with a change
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in the slip rate on adjacent faults, as observed in other tectonically active regions (e.g.,
Bennett et al., 2004). In the Alborz mountains this is a critical aspect, because the NTT
apparently merges with the MFF in an area where the strike of the MFF changes, and where
the boundary between recently active and apparently quiescent fault segments occurs.

In this study we characterize the style of deformation observed along the different fault
segments of the MFF and NTT. Our field observations constrain the distribution of de-
formation within the southern Alborz mountains. Fault kinematics, structural data, and
geomorphic observations indicate that the deformation field has changed over time. Using
these data, we can reconstruct the history of deformation to infer how the development of
deformation may be related to a changing stress field in this area. We document the kine-
matic evolution of the fault system and its link to the landscape development. Based on
this information, we present different fault-kinematic scenarios and test their viability for

the transition zone between the Mosha-Fasham Fault and the North Tehran Thrust.

3.2 Methods

Fault kinematic measurements were recorded mainly in the hanging wall along the different
fault segments. The sense of movement was derived from kinematic indicators, such as
Riedel shears or fibrous mineral steps of slickensides. The data were separated into discrete
kinematic populations based on overprinting criteria. Concentrations of average P- and
T-axes were determined, and P- and T-quadrants constructed to yield pseudo-fault plane
solutions that are readily comparable with earthquake fault plane solutions (using FaultKin
Linked Bingham distribution, Allmendinger, 2001).

We used detailed geomorphic observations to assess the landscape response to cumulative
displacement and to address the issue of tectonic activity on Quaternary time scales. In
addition, the mapping of offset geomorphic markers was supported by analysis of Corona
and Aster satellite data, and airphotos at the scale of 1:40,000. Airphotos and 10m-DEM
were made available to us by the National Cartographic Center (NCC), Iran. For limited
areas, not fully covered by the NCC-DEM, we have used Shuttle Radar Topography Mission
(SRTM) data with 90m resolution. From these data, we have calculated the topographic
residuals, following a flow chart from Hilley et al. (1997).

3.3 Geologic and structural setting

The stratigraphic sequence of the southern central Alborz mountains is characterized by an
up to 13-km-thick succession of Precambrian to Quaternary strata, deformed and uplifted
during two main tectonic events (Assereto, 1966). A Cambrian to Middle Triassic platform
sequence is interpreted to correspond to the northern rim of Gondwana (Kiirsten, 1980). The

oldest contractional event, the Cimmerian orogeny, started in Late Triassic after collision of
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Figure 3.2: Simplified geology (A) and structural map (B) showing faults of interest and historical earth-
quakes (modified after Geological Map of Iran, 1:250,000 sheets Tehran, Saveh, Amol, and Qazvin-Rasht;
historical earthquake data after Tchalenko (1974, rectangles), DeMartini et al. (1998, white ellipses), and

Berberian & Yeats (1999, yellow ellipses).
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the Iranian microplate with Eurasia and resulted in emerged areas and a regional unconfor-
mity, covered by the Shemshak Formation (Assereto, 1966; Kiirsten, 1980; Davoudzadeh &
Schmidt, 1984; Alavi, 1991, 1996; Stampfli & Borel, 2002). In the central Alborz however,
the Cimmerian orogeny was associated with the late-stage formation of grabens (Zanchi et
al., 2006). Cretaceous carbonate and volcanic rocks were deformed during contractional
reactivation of these extensional structures. Paleocene conglomerates and limestones cover
the folded strata (Assereto, 1966). A sequence of up to 5-km-thick Eocene volcanic rocks,
volcanoclastic sediments, and shale (Karaj Formation) overly the deformed Cretaceous rocks
and appear to have formed in an extensional back-arc setting (Guest et al., 2006b). Subse-
quent Oligocene to Miocene shortening caused progressive uplift, and was accompanied by
concomitant erosion and sedimentation of fine-grained sandstones and marls (Red Forma-
tion). These processes are linked to the onset of the Arabia-Eurasia collision and started
about 12 m.y. ago, inferred from accelerated exhumation rates in the Alborz range (Guest
et al., 2006b).

The southern central foreland basin of the mountain belt comprises extensive alternating
conglomerates, silt,and sandstone units (Hezardarreh Formation or Unit A). Based on sed-
imentary facies correlations with the foreland deposits of the Zagros mountains (Bakhtiari
Formation) the inferred age is Late Mio-Pleistocene (Rieben, 1955). However, this might
represent a simplification, since the Bakhtiari Formation represents diachronous deposits
advancing towards the foreland rather than being a uniformly deposited sheet (Fakhari et
al., 2008). This could also be the case for the Alborz mountains, where a recent study sug-
gested a late Miocene age (7.5 to 6.2 Ma) for the Hezardarreh Formation exposed along the
southern Alborz mountains (Ballato et al., 2008). This formation is in turn unconformably
overlain by the Kahrizak Formation (Unit B), which comprises sand- and siltstones, and the
Tehran Alluvium (Unit C), a laterized conglomerate (Rieben, 1955).

Based on thermochronologic data (Axen et al., 2001) and field observations, Allen et al.
(2003) suggested a two-stage Neogene evolution of the Alborz mountains with (1) Miocene N-
S directed shortening, accompanied by limited conjugate right- (western part) and left-lateral
(eastern part) strike-slip faulting, and (2) Pliocene-Quaternary NE-SW directed shortening,
accompanied by left-lateral strike-slip faulting along the entire length of the mountain range.

Interpretations of the geometry and kinematics of faulting in the Alborz mountains remain
controversial (Priestley et al., 1994; Jackson et al., 2002b; Allen et al., 2003; Guest et al.,
2006a). There appears to be general consensus about sinistral transpression with strain
partitioning involving dip-slip shortening and strike-slip faulting. More than 30% of the
shortening is associated with seismic activity, whose sense of motion indicates that shortening
is partitioned into left-lateral strike slip and thrusting in the WNW-trending high Alborz
range and reverse faulting with a left-lateral oblique component of motion at lower sectors
(Priestley et al., 1994). In contrast, coeval with the transpressional deformation, the internal

domain of the central Alborz mountains is characterized by recent transtension (Ritz et al.,
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2006a). Here, the geomorphic characteristics of the landscape traversed by the neighboring
Taleghan, eastern Mosha-Fasham, and Firuzkuh faults documents left-lateral kinematics
with a minor normal component. This kinematic system is compatible with a general strike-
slip regime and a local change in the position of o; from a regional horizontal position

(SHmaz) to a vertical one between the borders and the internal domain (Ritz et al., 2006a).

3.3.1 Mosha-Fasham Fault

The sigmoidal trace of the Mosha-Fasham Fault is > 175 km long and strikes E-W to WNW-
ESE, with variable N-dips between 35° to 70° (Tchalenko, 1974; Allen et al., 2003). Its central
part is characterized by a double-bend towards a northwest strike (Fig. 3.2), which accounts
for approximately one third of the entire fault length. The MFF comprises three segments, a
western (approximately west of 51° 20'E), an eastern (east of 52° E), and the central segment,
located between them (Berberian & Yeats, 1999; Tchalenko, 1974). Importantly, the eastern
tip of the MFF is close to the western termination of the active left-lateral (transtensional)
Firuzkuh Fault (Ritz et al., 2006a; Allen et al., 2003), whereas the western tip is masked by
Quaternary sediments. However, the entire western segment of the MFF strikes parallel to
the active, left-transtensional Taleghan Fault (Ritz et al., 2006a)(Fig. 3.2B).

Deflected streams, offset channels, and fault planes with horizontal striations in the eastern
and central-eastern fault sectors indicate left-lateral motion (Allen et al., 2003; Ritz et al.,
2006a; Ashtari et al., 2005). In addition, thrust and reverse faults are observed, and juxtapose
Cambrian with Eocene or Miocene strata. Early shortening at the MFF has been estimated
to be on the order of 4 km (Allenbach, 1966; Steiger, 1966). Fault-plane striations, analyzed
by Bachmanov et al. (2004), reveal faulting with dominant strike-slip in the eastern part
and an equal degree of reverse and strike-slip motion in the central part. Despite these
observations, several E-trending folds, aligned along and cut by the Mosha-Fasham Fault,
indicate that a former dextral transpressional regime was superseded by sinistral strike-slip
faulting. These observations emphasize the significance of the MFF as a long-lived structure
which has accommodated shortening under changing stress regimes in the course of the
convergence between Eurasia and Arabia.

Allen et al. (2003) calculated a maximum sinistral offset of ~ 35 km, based on piercing
points in lower Paleozoic strata in the eastern and central-eastern segments, which would,
assuming the beginning of left-lateral motion 5 Ma ago, correspond to a slip-rate of up to
7mm/a. However, Ritz et al. (2006a) calculate a sinistral slip rate of 2+ 0.1 mm/a with a
minor normal component. This transtension is in agreement with microseismicity recorded
along the eastern Mosha-Fasham Fault, showing left-lateral strike-slip faulting associated
with a normal components (Ashtari et al., 2005; Ritz et al., 2006a).

Limited data exist along the western segment, but kinematic indicators show reverse dip-

slip to sinistrally oblique reverse faulting near the western terminus, and sinistral oblique-



24

reverse motion near the eastern segment boundary (Guest et al., 2006a). In addition, Guest
et al. (2006a) found minor synthetic faults with a reverse-dextral oblique sense of slip in
the hanging wall of the MFF. However, based on syn-kinematic folding, foliations, and s-c
fabrics, Moinabadi & Yassaghi (2007) infer a dominance of dip-slip faulting along the western
segment.

Several destructive earthquakes occurred in the study area (Fig. 4.2B), attributed to slip
along different segments of the MFF, and possibly motion on blind faults in the foreland
(Ambraseys, 1974; Tchalenko, 1974; Ambraseys & Melville, 1982; Berberian, 1983; De Mar-
tini et al., 1998; Berberian & Yeats, 1999, 2001). The three largest damaging earthquakes
along the MFF occurred 958, 1665, 1830, and 1930 AD. Damage of the 958 Taleghan-Ray
earthquake is reported from an area of more than 200 km in diameter (Ambraseys & Melville,
1982). As the Taleghan and western Mosha faults are parallel structures, activity along the
Taleghan Fault during the 958 AD earthquake may have been possible.

3.3.2 North Tehran Thrust

Here, we refer to the North Tehran Thrust (NTT) as the boundary fault between Karaj in
the west and Niknam Deh in the east, where the Eocene rocks of the Alborz range are thrust
over Neogene and Quaternary sediments of the Tehran embayment (Tchalenko, 1974, 1975;
Berberian, 1983; Allen et al., 2003)(Fig. 3.2, for locations compare 3.3A).

The NTT is more than 60 km long, strikes E-W to ENE-WSW and is an oblique thrust
or reverse fault with a left-lateral component of motion (Alavi, 1996). North of Tehran
NW-striking folds and faults deflect older, N to NE-striking structures, inferred to result
from earlier right-lateral motion along the NTT (Allen et al., 2003). The NTT fault zone
comprises numerous sub-parallel, right-stepping en échelon segments, as well as NW-striking
thrusts, the Purkan-Vardij Thrust (PVT) and the likewise striking Emamzadeh-Davud Fault
(EDF) that merge with this fault (Tchalenko, 1974; Berberian & Yeats, 1999; Allen et al.,
2003)(Fig. 3.2B).

The western segment (west of 51°15’E) comprises a ramp-flat geometry, following the
limbs of a footwall anticline at the right bank of the river Kan (for location compare Fig.
3.3A). Two kilometers west of this location the fault trace becomes discontinuous. It is
much more subtle and locally associated with NE- or E-striking thrusts (Tchalenko, 1974).
Locally, vertically dipping Plio-Pleistocene sediments abut in fault contact horizontal to
gently dipping Eocene tuffs.

The central-western segment, between 51°15’and 51°28’E; is characterized by thrusting
and reverse faulting at an increasingly steeper fault plane towards east. This segment is
itself subdivided into several en échelon faults (Tchalenko, 1974).

The central-eastern segment, between 51°28’and 51°34’E, however, is characterized by a

broad zone of thrusting (Tchalenko, 1974). East of Lashgarak (for location compare Fig.
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3.3A), the fault termination probably marks the junction with the MFF (Tchalenko, 1974;
Allen et al., 2003; Bachmanov et al., 2004). This region is intensely folded, although the
topography is much more subdued compared to that of surrounding regions. Here, the NTT
strikes E-W| parallel to other thrusts and fold axes that merge with the MFF or are cut by
it (Fig.3.2).

Faulting and folding of the piedmont south of the NTT suggests a shift of the defor-
mation into the foreland. Deformation of the piedmont consists of four sub-parallel E-W
oriented anticlines, involving the "A" Formation, which is unconformably overlain by almost
horizontally bedded "B" Formation deposits (Engalenc, 1968). The folds are asymmetric,
with steep northern limbs, which are partly overturned and developed into S-verging flexures
and reverse faults (Tchalenko, 1974). In addition to these thrusts, NW-striking faults are

observed in the central and western piedmont (Tchalenko, 1974).

3.4 Fault kinematic data

Different structural trends along the southern Alborz range can be identified that allow us to
develop a relative faulting chronology, based on cross-cutting relationships, and the relative
age of the involved units. In this section, we first discuss the macroscopic structures and
subsequently present fault-slip data collected on major and minor faults. Combined, these
data help unravel the kinematic history of the southern Alborz range.

In the NTT hanging wall, sub-parallel to obliquely oriented (Niknam Deh, west; Fig.
3.4A) fold axes are exposed. At the western and the eastern (Niknam Deh, east; Fig. 3.4B)
tips of the NTT, NE-striking meso- to macroscale folds affect the Eocene Karaj Formation.
In one case the folds are unconformably overlain by tilted, SE-ward dipping Plio-Pleistocene
Unit A deposits.

ENE- to ESE-striking faulting with dominant dip-slip movement and occasional dextral
and sinistral components is observed at the western segment of the MFF (Fig. 3.3B and
C), but also affects the Karaj Formation and is linked with activity on the NTT (Fig. 3.5A,
localities 2 and 4). In addition, NW- to N-striking faults with medium to high-angle dips
were observed along the entire length of the NTT, generally affecting the Karaj and Miocene
Red formations. In the western area, the offset pattern along these faults is consistent with
either west-side down displacement or left-lateral motion (Fig. 3.5A, localities 1 and 3).
Close to the eastern termination of the NT'T, these faults are exposed in the NTT hanging
wall and the MFF footwall, either displaying motion partitioned into strike-slip and dip-slip
components or oblique kinematics resulting in associated flower structures.

In the eastern part of the study area approximately E-striking high-angle faults were
observed that we term the Latyan fault zone. These faults affect mainly Unit A deposits
(but more recent sediments cannot be excluded). Faulting has resulted in a cataclastic zone,

up to 1-2 meters wide, with rotated clasts obliquely oriented and forming large shear bands.
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Figure 3.3: Overview map and field examples of folding and faulting associated with the western MFF fault
segment. (A) Regional overview map showing main faults and location names as mentioned in the text. Boxes
indicate following figures (inset is zoom of Fig. 8 box), while white arrows show locations of field photos (this
figure B and C and Fig. 3.4) and point in view direction. (B) View towards E showing the MFF at Sirud
(western segment). Here, the fault has thrust characteristics with Cambrian units juxtaposed against Eocene
Karaj Formation. (C) View towards W showing the MFF between Sirud and Velijan (western segment).
The overall impression of the fault geometry suggests thrusting, while fault-kinematic measurements indicate
sinistral reactivation (compare Fig. 3.5B 23). Note the footwall syncline in the Karaj Formation (middle

ridge), compatible with primary thrust kinematics.
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Figure 3.4: Field examples of folding and faulting associated with the NTT and MFF fault system. (A)
NTT exposure west of Niknam Deh (see arrows at Niknam Deh in Fig. 3.3A for location). The fault trace
shows a ramp-flat geometry and the hanging wall exhibits an alternation of synclines and anticlines with
axes oblique to the NTT, but compatible with the present-day shortening direction. See inset stereoplot
with the calculation of the fold axis from measurements of the fold limbs. White lines denote bedding in
Karaj Formation rocks. Extensive slope debris below the fault trace indicates a cataclastic fault zone. Fault
kinematic measurements in tectonized Quaternary river gravels show sinistral reactivation (compare Fig.
3.5B (locality F)). (B) Folding in the hanging wall of the NTT at Niknam Deh, just east of (A), white lines
denote bedding, inset stereoplot for axis calculation; note that here the fold axis is not compatible with
the present-day shortening direction. (C) Cataclastic shear zone in volcanic rocks of the Karaj Formation
associated with the NTT near Farahzad. No sense of motion or timing of fault activity can be inferred.
(D) NTT fault trace (black line with teeth) and possible subsidiary fault (dashed) at Kan (see arrow at
Kan in Fig. 3.3A for location). This outcrop was previously studied by Tchalenko (1974, 1975) and shows
thrusting of cataclastic Karaj Formation rocks over alluvial sediments (possibly Unit B) as well as internal
deformation of alluvial units. (E) and (F) High-angle faulting in alluvial deposits at a roadcut in Lavasan
(see arrow in inset in Fig. 3.3A), both outcrops are just some meters apart. The colorcoding of the soils
is the same. Geological hammer for scale in white circle on (E), note the paleosoils as marker horizons
for faulting. A flower structure geometry of the fault (here informal called Latyan fault) is inferred. The
erosional terrace level corresponds to T4 in Fig. 3.8 and seems to postdate the faulting. (G) High angle,
E-striking Latyan fault about 3 km east of (E) and (F) near Sabou-e-Bozorg (see arrow in inset in Fig.
3.3A). Erosional terrace level corresponds to T2 in Fig. 3.8. Rotated clasts indicate coarse shear bands
in the fault zone, coherent with the drag of the bedding. However, horizontal striations in the fault gouge
indicate strike-slip reactivation. (H) Example of reactivation of the MFF with two generations of oblique
kinematic indicators; the older lineation (L1) is associated with slickensides and a polished surface, while

superimposed are striated calcite fibers (L2).

The tectonized clasts and an offset paleosoil (Fig. 3.4G and 3.4E and F, respectively) show
a vertical sense of movement, although limited sub-horizontal fault striations may indicate
a strike-slip reactivation of this structure. In some cases these faults have flower-structure
geometries, indicating oblique motion. The same set of faults also occurs occasionally in the

Miocene Red Formation farther east where it is associated with motion along the MFF.

The youngest tectonic manifestations are N-striking thrust faults cutting alluvial deposits
(from Unit A to Unit C) away from the range in the Tehran plain. These thrusts have been
observed only in the western and central parts of the NTT footwall and either verge west-

or eastward.

Our data and observations by other workers show that these structures are not compatible
with one sustained kinematic regime. Instead, the kinematic analysis and our synthesis of
macrostructures reveal two separate kinematic regimes that have influenced the NTT and
MFF (Fig. 3.5 A and B). We infer that these regimes were controlled by a rotation of the
shortening direction from an original NW-NNW to a neotectonic NE-NNE orientation. This
may have resulted from a rotation of the direction of the greatest horizontal stress Sgmaz-

These interpretations are based on Anderson’s theory of faulting (Anderson, 1905, 1951),
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whereupon faults form at specific angles to the applied principle stresses and where one
stress direction is vertical. However, this theory relates the orientation of faults to the stress
field at the time of development. Once formed, the faults remain zones of weakness, which
might be reactivated, even if the regional stress field is not optimally oriented. In this case,
the state of stress does not control the orientation of the fault plane, but instead controls
the slip vector, whose orientation depends on the stress tensor aspect ratio (e.g., Célétier,
1995). In addition to these complexities, we have to consider that even in small regions, the
stress field may vary and become inhomogeneous. However, in our study area, faulting in
both regimes has been accompanied by macroscale and mesoscale folding (compare insets in
Fig. 3.5 A and B, respectively), which we think is another indicator for the rotation of the
shortening direction and supports the applicability of Anderson’s theory.

It is interesting, however that indicators of sinistral motion along the central segment of
the MFF are rare. Such kinematics are instead often associated with E-striking subsidiary
faults (e.g. Fig. 3.5B, localities 14, 17), partly with normal components, and with the
similarly E-striking western MFF segment. These observations imply a strong influence of
the fault geometries with respect to the accommodation of regional stresses resulting from
the convergence between Arabia and Eurasia.

The earlier NW-oriented shortening episode is compatible with thrusting and dextral
strike-slip kinematics on the MFF and NTT (Fig. 3.5 A). The Miocene marls of the Red
Formation are the youngest units affected by this kinematic regime. Part of this deformation
regime are conjugate low-angle NE- and WNW-striking dextral oblique thrusts, NE-striking
thrusts, high-angle NW-striking left-lateral strike-slip faults, NNE-striking reverse faults,
and NE-trending folds. This structural inventory is consistent with the macroscale dextral
transpressional character of the MFF, as expressed by the alignment of ENE-striking thrusts
and folds that are cut by the fault.

NE-shortening is associated with oblique thrusting along the central MFF and in its
footwall, as well as sinistral strike-slip faulting on minor faults in the central MFF segment
(Fig. 3.5 B). NW-striking reverse and thrust faults, and NNE-striking dextral strike-slip
faults constitute the main inventory of the analyzed structures. In addition, WNW-trending
folds, oblique to the strike of the N'T'T, are indicative of left-oblique reactivation of the NTT.
NW-trending fold axes and macroscale tilting are also observed and attest to the regional
accommodation of NE-directed shortening.

In addition to the orientations of the inferred compressive stresses our fault-kinematic
data reveal limited examples of extensional pseudo-fault plane solutions (Fig. 3.5 C) with
varying orientations of the tension axes. The data were recorded along the MFF and a
subsidiary fault-branch as well as along the NTT in the junction area between both faults.
In some cases, a combined data analysis, without extraction of the normal components reveals
pseudo-fault plane solutions with left-oblique kinematics on W- to NW striking nodal planes
(Fig. 3.5 C, localities 7, 14, 16, and 17).



WA

: W’ﬁ"’ f‘?
(ay |

T Tl g

7 A0 e
13

Ly o

0 5 10 20 km
e —




31

Figure 3.5: Pseudo fault-plane solutions of measured and sorted fault kinematic data, grouped according
to their kinematic populations. The fault kinematic analysis reveals two faulting regimes for the NTT and
MFF, controlled by a rotation of Sgaq from an original NW/NNW (A) direction to a NE/NNE orientation
(B), note the inset scatter plots of calculated o7 poles and the rose diagrams of the measured mesoscale and
calculated macroscale fold axes orientations. In addition, indications of extension were observed, without
clear cross-cutting relationships for the measurements in bedrock (7, 14, 16), but demonstrating the youngest
tectonic movement in the Quaternary outcrops (C). Fault kinematic raw data (strike, dip, rake and sense of

movement; see Fig. A.1, appendix A) were analyzed using the Fault Kin program (Allmendinger, 2001).

The fault-kinematic analysis of the strained clasts and faults measured in the junction
area of the NTT and MFF show recent left-lateral strike-slip and normal faulting (Fig. 3.5B
and C, localities A to H). Since these data correspond to the youngest activity, they are
in agreement with the geomorphic observations of a kinematic changeover from dip slip
to systematically oblique faulting. This is also observed in Oligo-Miocene bedrock units,
where the oldest, dextral-transpressional trend is superseded by a left-transtensional regime.
However, the Quaternary faulting history is also very complex and reveals different extension
directions. Good conditions for kinematic analysis and trench logging are found in the Kond
and Afjeh valleys, and in Kalan. These outcrops show evidence for repeated abrupt offsets,
as documented by the sedimentary wedges in the footwall and fissure fills along the fault,

and clearly document Quaternary seismogenic activity.

3.5 Geomorphic observations

To characterize the distribution of relief in the vicinity of the faults as a proxy for deformation
and uplift and to identify areas of young tectonism, we used morphometric and landform
analysis of the investigated area.

Morphometric analysis

Localized surface uplift or base-level lowering may result in increased channel slopes with
higher erosion rates, and therefore increased relief of drainage basins relative to surrounding
crests (Blirgmann et al., 1994; Merrits & Vincent, 1989). Residual relief maps, calculated
as the difference between an envelope of the highest elevations and another envelope of
the present-day drainage channels, therefore help outline sectors of high stream-incision
rates, presumably associated with high rock uplift (Biirgmann et al., 1994; Hilley et al.,
1997). However, the interplay between uplift and erosion is also influenced by differences in
erodibilty of the material, e.g., rock type variations in the range, which might account for
considerable differences in relief. The following calculations are based on the assumption of
spatially uniform resistance of rock to erosion, but are less reliable where this condition is
not satisfied. The rock type variability in the Eocene units of the study area is generally

high, nevertheless, we think that differences in erodibility of these units are less significant,
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especially on the scale used for the morphometry. To be more precise, it is worth comparing
the area between the NW-prolongation of the NTT and the Emamzadeh-Davud Fault (EDF)
(Fig. 3.2), where a more than 5 km thick succession of these highly variable Eocene units
is exposed. At this location the Karaj Formation comprises three different shale members,
repeatedly alternating with tuffs, tuffaceous siltstones, limestones, and sandstones in places,
but it does not exhibit any significant difference in residual relief. However, where such rock
type variations are obvious and might correspond to the observed relief, we will indicate this

possibility in the text.

The residual relief map of the NTT/MFF area exhibits two distinct spots and one elon-
gated zone of high relief (Fig. 3.6B, dark blue areas). The elongated area is located between
and aligned with the subvertical western segments of the Mosha-Fasham and Taleghan faults.
This high is associated with outcrops of Precambrian to Paleozoic units, which comprise
mainly dolomite, sandstone and limestone, and might be more resistant to erosion than
the Mesozoic limestone and shales or the Eocene limestones, shales and volcanoclastic sed-
iments. The remaining two zones of high topographic relief do not strikingly correspond
to such strong resistant rock types. One of these spots is located immediately east of the
outside corner of the MFF left bend, and accordingly, at the inside-corner of the Taleghan
Fault left bend. However, the third high-relief zone is located around Mount Touchal, at the
inside corner of the NTT and EDF (see Fig. 3.2A for geology and B for fault names). Here,
in the immediate hanging wall of the EDF, the base of the Eocene units is exposed, which
also comprise other lithologies, such as lava flows. These units are potentially more resistant.
However, the top units of the Touchal, which corresponds to the location of the high residual
relief, consist of an alternation of shale and tuffaceous siltstone, and are consequently more
erodible.

To infer a relation of the relief in the NTT-hanging wall with the relief across the connecting
faults (MFF, EDF, and PVT; see Fig. 3.2B for fault names), a topographic swath profile was
calculated, approximately perpendicular to the NW-striking faults (Fig. 3.6C). In addition
to a general eastward increase in elevation, the maximum elevation (upper line) consistently
has the highest points in the hanging wall of the NW-striking faults. Interestingly, the mean
elevation (middle line) drops in the MFF fault zone.

For about two-thirds of its length, the NTT fault trace constitutes the southern edge of the
Alborz mountains. Towards the east, increasing footwall uplift alters this expression. As-
suming that topographic relief correlates with cumulative offset (King et al., 1988; Stein et
al., 1988; Bilham & King, 1989; Taboada et al., 1993), topographic along-strike profiles were
calculated at different distances from the fault trace to characterize the long-term behavior
of the NTT (Fig. 3.6D). All profiles show consistently two main steps in elevation, linked
by a transition zone. Thus, the western segment may have accumulated less displacement
than the central segment. Interestingly, a topographic outlier in the central NT'T segment,

which exhibits anomalously high topography, coincides with the termination of a prominent
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WNW-trending anticline (Latyan structure after Dellenbach (1964)), but is also associated
with a subtle right-bend of the NTT (Fig. 3.6D). This suggests interaction with the NW-
ward growing anticline and related faults, which would plunge below the NTT. Towards the
east, in the junction area, the topography is much more subdued without any significant
differences among the four profiles. This might suggest less accumulated uplift, which could
result from a kinematic changeover to dominant strike-slip motion. However, while this kind
of analysis requires uniform resistance of rocks to erosion, we cannot exclude that in this
easternmost segment, the effect is due to higher erodibility of the exposed shales. Overall,
the segmentation of the NT'T, as amplified in its distinguishable topographic expression,
suggests semi-independent uplift histories.

Interestingly, the position of the Kan river also marks the position of the segment bound-
ary between the western and central segments. Decreasing offsets towards the tips of the
overlapping segments might have enhanced the ability of the river to cut through the more
slowly rising mountain front. In contrast, catchments in the hanging wall of the rapidly ris-
ing central segment are rather steep and small. However, another possibility might be that
an early Kan river was able to capture areas in the headwater, which allowed it to continue
incising contemporaneous to uplift. In this case, the relief would rather reflect the drainage
history than spatial gradients in rock uplift. At present, this cannot be excluded.

Faulting and landform evolution in the NTT/MFF transition area

Where the eastern branch of the NTT approaches the MFF, both faults show a change in
strike direction. The MFF changes strike from WNW to NW while the NTT has a subtle
left bend. No small-scale offsets as indicators of motion during the most recent earthquakes
were observed along the fault traces, but cumulative offsets reveal the long-term tectonic
activity of both faults. For example, three sets of areally extensive Quaternary terraces
occur in the footwall of the MFF and in the hanging wall of the NTT, which have no match
beyond the fault (Fig. 3.7).

This clearly documents Quaternary thrusting along the NTT. The geomorphic surface
T2, a gravel covered erosion surface, is sculpted into the folded Eocene to Miocene units
that have been deformed during NE-directed shortening (Fig. 3.7B). A reconstruction of
T2 surface remnants (Fig. 3.7C) reveals vertical displacement of ~ 317 m relative to the
local base level at the NTT. Assuming a Quaternary age of the surface, the offset implies a
minimum slip rate on the NTT of 0.2 mm/yr. However, this rate could be several mm /yr,
if the surface is only few hundred thousand years old.

Terraces in the hanging wall of the MFF are rare, but the fault trace is characterized by a
pronounced step in topography. Channels crossing this structure are not deflected laterally,
but recent faulting is manifested by a scarp of a young dip-slip splay fault of the MFF (Fig.
3.7A).

Distinct sinistral stream offsets of about 85 m characterize the eastern termination of the
NTT, east of the area of thrusting (Fig. 3.8A). In addition, the deformation history of the
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Figure 3.6: Topographic analysis, derived from DEM data. (A) Overview-DEM with main faults (for labels
compare Fig.3.2B). Indicated are locations of following figures. (B) Topographic residuals of the study area,
derived from SRTM data by subtracting a drainage-envelope from a ridge-crest envelope. The blue spots
correspond to high incision and presumably, high-uplift zones. (C) Topographic swath profile across the
NTT and perpendicular to its connecting faults (MFF, EDF, PVT; see Fig. 3.2B for fault names) showing
the distribution of minimum, maximum and mean elevation. Note that the highest maximum elevation is
always located in the hanging wall of these faults. (D) Topographic along-strike profiles in different intervals
to the NTT-fault trace. (a) Location of the profiles on SRTM-DEM, color coding is equivalent to the profile
lines in (b) and (c). Note also the locations of the connecting faults (MFF, EDF, and PVT). Dashed lines
show manual interpolation along the highest peaks (b) or manual interpolation along the base level (c). Note

the consistent segmentation in (b) and (c¢) as indicated by the black vertical lines.

NTT footwall may be revealed by tectono-geomorphic features, including four generations of
abandoned surfaces (T1-T4). These terraces occur at increasingly lower elevations towards
the west, which is in agreement with the decreasing degree of incision of the surfaces.

An E-W striking, almost vertical splay fault (Latyan Fault, Fig. 3.4G) offsets sediments of
Plio-Pleistocene age (Unit A). The fault activity is postdated by terrace T4. This structure
was originally a dip-slip fault with up to the south motion, as inferred from rotated clasts in
the fault zone, a missing paleosol (Fig. 3.4 G, E, and F, respectively), and the deep incision
of streams south of it (Fig. 3.8A). However, horizontal striations developed in a fault gouge
also indicate strike-slip reactivation, and the en échelon alignment of map-scale extensional
gashes that form sigmoidally shaped depressions (Fig. 3.8A, D) point toward sinistral shear.
The extension direction inferred from these gashes is ENE-WSW, matching the present-day

tectonic stress field.

3.6 Discussion and Conclusions

Applying Anderson’s theory of faulting (Anderson, 1905, 1951), our fault kinematic study
revealed an early dextral kinematic history for the NT'T and the central MFF. In a few cases
the dextral kinematic indicators clearly postdate earlier dip-slip reverse faulting. Miocene
dextral strike-slip and oblique dextral reverse faulting along the MFF and NTT took place
during NW-oriented shortening. The dextral kinematics are compatible with observations by
Axen et al. (2001), and Zanchi et al. (2006) documented dextral transpression during NW-
shortening. Partly refolded NE-trending fold axes in the hanging wall of the NTT observed
by Allen et al. (2003), also support such a scenario. Hence, it is reasonable to infer that the
E-W striking NT'T is mechanically linked with the dextral transpressional alignment along
the MFF (Fig. 4.2). However, the regional expression of this alignment is incompatible with
the domal structure used in an early study by Allen et al. (2003) to estimate the maximum
MFF offset. When restored, this structure would cross the MFF, instead being part of a

former alignment. The high-uplift zone between the subvertical western segments of the
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Figure 3.7: Geologic-geomorphic map of the Kond Valley in the NTT hanging wall and MFF footwall. (A)
Three terrace systems occur in the NTT hanging wall (T1-T3), indicating repeated Quaternary uplift along
this NTT segment. The MFF is characterized by a step in elevation. However, streams cross the MFF
without deflection or offset. Recent faulting is manifested with a scarp at a young dip-slip splay fault of
MFF. Inset: Figure location with respect to the MFF-NTT system. (B) Terrace T2, a very extensive, gravel-
covered paleopediment, sculpted into folded and tilted Eocene to Miocene units. (C) Two terrace profiles,
developed in dip-direction (the upper one from differential GPS measurements, the lower one from DEM)
were extrapolated by linear best fit to their location above the recent Kond River (black dots in (A) and
(C). These points in turn were extrapolated towards the NTT location. The reconstruction of terrace T2

revealed an uplift of about 317 m relative to the erosion base level at the NTT.

MFF and Taleghan fault, as observed from topographic residuals, also fits the alignment.
The elongated area therefore might be related to uplift under the dextral transpressional
regime.

Conversely, Allen et al. (2003) and Guest et al. (2006a) interpreted strike-slip faulting in
this region with conjugate dextral and sinistral strike-slip movements during N-S shorten-
ing. The early dextral strike-slip regime was superseded by Pliocene NE-oriented shortening,
which was associated with sinistral-oblique thrusting along the NTT and the central-western
MFF, sinistral strike-slip motion on subsidiary faults in the central MFF segment, and fold-
ing and tilting of Eocene to Miocene units in the MFF footwall. This is compatible with
observations in other areas of the central Alborz mountains (e.g., Allen et al., 2003; Axen
et al., 2001; Guest et al., 2006a; Zanchi et al., 2006; Moinabadi & Yassaghi, 2007). The
formation of gravel-covered erosion surfaces in these tilted units was accompanied by con-
tinued thrusting along the NTT. However, folding in the hanging wall and sinistral stream
offsets indicate a left-oblique component or a Quaternary strike-slip reactivation of the east-
ern NTT segment, close to its termination. Here, the NT'T has an approximate E-W strike,
similar to the active, eastern sinistral MFF segment. It is therefore possible that the NTT
is favorably oriented to accommodate overall shortening by sinistral strike-slip movement.
In addition, the high residual relief in the inside corner of the NTT-EDF system and the
topographic along-strike profiles of the NTT suggest that these segments have been not only
active, but also very efficient in uplifting this block of the mountain front. Accommodation
of left-lateral motion by the eastern N'T'T is also compatible with the sigmoidal-shaped en
échelon tension gashes in the vicinity of the reactivated Latyan fault (Fig. 3.8). Farther west,
the left-bending section of the NTT changes into a dip-slip fault, as indicated by uplifted
fluvial terraces and a much more sinuous mountain front. In such a scenario the area west
of the Afjeh river would constitute a horsetail termination of a sinistral strike-slip system,
causing the opening of a small basin with successive lowering of the local base level of the
NTT footwall towards the west (Fig. 3.8A-C).

The macroscale pattern of the MFF and the NTT, as part of a former dextral trans-

pressional system, and the present-day sinistral regime observed at the eastern and central-
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Figure 3.8: Eastern segment of NTT with footwall deformation: Left-lateral stream offsets are observed at
the eastern termination of NTT (right middle in figure A), whereas the western prolongation is characterized
by thrust-movement (compare Fig. 3.7). West of Kond the NTT fault trace is covered by recent sediment.
Alternatively, the sinuosity of the mountain front may also rather indicate thrusting and widening of valley by
lateral erosion. The footwall topography decreases (A and swath-inset), and the terraces become increasingly
abandoned westward, indicating a pull-apart basin. This may result from the left bending of the fault or
a horsetail-termination related strike-slip motion (B). Note S-shaped closed valleys, aligned along an E-
W striking, vertical splay fault (middle of figure, compare Fig.3.4E-G), interpreted as en échelon aligned
macroscale extensional gashes. The extensional direction, inferred from the tension gashes matches the
neotectonic stress field (C - sketch after Burbank and Anderson (2001), where extension fractures are formed
in response to a strike-slip shear couple), their sigmoidal shapes suggest sinistral shearing (D - sketch after
Philip & Meghraoui (1983), with the creation of oblique grabens in response to shortening, which is oblique
to the thrust front). Inset in (A): Figure location with respect to the MFF-NTT
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Feature NW-compression

NE-compression

General description of

the observed structure

Topographyhigh uplifted sectors
between the western
segments of MFF and
Taleghan-Fault

high uplift zone at the
inside corner of NT'T-
EDF

Topographic residuals
as indicators of high-
incision /high-uplift ~ zones

(Fig. 3.6B)

Macroscale NE-trending folds,

NW-trending  folds,

Two sets of large-scale folds

struc- NE-striking  thrusts, NW-striking thrusts, (Fig.4.2); refolded folds

tures MFF-alignment NW-tilted units

Mesoscale conjugate low-angle oblique thrusting fold axes, directly measured

struc- NE- and WNW- along the central in the field or calculated

tures striking dextral MFF and in its from measurements of the
oblique thrusts; NE- footwall, as well as limbs (see inset in Fig.
striking thrusts; high- sinistral strike-slip  3.4A, B); measured fault-

angle NW-striking
left-lateral
NNE-striking
faults,

NE-trending folds

strike-slip
faults;

reverse and

faulting on  minor
faults in the central
MFF segment; NW-
striking reverse and
thrust

NNE-striking dextral

faults, and

strike-slip faults

kinematic data based on
striations and slickensides
(Fig. 3.5)

Quaternaryno obvious signal

offsets

offset terraces in NTT
hanging wall, offset
streams at eastern-

most NTT

gravel covered erosion sur-
face, sculpted into folded
Eocene to Miocene units;
channels at the NTT are off-
set or deflected left-laterally
(Fig. 3.7 and 3.8)

Table 3.1: Synopsis of simple and composite landscape and structural compartments in the south-central

Alborz
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Figure 3.9: Three possible scenarios depicting fault interaction of this area: (A) The NTT-eastern MFF
system could represent a master fault, (B) the connection of the faults could be comparable to a triple

junction, and (C) the faults could form part of a transpressional duplex

eastern MFF and along the eastern N'T'T, all suggest mechanical linkage, and therefore kine-
matic interaction of both fault systems. Our observations allow for three possible scenarios

of fault interaction in this area (Fig. 3.9).

3.6.1 Master-fault scenario

First, the MFF-NTT system could represent a master fault resulting from eastward propa-
gation of the North Tehran Thrust, which may have eventually reached the Mosha-Fasham
Fault (Fig. 3.9A). This linkage created a longer master fault that increasingly accommo-
dated more displacement. At present, such a structure would take up all of the strain in
the deforming area. In contrast, the previously important western and central-western MFF
branches would therefore fall within a stress shadow and would have become inactive. Analo-
gous progressive linkage processes have been recorded by field observations elsewhere (Gupta
et al., 1998; Gupta & Scholz, 2000) and by numerical modeling (Cowie et al., 1993).

The most obvious argument for a master-fault scenario is the lack of geomorphic indi-
cators for Holocene faulting along the central-western segment of the MFF, whereas such
indicators exist for the adjacent NT'T. Moreover, the observed left-lateral kinematics of the
easternmost N'T'T strand follows a similar motion of the MFF, and the affected NTT branch
has approximately the same strike as the eastern MFF. It is therefore reasonable to assume
that the NTT is more favorably orientated to accommodate sinistral shearing under the
present-day stress field than the NW-trending central MFF branch. In addition, the NTT-
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EDF bounded area of presumed high-uplift may indicate more active block movement there
than along the central MFF. However, several observations are incompatible with an inactive
central-western MFF branch. First, even if the main present-day seismic activity is observed
at the eastern MFF branch, individual small events are also recorded along the central MFF
and between the western Taleghan and MFF segments (Ashtari et al., 2005). Second, histor-
ical earthquakes have affected different segments of the MFF as a whole. In particular, the
destructive earthquake from 958 AD was probably associated with ruptures of the western
MFF segment (Tchalenko, 1974; Ambraseys & Melville, 1982; Berberian, 1983; Berberian &
Yeats, 2001). These destructive earthquakes did not leave a significant geomorphic mark, as
it would be expected for repeated historical ruptures. Nevertheless, the pronounced break in
the topography and moreover the paleo-pediment in the Kond Valley (Fig. 3.7) imply that
the mountain front, which is bounded by the central-western MFF, has been active during

Quaternary time.

3.6.2 Triple-junction scenario

In a second possible scenario, the active fault systems correspond to a situation comparable
to a triple junction (Fig. 3.9B). Here, fault interaction and stress transfer would result in
shortening or extension in adjacent areas. Dynamic stress transfer is possible due to the link
between segments.

The triple-junction scenario, in its simplest form the intercept of the NT'T, the eastern
MFF, and the central-western MFF, would allow for coeval deformation along both, the
NTT and the MFF. It also could account for the different kinematics of the MFF at the
NW-bend. The triple junction concept, originally developed to test whether the geometric
configuration of three plates is stable or not (e.g., McKenzie & Morgan, 1969), was also
used to analyze fault junctions (e.g., Peltzer & Tapponnier, 1988; Spotila & Anderson, 2004;
Raterman et al., 2007). Since a slip rate is to date only available for the eastern MFF
segment, the fault-junction analysis is limited to the geometric aspect. Overall, the geometry
of the MFF-NT'T junction is in a stable condition. However, simple motion diagrams of the
fault system cannot fully account for the observed late Neogene to Quaternary kinematics
(Fig. 3.10). Assuming three rigid blocks between the faults, we have first inferred the
central-western MFF as thrust, the NTT as left-oblique thrust, and solved for the eastern
MFF to compare the diagram with the long-term deformation signal, which we suggest to be
coherent with the geomorphic signature. The resultant vector for the eastern MFF segment is
longest, but would correspond to thrusting with only a minor component of sinistral motion.
To increase the strike-slip fraction here, while the geometries of the other fault segments
are kept, the shortening at the central-western MFF segment has to become significantly
smaller. Therefore, with the observed kinematics coeval activity of all three faults is difficult

to reconcile. However, the diagram suggests that the highest slip rates should occur on the
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Figure 3.10: Simple motion diagram to explain the MFF-MFF-NTT fault junction. (A) Simplified fault
segment geometry as observed in the field with indication of thrusting along the central MFF segment, and
left-oblique thrusting at the NTT. (B) The simple motion diagram shows that the resultant vector for the
eastern MFF is the longest. This means that this segment would experience the highest rate, coherent
to what is observed in the present-day seismicity. However, the direction of motion indicates a primary
thrusting with only a minor component of sinistral motion. To increase the strike-slip component here, the

shortening at the central-western MFF segment has to become significantly smaller (C).

eastern MFF segment. Slip would become distributed over the branching faults, which is a

reasonable assumption for the studied area.

3.6.3 Transpressional duplex scenario

In the third alternative, the MFF and NTT form an integral part of a transpressional duplex
(Fig. 3.9C). In this case, which is modified from the model of Guest et al. (2006a), the eastern
and western segments of the MFF correspond to active strike-slip faults, connected by a NW
prolongation of the NTT as frontal ramp, and ENE-striking NTT segments that form lateral
ramps. This model could reconcile the different kinematic styles along the MFF. Accordingly,
the dominant kinematics of the NTT segments must be left-lateral motion.

Under the present-day stress field, a transpressional duplex would transfer the left-lateral
to oblique-reverse motion along the MFF in order to accommodate shortening in this part
of the mountain range. The model therefore accounts for the observed sinistral motion
along the eastern MFF branch and the kinematic change towards thrusting or left-oblique
thrusting in the central and western segments, respectively. Within such a duplex structure,
the elevated topography north of Tehran would be created by westward thrusting along the
NW-striking central MFF-segment and similarly- striking, parallel thrusts in the footwall.
Active frontal ramps in this system are the EDF, the PVT, and the NW prolongation of
the NTT. The EDF is, together with the NTT, responsible for the high residual relief of
the Touchal block. The fact that the NW-striking PVT and EDF are observed only in the
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hanging wall of the NTT and do not cut the fault, suggests either kinematic linkage of these
faults with the NTT or that the NTT movement postdates any activity along the PVT
and EDF. However, the northwestern prolongation of the NTT is characterized by a very
sinuous range front, indicative of strong lateral erosion into the hanging wall, and therefore
low degree of tectonic activity (e.g., Bull, 2007).

The NTT and the western MFF do not constitute sinistral tear faults to connect the
frontal ramps, even if the present-day stress field would allow for dominant left-lateral kine-
matics. Instead, the kinematic regime along the N'T'T is characterized by oblique thrusting
or reverse faulting. The fault dip is rather steep and the wide fault zone in the hanging wall
strikes parallel to the NTT and documents S-directed, rather than W-directed, movement.
The NTT segments therefore may represent lateral ramps and the steep fault dip might
eventually flatten with depth. The along-strike topographic profiles of the NTT also reveal
a semi-independent deformation history, which might be coupled with deformation along
the NW-striking thrusts in the hanging wall. However, the central NTT segment, which
accommodated the highest amount of deformation, starts already in the footwall of the EDF
(Fig.3.6).

Taken together, our data show that a transpressional duplex system was not the first-
order structure at the onset of the evolution of this part of the mountain range. Instead,
the duplex is a young structure, probably associated with the changeover from regional NW-
to NE-shortening. The inherited topography and uplift history might be responsible for
this modification. The en échelon array of the NTT might have favored the development
of thrust sheets under the recent stress field. This scenario is in agreement with the fact
that such a clear linkage with the NW-striking faults is not observable for the western
MFF segment, which suggests that these faults, starting from the NTT, might propagate
northwestward. The transpressional duplex therefore is in a nascent stage. The distribution
of the residual relief, which often corresponds to areas of highest uplift (e.g., Biirgmann et al.,
1994), suggests that the Touchal block, which is thrust along the EDF and bounded by the
central and eastern N'T'T-segments, as well as the central-western MFF, was uplifted most
effectively. In this context, the sinistral changeover at the easternmost NT'T is indicative of
a jump of the deformation front onto this block.

In conclusion, our data suggest an early mechanical linkage of the NTT and MFF fault
systems during a former dextral transpressional stage under NW-directed shortening. This
regime, however, was superseded by Pliocene to Recent NE-oriented shortening. Resulting
from this reorganization, the NTT and MFF were reactivated and incorporated into a nascent
transpressional duplex. This system has prevailed for a significant duration of deformation.
However, the youngest period is characterized by an extensional regime, which might invert
the observed structure. Importantly, this system has not yet erased the topographic signal

of the transpressional arrangement.



44



Chapter 4

Differentiating simple and composite
tectonic landscapes using numerical

fault-slip modeling.

4.1 Introduction

The evolution of topography in tectonically active regions is mainly driven incrementally by
repeated slip during earthquake ruptures (e.g., King et al., 1988; Stein et al., 1988; Bilham &
King, 1989; Taboada et al., 1993; Hetzel et al., 2004; Meigs et al., 2008). Fault scaling laws
suggest a systematic relationship between relief of the resulting geologic structure (mountain,
ridge, basin) and the slip distribution along the responsible faults (e.g., Scholz, 1982; Cowie
et al., 1993; Dawers et al., 1993; Dawers & Anders, 1995; Ellis & Dunlap, 1988). A constant
ratio between accumulated displacement and fault length (for similar rock types and simple
fault geometries), and therefore systematic changes of relief in the along-strike direction
can be expected (e.g., Taboada et al., 1993; Hetzel et al., 2004; Densmore et al., 2005).
However, for regions with reactivated faults, Walsh et al. (2002) suggest that the fault
length is rapidly established and fault growth is dominated by accumulating displacement.
Pre-existing crustal faults may localize strain, and fault lengths may therefore be largely
inherited from the underlying zone of weakness (e.g., Hilley et al., 2005). As a result,
these faults will rapidly acquire displacement-length scaling properties after reactivation,

consistent with previously established fault-growth trends (Walsh et al., 2002).

The long-term deformation field and the topographic expression of protracted faulting
are further influenced by the 3D geometry of the responsible faults, their segmentation,
maturity, and their interactions (e.g., Bilham & King, 1989), resulting in interference and
complex superposition of single-fault displacement fields (e.g., Cowie et al., 1993; Dawers
et al., 1993; Cowie et al., 2000; Walsh et al., 2002; Manighetti et al., 2009). The specific

uplift pattern of mechanically interacting faults helps understand how regional fault arrays
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accommodate strain. Thus, it is important to consider fault interaction when assessing
tectonic landforms, particularly if such landforms are being used to characterize the degree
of tectonic activity of a region.

The spatial topographic evolution of small (km-scale) geological structures can be ap-
proximated by repeated coseismic deformation (e.g., Taboada et al., 1993), which might be
modeled using simple elastic dislocation models (Okada, 1992). However, the full earthquake
cycle includes interseismic motions and buoyancy forces exerted on the uplifted or subsided
crust, which counteract but do not balance the seismic deformation (e.g., King et al., 1988).
Therefore, together with loading and unloading due to sedimentation and erosion, the growth
and width of larger geological structures are further influenced by interseismic deformation
when stresses are relaxed at depth and isostatic equilibrium is restored (e.g., King et al.,
1988).

Various studies have focused on numerical modeling of fault interactions at different time
scales in order to reveal the state of Coulomb stress changes during or after earthquakes
(e.g., Reasenberg & Simpson, 1992; Stein et al., 1997; Hardebeck et al., 1998; Anderson et
al., 2003b; Lin & Stein, 2004). Others aimed to compare modeled with geologically derived
slip rates in order to derive the most mechanically viable tectonic boundary conditions (e.g.,
Cooke & Kameda, 2002; Griffith & Cooke, 2005; Cooke & Marshall, 2006). In addition,
uplift patterns and topography have been used to model the geometry of the responsible
interacting faults, even in complex structural settings with different fault geometries and
sense of slip (e.g., Taboada et al., 1993; Meigs et al., 2008).

When analyzing recent and past kinematic styles, however, it has to be considered that
faults represent weak, long-lived crustal discontinuities. These faults are often reactivated in
a wide range of deviatoric stress states and orientations and their associated landforms might
thus not simply reflect the current ambient crustal stresses. Thus, inherited topography,
unrelated to the current tectonic conditions, can be expected. If fault-related landforms
are being used to characterize the level of tectonic activity, this may lead to erroneous
assessments.

This important problem of different tectonic histories and landforms constitutes the basis
for our investigation of simple and composite tectonic landscapes in compressive settings.
Here, we define simple landscapes as those environments which have developed during sus-
tained tectonic conditions, including incipient faults and their landforms. Plate kinematic
reorganization or changes in the far-field tectonic stress may result in rotations of the direc-
tion of maximum horizontal stress through time. This will generate new faults and associated
landforms, but it will also cause the continuation of activity along pre-existing faults and
further growth of already generated landforms under the new tectonic boundary conditions.
Consequently, such regions constitute composite landscapes that contain topography inher-
ited from previous conditions, and are inconsistent with the regional present-day stress field

and kinematic setting. Differentiating between simple and composite landscapes is thus a
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major challenge in understanding long-term fault histories and represents a first-order prob-

lem in correctly assessing and interpreting landscape evolution in tectonically active regions.

The south-central Alborz mountains of northern Iran are an excellent example of such
a composite landscape, having evolved under the influence of different stress regimes (Fig.
4.1). Fault kinematic analysis of major and minor faults in this area has revealed early NW-
directed compression (that is, the orientation of the maximum horizontal compression or
SHmaz) associated with dextral oblique thrusting. This was superseded by active NE-oriented
compression, which caused thrusting and sinistral strike-slip faulting (Landgraf et al., 2009).
This neotectonic activity has resulted in fault reactivation and the formation of a nascent
transpressional duplex adjacent to the city of Tehran (e.g., Guest et al., 2006a; Landgraf et
al., 2009). Despite considerable Quaternary faulting and the growth of topography between
the Tehran plain and the Alborz mountains, the spatial distribution of recent seismicity is
disparate (e.g., Ashtari et al., 2005). Such behavior is consistent with slowly deforming,
wide intraplate regions, where long recurrence intervals between earthquakes are expected
(e.g., Friedrich et al., 2003). Therefore, short-term indicators of tectonic conditions such as
space-geodetic techniques (GPS, InSAR) and instrumentally recorded seismicity have not
yet measured complete deformation cycles and provide insufficient datasets to understand

the present-day and long-term tectonic characteristics of the region (e.g., Friedrich et al.,
2003).

In order to differentiate between composite and simple landscapes, we use numerical fault
interaction modeling of freely slipping faults driven by incrementally changing horizontal
stress directions. The computed surface displacement fields provide a synoptic overview of
simple landscapes. Accordingly, a composite landscape in this modeling setup combines
simple landscapes which correspond to different boundary conditions over time. Assuming
that elevated stresses due to the slip become permanent, the vertical displacement of the
model corresponds to areas of fault-driven rock uplift and subsidence. Those real landscape
elements which are not reproduced by the modeling are expected to represent topography
inherited from previous different boundary conditions. Therefore, comparison of the land-
scape metrics with results from modeling using different directions of Sg,q. helps to untan-
gle the composite topography and reveal long-term effects of tectonic activity in influencing
landscape evolution. We compare the respective model results with topographic residu-
als, calculated from a Digital Elevation Model (DEM) based on Shuttle Radar Topography
Mission (SRTM) data, and discuss agreements and differences of the results with respect
to the viability of boundary conditions and long-term tectonic significance of topographic

characteristics.
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4.2 Study area

The Alborz Mountains accommodate about one-third of the Arabian-Eurasian convergence
(e.g., Priestley et al., 1994; Berberian & Yeats, 1999; Jackson et al., 2002b)(Fig. 4.1). Space
geodetic measurements in Iran suggest NNE-directed shortening at a rate of 22 + 2 mm/a
relative to an Eurasian reference frame, of which 6 +2 mm/a are apparently accommodated
across the Alborz mountains (Vernant et al., 2004a,b; Masson et al., 2007). In addition
to the NNE-directed shortening component, range-wide left-lateral shearing at a rate of
4 + 2 mm/a is observed, because the adjacent South Caspian basin moves northwestward
relative to an Eurasian reference frame at a rate of 6 2 mm/a (Vernant et al., 2004b).
Masson et al. (2007) have calculated principal horizontal axes of the geodetic strain rate
tensor using the GPS velocity field. Thus, the direction of maximum shortening in the study
area is oriented N20E, similar to large areas in Iran. In contrast, stress inversions from
focal mechanisms result in a maximum horizontal stress direction of about N45E for the
central Alborz mountains (Heidbach et al., 2008). Furthermore, earthquake focal mechanisms
display strain partitioning involving dip-slip and strike-slip faulting (Priestley et al., 1994;
Jackson et al., 2002b)(Fig. 4.1).

Caspian Sea
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Figure 4.1: Overview of Alborz mountains. SRTM hillshade model with compilations of SH,,.-directions,
GPS motion, and earthquake focal mechanisms. Box denotes study area. White arrows show GPS-derived
senses of relative motion (1999-2001, relative to stable Eurasia) (Hessami & Jamali, 2006); note the variation
in SH,,q.-direction in different parts of the mountain belt, inconsistent with general N- to NNE- motion of

Iran relative to Eurasia. Inset, map of Middle East with box showing location of Fig. 4.2.

The majority of earthquakes in the central and eastern Alborz mountains occur at depths
above 15 km (Engdahl et al., 2006). The main shock of the most recent M6.2 Baladeh
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earthquake of 2004 (36.27N, 51.575E) had a thrust mechanism, with a slip vector trend of
036°£10°, but aftershocks had strike-slip as well as thrust mechanisms (Tatar et al., 2007).

The main faults investigated in this modeling study are the seismically active Mosha-
Fasham and Taleghan faults (MFF and TF), as well as the North Tehran Thrust (NTT).
Rare seismicity is recorded at the NTT (Fig. 4.2), but there is ample evidence for pro-
nounced Quaternary activity (e.g., Landgraf et al., 2009). Microseismicity in this region
seems to be limited to the eastern MFF segment (Ashtari et al., 2005). In contrast, histori-
cal seismicity data suggest events with magnitudes larger than 7 for this region (Ambraseys,
1974; Ambraseys & Melville, 1982; Berberian & Yeats, 1999, 2001).

Faults in the Alborz mountains record a complicated kinematic history. The early history
of the MFF was dominated by normal faulting in the Late Triassic, followed by Tertiary
contractile reactivation (Zanchi et al., 2006). Faults in this region often show reactivation
under changing maximum horizontal stress directions (Allen et al., 2003; Ritz et al., 2006a;
Guest et al., 2006a,b; Landgraf et al., 2009). During Tertiary mountain building, these
faults were ultimately incorporated into a nascent sinistral-transpressional duplex (Guest et
al., 2006a; Landgraf et al., 2009). This duplex system transfers motion from the eastern
sector of the Mosha-Fasham Fault toward its western branch and/or the parallel Taleghan
fault branch. It incorporates four NW-striking frontal ramps: the prolongation of the North
Tehran Thrust (NTT/NW), the Purkan-Vardij Thrust (PVT), the Emamzadeh Davud Fault
(EDF), and the central segment of the Mosha-Fasham Fault (Fig. 4.2B). These frontal ramps
do not cut the North Tehran Thrust, but join it. In the overall geometry of the mountain
range, the NTT segments act as lateral ramps rather than as tear faults (Landgraf et al.,
2009). The Quaternary history along the NTT has been dominated by thrusting, although it
has been recently superseded by sinistral transtension along the easternmost segment, which
is compatible with the character of the MFF and western Taleghan faults (Ritz et al., 2006a).
This similarity of young transtension prompted us to posit that this segment of the NTT
might be favorably oriented with respect to the present-day stress field to accommodate N-S

directed, collision-related deformation (Landgraf et al., 2009).



50

\\H“?\L\\\‘\‘\/(\\\\

1°300"E TSt

T
52°0'0"E

2 =

|:| Quaternary E Oligocene- Damavand ~ Faults, unknown

(terraces) Miocene volcanics . kinematics
Quaternary B Tertiary . Faults, inferred

|:| (Unit"C"+"D") E Eocene ikl intrusives

Plio-Pleistocene E Mesozoic $ Anticline »> Thrustfault SRTM-hillshade

=l (Unit"B") % Strike-slip fault in backround

Mio-Pliocene Precambrian- ;

(Unit"A") Paleozoic * Syncline @ Tehran Q.5 10 20km

Figure 4.2: Simplified geological (A) and structural maps (B) showing faults of interest (simplified after
Landgraf et al. (2009) and modified after Geological Map of Iran, 1:250,000 sheets Tehran, Saveh, Amol,

and Qazvin-Rasht. Basin fill in the vicinity of the Damavand volcano are not shown for simplicity.
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4.3 Methods

4.3.1 Model assumptions and model characteristics

We have used numerical simulations to investigate the long-term response (e.g., the vertical
displacement field) of sustained mechanical interaction and remote loading of the faults in
the greater Tehran area. No subsurface information is available for these faults and the few
earthquakes (Ashtari et al., 2005) are not sufficient to characterize the fault geometries at
depth. To incorporate the faults into the model, we have used our own field measurements
(strike and dip) and published geological cross sections (Guest et al., 2006a,b), with addi-
tional information from Allen et al. (2003) and Zanchi et al. (2006)(Fault data table; Fig.
B.1, appendix B).

The simplified, rectangular faults were implemented in an elastic half-space, which was
constantly loaded by a sustained stress tensor, thus simulating the regional stress field at
a given time. Numerous studies have shown that faults are non-planar, self-similar and
rough surfaces over a wide range of scales (e.g., Power & Tullis, 1991; Renard et al., 2006;
Sagy et al., 2007). Fault geometric complexity (such as fault bends and steps) affects the
seismic behavior of the respective faults (Wesnousky, 1988; Stirling et al., 1996; Ben-Zion,
2008). To account for these facts, we divided the modeled faults into 2x2 km patches. These
patches were then offset normal to the main fault plane and patch orientation was adjusted

to reproduce an approximately closed, self-similar, non-planar fault surface (Fig. 4.3) using
the method described by Power & Tullis (1991) and used by Zielke & Arrowsmith (2007).

No additional slip was introduced; the boundary conditions are stress derived and act
along each fault. The faults are thus allowed to slip freely in response to the applied shear
stress. Slip along each fault changes the state of stress in the surrounding medium (the
half-space), and therefore the net tractions along all other faults that were defined. These
elements release stress and transfer it to one another via in-plane slip using the analytical
expressions from Okada (1992) for rectangular faults. Interaction between adjacent faults
and segments increasingly contributes to the final displacement field. In reality, this would
imply that the results do not represent the vertical displacement of one single earthquake, but
rather the displacements after sequences of earthquake events. The displacement results from

one “‘system-level interaction cycle” between the faults under sustained boundary conditions.

The model works iteratively, relaxing the resolved stresses until the tractions along each
patch fall below a threshold of 0.001 MPa. When the interaction is finished, the slip at each
patch is used to displace the observation plane at the half-space free surface (simulating
the topography) following Okada’s formulation of the Green’s functions (Okada, 1992). No
friction is applied to the faults. We suggest that this is valid for three reasons: first, we do
not model specific earthquakes in "real time", as we are interested in the final displacement,

integrated over several earthquake cycles. Second, we compare our results with long-term
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Figure 4.3: Conceptual figure to illustrate the
fault geometry in the model. Rectangular faults

are subdivided into segments (A-C), simulating

real fault segments or changes in fault geometry.
Segments are further subdivided into patches of

equal size, which release stress and transfer it to

one another (Okada, 1992). To reproduce more

realistic behavior, a roughness was imposed on

all faults, as shown in the inset (representative

to red rectangle in segment A). In this study the

horizontal observation plane, indicated in gray

with grid, is located at the surface. Note also

the changing downward connectivity between
the inclined fault segments. Here, the double
bending geometry (surface fault trace marked
in red) and different segment dip results in con-
vergence between segments A and B, and in di-
vergence with possibly less connectivity between
segments B and C, respectively. This fault con-
figuration is identical to the implementation of
the Mosha-Fasham Fault.

displacements. Long-term fault interaction might result in fault unclamping and weakening,
and thus nearly frictionless behavior (e.g., Parsons, 2002). Third, we do not have reliable
information about the strength of the modeled faults. Incorporating friction, therefore,

would not add information, but rather increase uncertainties.

However, there is a disadvantage when modeling rectangular faults. Their connection at
depth either results in divergence or convergence of the segments (Fig. 4.3). Divergence
might result in insufficient connectivity and therefore interaction, whereas convergence can
result in overlap and collision of the segments. In this boundary element approach, such
collisions may result in mathematical singularities. To overcome this problem, the program

tests for possible collision patch-wise and inhibits interaction between overlapping patches.

The model provides tectonic forcing without any feedbacks to isostatic adjustment or
surface processes and thus considers cumulative coseismic deformation only (e.g., King et
al., 1988; Stein et al., 1988; Taboada et al., 1993). Although in tectonic settings with dip-
slip fault environments the observed vertical relief is not automatically equal to the vertical
displacement due to slip at depth, it should represent a significant fraction of it (Stein et
al., 1988; Hetzel et al., 2004). Therefore, for this qualitative study and first-order exercise,

consideration of coseismic deformation alone is sufficient.
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Figure 4.4: Map view of vertical displacement field
of simplified fault arrays, calculated for a surficial

horizontal observation plane. Red arrows indicate

applied Sgmaz. In all panels left figure is subjected
to NW-, right figure to NE-, and middle figure to
N-directed compression with relative magnitudes of
1 for Sgmasz and 0.2 for both S, and Shmin, re-

spectively. Positive displacement values (red) corre-

spond to uplift, negative values (blue) are the result

of subsidence. For non-vertical faults, orientation is

marked by attitude symbols in the right figures.

4.3.2 Illustrations of fault (slip) interaction modeling

Below we illustrate the modeling effects on simplified fault models. We will use the terms
uplift for positive and subsidence for negative vertical displacement in the modeled data. The
model’s initial simplicity enables the reader to better understand and build intuition about
the parameters that control uplift patterns for different faults. Based on this understanding,
the analysis will become more complex. This heuristic approach does not provide a definite
answer, but rather identifies the effects of parameter changes.

Figures 4.4 A-E are in map view and show the vertical displacement field, calculated at
a horizontal surface observation plane. The faults are loaded by a regional stress tensor
where the maximum horizontal stress (Sgmqz, relative magnitude of 1) is compressional and
either NW-, NE-, or N-directed. The vertical (S,) and least horizontal (Sh,i,) stresses are
equal in relative magnitude (0.2), which is compatible with a transpressional environment.
Additional scenarios, revealing the effects of changing differential stress and thus of settings
that promote either strike-slip or thrust faulting, can be found in the data repository. Figure
4.4A represents a scenario with an E-W striking, vertical fault. The antisymmetric uplift
pattern in response to oblique loading is controlled by the finite fault length. It is a strike-
slip fault. However, the uplift pattern and the absolute values in different fault areas shift,
if the fault is not vertical (Fig. 4.4B). In the case where the E-W striking fault dips 70°
to the north, the fault acts as a ramp which promotes oblique thrusting. This different
character is even more pronounced if the model contains more than one fault or segments
with different geometry. Figure 4.4C shows two left-stepping, vertical fault segments. NW-
oriented compression causes uplift in the overlap, whereas NE-oriented compression results in
subsidence between the segments, such as pull-apart basins. As a result of the relatively large
segment overlap with respect to separation, two centers of uplift or subsidence, respectively,

are generated close to the end of the segments. This is in agreement with observations from
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geological structures in comparable natural settings (e.g., Deng et al., 1986). If the stepping
fault segments are not vertical, the pattern of deformation is different and less sensitive to
changes in the compression direction (Fig. 4.4D). Here, the left-stepping fault segments
both dip 50° to the north. Despite the different direction of compression, equally distributed
uplift along strike as result of predominant thrusting dominates in all three cases with slightly
higher uplift associated with the northern fault. All three scenarios produce uplift in the
segment overlap, whereby under NE-directed compression the total amount of uplift is less
and a sharp gradient to subsidence is produced at the eastern end of the overlap. However,
changes in differential stress can alter these expressions (StepOver.pdf, Data repository).
Apparently, contractional step-overs of inclined faults (in this case left-stepping with NW-
and N-compression) are less sensitive to changes in differential stress, despite the case where
a “pure” strike-slip setting is imposed. The different parameters that promote thrusting (non-
vertical geometry, contractional step-over, vertical stress close in amount to least horizontal
stress) thus complement or amplify each other. Conversely, an extensional step-over (here
left-stepping under NE-directed compression) in this transpressional environment is more
sensitive to changes in the differential stress. The strike-slip component apparently emerges
due to the balancing effects between the extensional step-over geometry and the thrust-
promoting parameters (Fig. B.3, appendix B). Finally, figure 4.4E represents a double-
bending fault, comprised of two 70° north-dipping segments, linked by a 70° northeast-
dipping segment. The maximum uplift is located at the “inside corner”. This geometry is
most favorably oriented to accommodate N- or NE-directed compression, i.e. the resulting
displacement is highest, while under NW-compression, there is only minor subsidence along
the connecting fault (Fig. B.4, appendix B). In addition, the northward dip of the fault
segments amplifies uplift in the northeastern corner, while the antisymmetric southeastern

corner experiences (with a lower total amount) subsidence.

4.3.3 Processing of DEM data and data analysis

To compare the computed surface displacements with topography and areas of high rock-
uplift rates, we have calculated topographic residuals and applied different correlation meth-
ods. The residual relief map was produced using SRTM data with a spatial resolution of 90
m, following the work flow of Hilley et al. (1997). Accordingly, the main drainage network
is calculated and interpolated to a surface (lower envelope). From the inverted DEM a ridge
network or upper envelope surface is constructed. Subsequently, the lower surface is sub-
tracted from the upper envelope surface. In the eastern part of the study area, but inside
the boundary of the fault interaction model, the 5671 m high Damavand volcano presents
a non-tectonic topographic feature. Leaving this high peak in our calculations of the topo-
graphic residuals would cause an unrealistic distortion of the ridge envelope and residuals.

However, the eastern branch of the seismically active Mosha-Fasham Fault is located south
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of this volcano. We therefore use this fault in the interaction model (e.g., Fig. 5C), but
compare only the effects to the west of the volcano. Hence, all datasets were cut to the areal
extent of the residual map (Fig. 5D). We compare different sets of raster arrays: DEM data
(SRTM, 90 m spatial resolution), the topographic residual relief map (~ 500 m resolution),
and finally, the vertical displacement fields computed from the fault interaction (2000 m res-
olution). Therefore, we have resampled all datasets to a common resolution of 1000 m and
applied a low-pass filter via a 2D-moving average window of 8 x 8 pixels. For comparison,
we normalized the rasters. Because the models not only show uplift, but also subsidence,
and therefore negative values, we have introduced two cases for the normalization. The first
case (Condition 1) considers both relative subsidence and uplift, i.e. prior to the normaliza-
tion, we have subtracted the minimum value from all pixels. However, in the second case
(Condition 2), we do not consider subsidence and only compare the uplift component. Thus,
all negative values were set to zero prior to normalization. Finally, to compare the model
results with the topographic metrics we have transposed the matrices into vectors, as the
first value of the following row was added to the last value of the previous, respectively.
Thus, we used bivariate analysis to understand the (pixel by pixel) relationship between
the variables. This involves compiling bivariate scatter plots and calculating Pearson’s lin-
ear product-moment correlation coefficient, which is sensitive to various disturbances in the
bivariate data set (e.g., Trauth, 2007). A correlation coefficient of 1 represents a perfect
linear correlation, i.e. an increase in modeled uplift with increasing topographic residuals,
while a coefficient of 0 suggests no correlation. Pearson’s correlation coefficient does not
distinguish spatial coincidence, but rather describes the overall agreement between datasets.
To reveal how models and topographic metrics are spatially correlated, we have calculated
the difference between DEM and topographic residuals, as well as between the models and
topographic residuals. These differences have been squared, so there is no discrimination

between positive or negative differences, respectively.

4.3.4 Comparison of the modeled and real landscapes

Areas of presumably high rock-uplift rates were identified based on different premises. In
tectonically active mountain ranges, about 80-90 % of relief is typically contained in the char-
acteristics of fluvial bedrock channels (e.g., Whipple et al., 1999). High localized tectonic
rock-uplift rates require that fluvial channels adjust. Whereas the biggest rivers might have
the potential to erode efficiently and incise, the tributary channels and hillslopes are less
efficient and are left behind. This consequently results in an increase in channel steepness
and ridge crest to valley bottom relief (Figure 4.5A, (e.g., Whipple et al., 1999; Kirby et al.,
2007)). Topographic residuals can help visualize such effects (e.g., Stearns, 1967; Bullard &
Lettis, 1993; Biirgmann et al., 1994; Hilley et al., 1997; Hilley & Arrowsmith, 2000). Large

differences between the upper and lower envelopes correspond to high topographic residuals,
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and presumably to areas of high uplift-rates (or base-level fall). Conversely, small differ-
ences with low topographic residuals correspond to areas where tributaries and hillslopes
keep pace with the inferred lower tectonic forcing rates and/or are able to erode efficiently
(Figure 4.5B) (e.g., Blirgmann et al., 1994; Hilley et al., 1997). The interplay between uplift
and erosion is certainly influenced by differences in erodibility of the material (e.g., rock
type variations in the range) which might account for considerable differences in relief and
which would render this metric less reliable (e.g., Tucker & Slingerland, 1996; Whipple &
Tucker, 1999; Whipple et al., 2000; Hilley et al., 2004). Our study is based on the assumption
of spatially uniform resistance of rock to erosion, but this issue is addressed further in the
discussion. Qualitative comparison between the residual map and the vertical displacement
field derived from the fault interaction model (FIMoz) should be appropriate to highlight
areas which undergo high fault-related rock-uplift under present-day boundary conditions,
thus corresponding to the associated “simple landscape” (compare Table 4.1). The same
information might also be expected from the DEM itself, if the mountain building process
is the result of one sustained kinematic regime and a maintained direction of Sge.. In
contrast, the DEM is the topographic result of previous and present-day faulting, isostasy,
and erosion, and so might be more appropriate for comparison with fault interaction models
which are derived from stress states assumed to represent previous conditions. High ele-
vation areas in the DEM which do not correspond to high topographic residuals are more
likely to represent inherited topography. Likewise, DEM areas of relatively low elevation
might correspond to previously subsiding areas, which now might be filled with sediment.
Thus, the DEM potentially constitutes elements of the composite landscape, and therefore
will also be used for comparison with the model results. Inherited topography might not
necessarily correspond to high topographic residuals. Under certain circumstances, however,
rapid response of the drainage network to rock-uplift changes might result in the forma-
tion of permanent hanging valleys (e.g., Crosby et al., 2007), which thus preserves inherited
topography together with locally high topographic residuals. To account for the differing
degree of agreement between the datasets in the individual scenarios (Table 4.1), we have

used several methods for comparison.

4.4 Results

4.4.1 Present-day boundary conditions

Figure 4.5C shows the vertical displacement of the model, driven by a regional stress tensor
calculated from the GPS-derived strain rate and direction (Masson et al., 2007)(Equations
B.1-B.4, appendix B). This displacement is compared with the topographic residuals (Fig.
4.5D, right). Assuming that the shortening direction corresponds to the direction of max-

imum horizontal compression, this model represents the recent boundary conditions and
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Elevation

Elevation
Residual Relief

Figure 4.5: Criteria and metrics to compare modeled and real landscape. (A) Relief information in bedrock
channels relative to adjacent ridgelines (modified after Whipple et al. (1999)); blue: initial situation, red:
after rock-uplift. The large trunk channels might be efficient enough to erode and downcut, while response
of tributary channels and slopes lag behind. The main channels steepen, redistributing and increasing relief.
(B) 2D-version of topographic residuals after induced rock-uplift (color as in D, with red for high and blue
for small residuals, respectively). High topographic residuals occur where difference between rock uplift
and efficient erosion is largest. (C) Map view of simplified fault array for which interaction was calculated,
using regional stress orientation calculated from strain after Masson et al. (2007). Colors as in Figure 4.4.
Abbreviations of fault names are: PVT, Purkan-Vardij-Thrust; EDF, Emamzadeh Davud Fault; NTT-NW,
North Tehran Thrust-NW prolongation; note en echelon array of the NTT fault (for fault geometry data
see Fig. B.1, appendix B). Interaction was calculated using all displayed faults, but comparison is limited
to the area inside black frame. (D) Comparison of modeled data (left, same as C) and topographic residuals
of central Alborz mountains (right, stretched by standard deviation), superposed on SRTM-based hillshade.
This model corresponds to the recent boundary conditions (i.e., N20E-oriented compression) and highlights
areas of probable active rock uplift. Visual inspection reveals considerable agreement between both data

sets.
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(A) Expectations for correlation (simple landscape)

Model Topographic residuals | DEM
Subsidence high residuals low elevation
No offset low residuals low elevation
Uplift high residuals high elevation
(B) Expectations for correlation (inherited topography)
Model Topographic residuals | DEM
Subsidence (inherited) low residuals low elevation
No offset (inherited) low residuals low elevation
Uplift (inherited) low residuals high elevation
(C) Normalization using Condition 1

Model Topographic residuals | DEM
Subsidence low residuals low elevation
No offset moderate residuals moderate elevation
Uplift high residuals high elevation
(D) Normalization using Condition 2

Model Topographic residuals | DEM
Subsidence lowest residuals lowest elevation
No offset lowest residuals lowest elevation
small Uplift low residuals low elevation
moderate Uplift moderate residuals moderate elevation
high Uplift high residuals high elevation

Table 4.1: Table showing parameters used to compare modeled and real data. (A) Active subsidence (local
base level fall) and uplift are supposed to show high topographic residuals, but low and high elevations in
the DEM, respectively. In contrast, inherited topography (B) would show high residuals only in the case of
low transience, if permanent hanging valleys would have been produced. Otherwise, inherited topography
may correspond to low residuals, but again low and high elevations in the DEM, respectively. (C) Using
Condition 1 subsidence would be compared with low residuals and low elevation. Good correlation of these
parameters would thus highlight inherited subsidence. Otherwise, bad correlation shows that subsidence
cannot be compared sufficiently. Good correlation between uplift and the topographic parameters, however,
would rather depict present-day conditions. (D) Using Condition 2, the subsidence signal is suppressed in
favor of uplift which is more differentiated, but also highlighting the present-day conditions. Thus, inherited
uplift is best reflected by differences between topographic residuals and high elevations in the DEM.
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therefore should highlight areas of active rock uplift and high topographic residuals. There
is considerable agreement between the main structures of both data sets. This is especially
true between the MFF and Taleghan fault (the Taleghan range; for locations see Fig. 4.6)
and between the NTT and EDF (Mount Touchal). However, the maximum residual relief is
located immediately east of the outside corner of the MFF left bend, and accordingly the
inside corner of the Taleghan Fault left bend (Mount Bajdan, Fig. 4.6). This area has no ob-
vious equivalent of high uplift in the model. Instead, fault-related uplift there is distributed

along the entire central MFF segment.

4.4.2 Changing boundary conditions

Adopting the results of a fault-kinematic study which showed that the central Alborz moun-
tains experienced a change in the direction of maximum horizontal compression from a
previous NW to a neotectonic NNE direction (Landgraf et al., 2009), we have modeled the
uplift pattern for Sy,qe.-directions from W to E. For NW-direction of Sp,,q., We have used a
simplified fault array without the frontal ramps of the duplex. The results are shown in Fig.
4.6 with increments of 20° (results at 5° increments are given in Fig. B.5 and B.6, appendix
B). In the upper panel, the normalized DEM and topographic residual map are shown in
the same color scheme.

All areas of high topographic residuals can be modeled using the implemented fault array
under different directions of Sg,,q.. The Taleghan range will always exhibit uplift, except for
dominantly east-west compression. This is because the western Taleghan and Mosha-Fasham
faults are favorably oriented to accommodate NW- to NE-directed compression (Fig. 4.6A-
F). Furthermore, the opposing dip of the subvertical faults support an effective uplift of the
range. Along the NT'T, however, NW-directed compression favors uplift along the western
segment (Fig. 4.6A-D), which is less steep than the central and eastern segments (60° vs.
75°). Uplift along the central segment starts to become more prominent after rotating the
direction of Sgme: to N and NNE and incorporating the EDF as a frontal ramp (Fig. 4.6
D and E). In this case, Mount Touchal is located in the acute “inside corner” between these
faults, which supports uplift (compare Fig. 4.4D). In contrast, the slight right bend of the
MFF as another inside corner, but with an obtuse angle, experiences more distributed uplift.
The NTT-PVT, and NTT-NTT/NW corners, however, are less effective at generating uplift.
This may result from the shallow dip (between 20° and 35°) of the NW-striking ramps (see
Fig. B.1, appendix B). The required range of orientations of compression to cause uplift of
Mount Touchal is rather narrow. Subjected to N40E-directed compression, the summit still
experiences uplift, but the maximum has shifted towards NW. Maximum uplift at Mount
Bajdan is accomplished at N5OE-directed compression (see Fig. B.2, appendix B), but uplift
will be more localized there if the Sppq.-direction becomes more oblique (Fig. 4.6F-G and
Fig. B.5 and B.6, appendix B).
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The spatially most extensive uplift is generated under N- to NE-directed compression
(Fig. 4.6D-F). The highest mean displacement is achieved at a Spq.-direction of N25E,
whereas the maximum local uplift occurs at N5OE-directed compression and corresponds to
the location of Mount Bajdan (Fig. B.2, appendix B).

The fault model configurations also cause certain areas to subside. However, besides the
plains and drainage channels, there are no associated basins in the DEM, but locally extensive
Pliocene to Quaternary deposits exist, which might have filled accommodation space (Fig.
4.2A). NW-compression leads to subsidence SW of the Taleghan range and to a lesser degree
in the footwall of the central MFF segment. Incorporation of the frontal ramps under N-
to NE-directed compression subsequently results in uplift in the MFF central footwall, in
combination with a narrow piggyback basin. In addition, significant subsidence takes place
south of the Taleghan range, slightly west of the center of the model. This corresponds to
areas of relatively subdued topography in the DEM and high topographic residuals.

4.4.3 Correlation between model and topographic metrics

We have calculated the squared spatial difference between DEM and topographic residuals,
as well as between the models and topographic residuals (Fig. 4.6, right column). Red areas
correspond to accordance between the data. DEM and topographic residuals differ most in
the NE where the DEM has its highest elevation, but the corresponding relief is small. This
area could possibly reflect inherited topography, but does not show significant uplift in the
models. Areas which repeatedly vary between the residuals and all models are the outermost
NE sector (outside of the fault array) and the area north of the Taleghan fault (edge effect).

We find considerable spatial coincidence in the model with a N300E compression direction
(Fig. 4.6A). The areas of modeled uplift correlate with high residual relief, and subsiding
areas correlate well with low residuals. This is also evident in Fig. 4.7, where the data are
less scattered than in other scenarios. However, this model is spatially inconsistent with
high residual relief at Mount Bajdan and at the western segment of the NTT. Further NW-
to NE-compression progressively accentuates central subsidence between the western MFF,
the evolving NTT-NW prolongation, and the EDF. This effect is also expressed by a kink
in the correlation plots (Fig. 4.7). For “Condition 1™-models, which contain subsidence
information, pixels with normalized vertical displacement below a value of approximately
0.4 do not correlate, whereas uplifted areas (values greater than 0.4) correlate well without
pronounced scatter. However, in “Condition 2”-models (ignoring subsidence), the same kink
is only suppressed to lower displacement values of about 0.2, suggesting that even areas
of minor uplift do not correlate (see Fig. B.7 and B.8, appendix B). Comparing these
observations with Table 4.1 (Panels C and D), we find that scenarios modeled under N300E
to N20E-directed compression might reflect inherited subsidence.

The highest correlation coefficient between models and residuals is achieved with a Sg4
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Figure 4.6: Filtered and normalized data sets and their differences; upper panel, normalized DEM (left),
topographic residuals (middle), and squared differences between DEM and topographic residuals (right).
Normalized DEM compares to a real range of topography between 1333m and 4123m, topographic residuals
range from 0 to 1554 m. Red triangles on DEM correspond to presumable high-uplift rate areas, which
are (1) Taleghan range, (2) Mount Touchal, and (3) Mount Bajdan (after Moinabadi & Yassaghi (2007)),
respectively; circled numbers correspond to rivers (1) Jajrud, (2) Kan, (3) Karaj, (4) Kordanrud, and (5)
Taleghanrud. X- and Y-scale are in meters, corresponding to UTM, Zone 39N. Panels A-G show normalized
vertical displacement fields (left column) for different compression directions with varying azimuthal steps of
20°, calculated using Conditionl (Color schemes with red showing uplift and blue showing subsidence) and
their squared differences from topographic residuals (right column) to visualize spatial variability. Middle
column illustrates orientation of maximum horizontal compression. Note simplified fault array for NW
compression models (A-C), based on the assumption that frontal ramps of the transpressional duplex have
evolved subsequent to a stress-field reorganization. Main rivers (white) and faults (black) are superposed

for illustration.
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Correlation between Topographic residuals and:
DEM N280E N300E N320E N340E

NOOE ] N20E ] N40E ] NGOE ] N8OE

Fault interaction model

N

Topographic residuals

Figure 4.7: Correlation between topographic residuals (x-axis) and fault interaction models (y-axis), normal-
ized respectively. Azimuth of compression direction is shown on top of figures, respectively. Fault interaction
models were normalized using “Condition 1”. Each data point comprises one compared pixel. In general, ma-
jority of data pixels correlates, i.e. pixels with high topographic residuals match with pixels of high modeled
uplift. Kink in models with oblique compression direction indicate that pixels with low values (subsidence)
do not correlate well with areas of low topographic residuals. In contrast, uplifted model areas correlate well
with high topographic residuals and scatter less. Upper left graph shows correlation between topographic
residuals and real data (DEM).

direction oriented between N15E and N45E (Fig. 4.8). Interestingly, DEM and residuals
generally agree (i.e. show the same trend) for “Condition 1”7, except for compression at N40E
and increasing obliquity. These datasets do not agree in the uplift of Mount Bajdan (Fig.
4.6, upper right). The DEM correlates better with N- to NNE-loaded models. There is less
agreement between DEM and residuals in “Condition 2” models, which only compare the
uplifted areas. Here, topographic residuals always correlate better than the DEM, but the
correlation is more variable between the different scenarios, depicting even better the highest

correlation of NNE- to NE-directed compression scenarios.

4.5 Landscape evolution in the South-central Alborz Moun-

tains

4.5.1 High topographic residuals - all about high rock-uplift rate?

The interplay between uplift and erosion is influenced by differences in erodibility of the ma-
terial, particularly rock type variations in the range, which might account for considerable
differences in relief and that are unrelated to tectonism. The residual relief map exhibits
two distinct sites and one elongated zone of high residuals (Fig. 4.5 and 4.6, upper panel,

triangles 1 to 3). The Taleghan range (triangle 1) is associated with outcrops of Precam-
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Figure 4.8: Pixel-wise derived Pearson’s linear correlation coefficient between topographic metrics and ver-
tical displacement field of fault interaction models for “Condition 1”7 (left) and “Condition 2” (right). Dots
denote correlation coeflicient between topographic residuals and models, while dashed line shows coefficients
between DEM and models, respectively. We assume that the transpressional duplex evolved under present-
day conditions, while a previous fault configuration under NW-compression probably lacked NW-striking
frontal ramps. Thus, additional models were calculated without a NW continuation of the NTT, the PVT,
and EDF and used for the correlations (stars and solid line). Vertical lines depict best correlations between
models and topographic metrics. Shading indicates differences in correlation between topographic residuals

and models and DEM and models, respectively.

brian to Paleozoic units (compare Fig. 4.2A). These rock types include mainly dolomite,
sandstone, quartzite, and limestone which are more resistant to erosion and weathering in
this environment than the Mesozoic limestone and shales or the Eocene volcanoclastic as-
semblage. On the other hand, the appearance of the older units at surface indicates that
a substantial amount of rock-uplift and exhumation has already occurred. This was proba-
bly accommodated by slip along the subvertical, converging E-W striking faults, which are
expected to accommodate strain and repeated fault reactivation under NW- to NE compres-
sion (Fig. 4.6A-E). Uplift of the Taleghan range is amplified by a basement-cored hanging
wall anticline in the eastern part of the MFF western segment and towards SW progressively
younger break back thrust sheets in the western part (Yassaghi & Madanipour, 2008). These
observations underscore the importance of the western MFF as a long-lived fault with a high
total displacement and protracted deformation history.

The second high-relief area (Mount Touchal, triangle 2 in Fig. 4.6, upper panel) is lo-
cated at the inside corner of the NTT and EDF, in Eocene volcanoclastic units. Although
the rock type variability in this about 7 km thick succession (Amini & Emami, 1993) is
generally high, the spatial differences in erodibility are not significant at the km-scale used
for the morphometry (Landgraf et al., 2009). For example, between the NW-prolongation
of the NTT and the EDF (compare Fig. 4.2), a succession of three different shale mem-
bers, repeatedly alternating with tuffs, tuffaceous siltstones, limestones, and sandstones, is

exposed without exhibiting any significant difference in residual relief. Mount Touchal itself
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is in a synclinal position, but in the immediate inside corner between NTT and EDF, the
oldest and deepest section of the Eocene sequence is exposed, likewise indicating substantial
rock-uplift and exhumation. Comparing Fig. 4.6D-E and Fig. 4.4E, it is obvious that this
fault configuration in an inside-corner position promotes such uplift. However, only N- to
NNE-compression directions, compatible with the direction of present-day motion of Iranian
crust relative to Eurasia, produce such a pronounced uplift. Furthermore, the effects of the
NTT segmentation are more pronounced under NNE-directed shortening, which might have
enabled the Kan river to cut through the range (Fig. 4.6D and E, river 2).

The third high-relief area (Mount Bajdan, triangle 3 in Fig. 4.6, upper panel) broadly
coincides with the area characterized by the belt of Paleozoic to Precambrian units, exposed
between the Taleghan and Mosha-Fasham faults. Locally, however, the area coincides with
NE-trending syn- and anticlines in Mesozoic to Eocene units (cf. Fig. 4.2). These units are
probably less resistant to erosion than the Paleozoic rocks, suggesting that tectonic uplift
may be the reason for these high topographic residuals. In addition, fast uplift of Mount
Bajdan might explain the bending of the Karaj river (Fig. 4.6, river 3) at exactly this
location, while the river is otherwise antecedent and flows straight through the other frontal
ramps. Guest et al. (2006b) showed that the duplex region was already tectonically active
before 7 Ma (Fig. 4.9A). The youngest age in their thermochronology coincides with Mount
Bajdan which might be another indicator for high rock-uplift rates there. However, to cause
uplift in this part of the fault array, the orientation of the maximum horizontal compression
direction should be highly oblique with respect to the range (at least N40E, compare Fig.
4.6G and Fig. B.5 and B.6, appendix B).

4.5.2 3-D displacement in the duplex array

To further test other deformation scenarios and their consistency with respect to the overall
fault motion, we have calculated the horizontal displacement field for the cases of NNE- and
NE-compression (Fig. 4.9 A and B). Combined with the vertical displacement, we can com-
pare the relative motion with the observed sense of motion along the main faults. Model A,
which is loaded with NE-compression, reveals the largest horizontal displacement with pre-
dominant sinistral strike-slip motion along the eastern MFF and western Taleghan fault. To
a certain degree this is in agreement with the results of geomorphic, paleoseismologic (Allen
et al., 2003; Ritz et al., 2006a), and microseismicity (Ashtari et al., 2005) studies. However,
the model shows that the hanging wall of the eastern MFF segment also experiences uplift,
which is incompatible with the present-day transtension (Ritz et al., 2006a). The western
and central (NW-striking) MFF segments reveal minor left-oblique motion, consistent with
fault-kinematic data (Guest et al., 2006a; Landgraf et al., 2009). However, Moinabadi &
Yassaghi (2007) documented primarily dip-slip motion for the MFF in the Mount Bajdan

area.
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Motion along the NTT does not show significant horizontal and only limited vertical
motion in model A. In model B, which is loaded by NNE-directed compression, uplift along
the NTT is amplified. In this case, the central NTT and MFF segments experience some
degree of dextrally oblique motion which is incompatible with observed neotectonic left-
lateral motion. Interestingly, we have measured dextral-oblique fault-kinematic indicators
along the central MFF segment and along the NTT (Landgraf et al., 2009). However, rather
than being related to a local geometric phenomenon, these observations probably represent
previous conditions of NW-compression along this fault. This interpretation is supported by
rare cross-cutting relationships of young sinistral-oblique kinematic indicators overprinted on
dextral-oblique fault striations (e.g., Landgraf et al., 2009) and regional-scale observations
of previous dextral motion in the Alborz mountains (e.g., Axen et al., 2001; Zanchi et al.,
2006; Yassaghi & Madanipour, 2008).

Thus, assuming that the combination of horizontal and vertical displacements is compara-
ble to fault-kinematic indicators measured along the fault zones, model A is more consistent
with the present-day conditions than model B. Comparing the loading conditions for this
model with regional GPS-derived velocities, this scenario would account for the NW-motion
of the South Caspian basin relative to stable Furasia and Central Iran and result in range-
wide left-lateral shearing in the Alborz mountains (Vernant et al., 2004b). If, however, the
separate models together reflect slip partitioning of the present-day plate motion, the appro-
priate scenario should be a combination of both models. To simulate this scenario (model
C), we forced left-lateral slip onto the eastern MFF segment in addition to the regional
NNE-compression, which loads the entire fault array (Fig. 4.9 C). Similar to model B, this
scenario allows uplift at Mount Touchal and the Taleghan range, whereas along the central
MFF segment the maximum is slightly shifted towards Mount Bajdan in the NW. In model
C, the central MFF segment experiences left-oblique thrusting, with a higher dip-slip ratio in
the western part. Both, the western MFF and TF show left-lateral motion, but at the MFF
dip-slip faulting is superposed. The N'T'T would undergo primarily dip-slip motion, but the
relative horizontal vectors in the foot- and hanging walls, respectively, suggest a left-lateral
component. In this case, the amount of vertical motion on the NTT is lower than that
on the central MFF segment. However, using regional stress, calculated from strain after
Masson et al. (2007) (with magnitudes for 1000 yrs of tectonic loading), approximately 6 m
of additional left-lateral slip at the eastern MFF segment is needed to invert the horizontal
displacement at the central segment from right- to left-oblique motion. This amount of slip
is about three times larger than the observed Pleistocene slip rate of approximately 2 mm/a
for the eastern MFF or the assumed coseismic average displacement of 1.20 m (M7.1) with
an associated mean maximum recurrence interval of 620 years (Ritz et al., 2003, 2006a).
However, the strain rates, calculated from GPS (Masson et al., 2007) only account for the
horizontal components. If converting to stress, the vertical stress will become ¢3 and pro-

mote thrusting, a condition which might not reflect the actual three-dimensional stress field
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of the region.

4.6 Implications for the tectonic evolution of the Alborz

range

The existence of distinct zones of high rock-uplift rates which require different maximum
horizontal compression directions is characteristic of a composite landscape with a complex
tectonic history. The location of uplift is directly related to the geometry of the fault array
in each stress regime. The Taleghan range shows equally high modeled uplift in a wide
range of Syae-directions. Otherwise, conformity between topography, residual relief, and
modeled rock uplift is high within a narrow ratio of compression orientations with respect to
the chosen fault array. The highest coefficient of correlation between model and topographic
metrics is achieved with a compression direction oriented between N15E and N55E (Fig. 4.8).
Within this range of compressional stress orientations, the distribution of topography is still
composite after our definition, i.e. other areas are uplifted during NNE- than NE-directed
compression. Therefore, on a small spatial scale (i.e. the transpressional duplex array), and
intermediate temporal scale (the duration of at least several earthquake cycles) our study
suggests that the local stress field might be inhomogeneous and the growth of fault-related
topography in the central Alborz mountains is partitioned. The transpressional duplex is
shortened in a NNE-direction, while the MFF is able to maintain a predominant left-lateral
motion. This has further implications for the tectonic characteristics of this area. How
can such focused strike-slip motion be explained along the designated faults in an overall
compressive setting? Common explanations for such a case include low-friction strike-slip
faults, upper crustal response to oblique slip on deep-seated faults or shear zones, or upward
propagation of oblique shear from depth (e.g., King et al., 2005). The MFF is a compres-
sionally reactivated normal fault involving basement rocks (Zanchi et al., 2006; Yassaghi &
Madanipour, 2008; Landgraf et al., 2009). Therefore, the steep geometry of this inherited
fault might be prone to accommodate lateral shearing. Despite the general structure of the
Alborz mountains as a doubly verging orogen, which may be comparable to a large-scale
positive flower structure (e.g., Allen et al., 2003), there is no single through-going or cen-
tral strike-slip fault. Hollingsworth et al. (2008) suggested that the extrusion of the South
Caspian block, which began about 10 m.y. ago in the the Kopeh Dagh, is accommodated
by the Sharud fault system in the eastern Alborz. According to Nowroozi (1976, 1979) the
Sharud fault system includes a branch north of Tehran, probably corresponding to the MFF.
This underscores the significance of the MFF as a major fault, accommodating westward
extrusion.

In addition, coeval shortening and lateral shearing in the Alborz mountains might also

suggest that the magnitudes of the vertical and least horizontal stresses are nearly similar
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Figure 4.9: Figure showing the XY-displacement field (gray arrows) overlain on vertical displacement cal-
culated for a surficial horizontal observation plane. To compare it with fault kinematic indicators, both
displacement fields must be combined. Overlain are the common faults, summits, and rivers (compare Fig.
4.6). (A) Scenario with N45E-oriented regional compression. Highest uplift occurs at Mount Bajdan. Stars
along the Karaj river mark apatite U-Th/He data from Guest et al. (2006b) in Ma. Errors are stated to
be +0.5 Ma, respectively. Note the youngest age of 4 Ma, spatially coincident with the location of Mount
Bajdan. (B) Scenario with N20E-oriented regional compression. Here, the oblique orientation of the central
MFF segment relative to the largest horizontal compression direction would cause dextral-oblique motion
along this part of the fault. Even the central NTT segment would experience some degree of dextral oblique
motion. (C) Scenario with N20E-oriented regional compression using the stress magnitudes from strain
after Masson et al. (2007) after 1000 years of tectonic loading and 6 m left-lateral slip on the eastern MFF
segment. In this scenario, we load the model with a regional stress field, comparable to plate motion, but
in addition force the eastern MFF segment to slip with left-lateral motion. The resultant displacement field
shows how topography of the central MFF hanging wall will be slightly advected towards west, while the

horizontal motion is in agreement with fault kinematic data, i.e., left-oblique motion.
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and perturbations are likely. Locally, topographic loading and unloading might thus alter
the tectonic stress field, causing migration of deformation to other faults (e.g., Hilley et al.,
2005) or a switch between a thrusting and a strike-slip regime (e.g., Cowgill et al., 2004).
The latter scenario was described from the Akato Tagh bend along the Altyn Tagh fault
(Cowgill et al., 2004). There, the highest topography occurred at two nodes in the inside
corners of a restraining bend and thus apparently led to a conversion of thrust- to strike-slip
dominated deformation. In our study area, Mt. Damavand volcano might be responsible for
exerting significant vertical loading stress in the hanging wall of the eastern MFF segment
(Fig. 4.2), and therefore promote conditions conducive to strike-slip faulting. A simple
calculation of the loading-induced normal and shear stresses in the adjacent volume (Fig.
B.10, appendix B) shows that Mt. Damavand comprises a significant additional load. About
one third of the vertical stress (20 MPa) is still available at 10 km depth (approx. locking
depth of the underlying fault), which is about an order of magnitude less than the assumed
prevailing lithostatic stress of about 250 MPa at this depth. However, the additional amount
of differential stress (o7 — 03) that is caused by the volcano, which may ultimately control
slip behavior of the adjacent faults, reaches its maximum (about 12 MPa) at about 2 km
depth. At 10 km depth about 5MPa additional differential stress is still available (Fig. B.10,
appendix B). Hampel et al. (2009) showed for Scandinavia and the Basin and Range Province
that loading and reloading resulting from glacial and pluvial cycles, respectively, can have a
significant impact on the slip rates of the incorporated faults. According to the calculations
of these authors the magnitudes of differential stress that can alter the fault slip behavior is

approximately 5-10 MPa (at 2 km depth), thus similar or less than the Damavand effect.

Previous NW-directed compression also incorporated the MFF within a dextral transpres-
sional system with an en échelon array of syn- and anticlines, which are cut by the fault and
which caused additional vertical loading stresses in the foot- and hanging walls. In addition,
in the southern Alborz mountains the propagation of deformation into the foreland began
at about 9 Ma (Ballato et al., 2008). However, several studies have shown that the change
to left transpression in the Alborz might have occurred already as early as 10 Ma ago (e.g.,
Hollingsworth et al., 2008; Ballato et al., 2010a), while an additional switch to left transten-
sion in this internal domain is of Pleistocene age (Ritz et al., 2006a). Topographic loading
and an increase in the gravitational potential in the hanging wall of the NT'T, however, may
rather cause faulting to migrate into the foreland, evidenced by folding and faulting observed
in Quaternary alluvium (e.g., Abbassi & Farbod, 2009). Whether these effects are sufficiently
strong to alter the stress regime remains unclear, but these considerations highlight the need

for an improved model with the possibility to include topographic loading.
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4.7 Composite landscapes - implications and perspec-

tives

The goal of this study is to differentiate composite and simple landscapes, i.e. to separate
landscape elements that are inherited from previous tectonic boundary conditions from those
developed in the current stress and deformation regime. Changing plate configurations and
interaction can cause regional changes in stress magnitudes and principle stress directions.
From various regions in the world and different tectonic settings it is known that the evo-
lution of orogens or rifts can be accompanied by rotation of the principle stresses and that
inherited fault arrays related to a tensional stress field can be inverted and uplifted, even
over geologically short periods of time (e.g., Golombek et al., 1983; Strecker et al., 1990;
Bosworth & Strecker, 1997; Strecker & Marrett, 1999; Schumacher, 2002; Cortez et al., 2005;
Mora et al., 2006). Preexisting, inherited faults may thus influence later reactivation and
the loci of deformation and uplift (e.g., Schumacher, 2002; Hilley et al., 2005; Mora et al.,
2006). Our study shows that arrays of linked faults or faults with pronounced bends or
step-overs have distinct offset patterns and are particularly sensitive to detection of changes
in the regional tectonic stress field. However, not all structures in fault arrays are useful to
provide information of such changes. In the Alborz mountains, we found that non-vertical
E-W faults are less sensitive to changing boundary conditions. They are in a “tectonic steady
state”, favorably oriented to accommodate the entire range of NW- to NE-directed compres-
sion, without significant changes in resulting uplift pattern. Good indicators of composite
topography, however, are array “inside corners” in the hanging wall. These correspond to
junction or intersection areas of fault arrays, whose bisecting line is approximately aligned
with the Sg,,.-direction.

The approach of fault interaction modeling to understand composite landscapes can be ef-
fectively extended to various tectonic settings and problems. Rift settings for instance might
be applicable to compare modeled subsidence with real basin fill which helps differentiate
“negative composite topography”. Schumacher (2002) compared isopach maps of different
temporal intervals with in-situ measurements of inherited faults in the Upper Rhinegraben,
to show how rotations in the Sp,q..-direction shifted depositional centers and how the in-
herited faults have influenced the rift evolution.

Reactivation of inherited structures under changing boundary conditions can have im-
portant impacts on landscape response. In the northwestern Argentine Andes, for instance,
Strecker & Marrett (1999) performed a fault-kinematic study and showed that transfer faults
between thrusts, which originally constituted local subdued topography, guided the course
of antecedent rivers. After a regional rotation of the shortening direction (Marrett et al.,
1994), however, such transfer areas experienced uplift, and maintenance of the river gradient
required progressively deeper incision, resulting in precipitous local topographic relief, often

associated with lateral erosion and pronounced repeated landslide activity.
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These observations also lead to another important consideration that has to be taken
into account, which involves landscape response time. Our approach assumes that despite
changed boundary conditions and possible long sustenance of the new regime there is still
a previous landscape signal left in the topography. How long do we expect the inherited
topography to maintain its original characteristics? The above mentioned examples showed
changes in the stress state and associated kinematic regime that occurred on the order of
millions to hundreds of thousands of years (e.g., Strecker et al., 1990; Bosworth & Strecker,
1997; Schumacher, 2002). For the Alborz mountains, the change from dextral to sinistral
transpression had most likely occurred by 9 Ma, while NNE- and NE-directed compression
are compatible with present-day conditions. On the other hand, Ellis et al. (1999) showed
that landscape response times (time to reach equilibrium between lithospheric deformation
and erosional processes) in semi-arid normal faulting environments are on the order of several
10° to 1 million years. Consequently, after 10° years little may be left in the landscape that
tells about prior conditions. However, in their experiments, the initial conditions did not
vary. Hence, it would be interesting to see if response times would be significantly longer
after boundary conditions have changed. Occurrences of relict landscapes or fluvial hanging
valleys in different regions of the world argue for transient landscape signals that can be
visible even after millions of years, seemingly decoupled from equilibrated younger regions
(e.g., Clark et al., 2005, 2006; Crosby et al., 2007). Thus, in attempts to model the interplay
between lithospheric deformation and superposed surface processes considering composite

landscapes is an important issue for future studies.

4.8 Conclusions

Our numerical fault interaction modeling has shown that it is possible to unravel the com-
posite landscape of the south-central Alborz mountains to a certain degree. Generally, the
modeling revealed that “inside corners” between faults or segments are particularly indicative
of specific boundary conditions. If erodibility is regionally equal, topographic residual maps
can be used to compare modeled uplift with presumably high rock-uplift rate areas. High
positive correlation between these areas reflect the actively deforming (simple) landscape el-
ements. High modeled uplift which has no equivalent in the residual map might correspond
to inherited topography, especially, if these regions show high elevations in the DEM.

In the Alborz mountains, distinct zones of inferred high uplift rate are associated with
slip along interacting faults in the duplex array but require different compression directions.
The faults bounding the Taleghan range, an area of high elevation and high uplift rate, are
favorably oriented to undergo reactivation under NW- to NE-directed compression. This
area therefore is limited as a landscape indicator for ongoing tectonism or for differentiating
between simple and composite topography. Two other areas, although generated by the

same fault configuration, require slightly different Sp,,q.-directions to evolve. We interpret
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those areas as the result of slip partitioning. The MFF as a long-lived, steep fault is able
to maintain predominant left-lateral motion which is significant in transferring extrusion-
related motion of the South Caspian block to the west, while in general, the range (at the
dimension of the fault array) is shortened in a NNE-direction.

Fault interaction modeling to understand composite landscapes can be effectively ex-
tended to various tectonic settings and problems. How far beyond the present-day such
composite landscapes might persist will to a large extent depend on the rates of surface pro-
cesses and probably on the magnitude of the change in boundary conditions. This, however,
is an important issue to consider when expanding this approach to other study areas. As a
fast synoptic overview, numerical fault interaction modeling can help to better understand
the tectonic landscape evolution, especially in tectonically complex settings with repeated

reactivation of faults or fault arrays.



72



Chapter 5

Quaternary deformation in the Tehran
plain deduced from 1'Be and °C1 depth

profiles of alluvial geomorphic surfaces

5.1 Introduction

The use of terrestrial cosmogenic nuclides (TCN) in dating unconsolidated alluvial deposits
in a variety of depositional environments has enriched our ability to date the history of sedi-
mentary processes and associated landforms for the Quaternary Period and beyond (e.g., Lal,
1991; Biermann et al., 1995; Gosse & Phillips, 2001; Cockburn & Summerfield, 2004). This
method bridges the time scales of radiocarbon, luminescence, 4 Ar /39 Ar or U-series dating,
which cover either shorter or much longer time spans. In particular, in those environments
where organic matter is not available for radiocarbon dating due to poor preservation poten-
tial or arid conditions not conducive to the formation of large quantities of organic material,
TCN dating has become an important chronometer. The build-up of in situ cosmogenic
nuclides at surface and at depth results from interactions of neutrons and muons of sec-
ondary cosmic rays with specific target elements in minerals. The build-up depends on
exposure duration as well as denudation rate affecting the surface. Among these production
processes, spallation by high-energy neutrons is the dominant production reaction for most
TCN, followed by negative-muon capture, and low-energy neutron capture (e.g., Gosse &
Phillips, 2001). However, there are several problems inherent to the method of TCN dating
of alluvial deposits. These include a complex pre-exposure history (inheritance), soil mixing,
post-depositional erosion, and burial (e.g., Gosse & Phillips, 2001), all of which affect the
accumulated nuclide concentration. In order to obtain meaningful age information under
these circumstances it is important to devise measures to reduce such uncertainties by im-
plementing sampling strategies that allow for separate estimates of post-depositional effects.

This includes detailed geological and stratigraphic observations of the sampled geomorphic

73
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surfaces (e.g., shape or estimates of riser diffusion are required to evaluate local erosional
components). Furthermore, in order to calibrate the surface samples for inheritance and to
exclude subsequent vertical rearrangement of clasts in a targeted profile, it is necessary to
collect depth profiles of approximately 3 meters with several amalgamated samples taken at
systematic intervals (e.g., Anderson et al., 1996; Repka et al., 1997). TCN concentrations
from deeper parts of the profile should approximately reflect inheritance. Using two TCNs
with different half-lives or combining a stable with an unstable nuclide are possibilities to
evaluate erosional effects and the exposure history. Commonly, °Be and 26 Al or 1°Be and a
stable TCN as 2! Ne have been successfully applied to alleviate this problem (e.g., Klein et
al., 1986; Graf et al., 1991; Lal, 1991; Biermann et al., 1999; Granger & Muzikar, 2001; Kober
et al., 2007). Another approach involves the use of 3°C1 data with the '°Be system (e.g.,
Phillips et al., 1997, 2009). Yet an additional alternative is to directly determine the erosion
rate from depth profiles (e.g., Wolkowinsky & Granger, 2004; Siame et al., 2004; Schaller
et al., 2004; Lal, 2005, 2006; Schaller et al., 2009; Braucher et al., 2009). The profile shape
is characteristic for a specific site and nuclide production rate or sum of production path-
ways (e.g., Gosse & Phillips, 2001). While an undisturbed profile of a spallation-dominated
nuclide such as '° Be will exponentially decrease with depth (e.g., Lal, 1991) due to the expo-
nential attenuation of cosmic rays with depth, erosion of overlying rock will cause steepening
of such a profile. However, the depth profile of 3¢Cl can be more complicated due to the
complexity of the additional production reaction by low-energy capture on the target trace
element Cl (e.g., Liu et al., 1994; Phillips et al., 2001; Schimmelpfennig et al., 2009). Fitting
the profile data by using C'hi? minimizing can simultaneously solve for exposure time and
denudation (e.g., Siame et al., 2004; Ritz et al., 2006b; Braucher et al., 2009). If these pre-
and post-depositional parameters are considered thoroughly, the TCN method can be ap-
plied to date geomorphic surfaces in various geological settings, even if these environments

have experienced complex geomorphic histories involving erosion and deposition.

Geomorphic surfaces, such as fluvial and marine terraces or gravel-covered pediments in
tectonically active regions can be very helpful in defining the degree of ongoing tectonic
deformation, because these features are either originally flat lying or gently inclined, and
thus constitute ideal reference horizons that reflect the degree of activity for a given re-
gion (e.g., Bloom et al., 1974; Strecker et al., 1989; Thorson, 1989; Avouac & Peltzer, 1993;
Avouac et al., 1993; Marshall & Anderson, 1995; Strecker et al., 2003; Melnick et al., 2006,
2009). Episodic vertical tectonic movements or the combination of vertical movements and
depositional /erosional overprints may lead to a staircase morphology of such landforms.
Consequently, if these multi-generation landforms can be dated, tectonic deformation rates
can be determined and spatiotemporal trends in fault activity can be evaluated. Although
TCN dating is often the method of choice in such environments, and despite the fact that
measurements of cosmogenic nuclide concentrations are increasingly accurate and robust due

to improvements in accelerator mass spectrometry, their interpretation may be erroneous.
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Ongoing debates focus on the correct use of this method (e.g., Perg et al., 2001; Brown
& Bourlés, 2002a; Brown et al., 2002b; Perg et al., 2002; Brown et al., 2005; Chevalier et
al., 2005a,b; Meriaux et al., 2004, 2005; Cowgill, 2007). This controversy is based on the
observation that TCN-derived fault-slip rates on time scales of 10® to 10° years may differ
significantly from rates determined for decadal to centennial time scales that were derived
from GPS measurements or paleoseismology. It has been argued that such discrepancies
might be rooted in pre- and post-depositional processes on TCN-dated surfaces, i.e., sed-
imentary and erosive processes, respectively (e.g., Brown et al., 2002b, 2005; Chevalier et
al., 2005a,b). Clearly, if such processes are not adequately taken into consideration through
improved sampling protocols and rigorous interpretation, the cosmogenic radionuclide anal-
ysis of alluvial surface samples might yield erroneous results. If such dates are being used
to characterize fault-slip rates or to highlight regional events of aggradation and incision,
the error might propagate into the evaluation of tectonic activity and could affect hazard

assessment of earthquakes and related phenomena.

In this study, we systematically sampled and studied depth profiles and boulders of gravel-
covered pediments and fluvial terraces in the Tehran plain south of the tectonically active
Alborz mountains in north-central Iran. Space geodetic measurements in Iran suggest NNE-
directed shortening at 6 + 2 mm/a, apparently accommodated across the Alborz mountains,
plus range-wide left lateral shearing at a rate of 4 + 2 mm/a , because the adjacent South
Caspian basin moves northwestward at a rate of 6 & 2 mm/a, all relative to an Eurasian
reference frame (e.g., Vernant et al., 2004b). The Tehran plain is separated from the Al-
borz mountains by the ENE-striking North Tehran Thrust (NTT) and hosts the Tehran
metropolitan area. The Tehran plain is part of the south-central Alborz foreland, but devi-
ates from the general northwest trend of the mountain front-foreland couple in this part of
the range. The present-day topography of the Tehran plain reflects the interplay of tecton-
ism, deposition, and pronounced phases of lateral erosion associated with the formation of
pediments. However, protracted Quaternary deformation has been occurring in this region.
Abbassi & Farbod (2009) have recently revised earlier studies (e.g., Tchalenko, 1974, 1975;
Berberian, 1983) and interpreted folded foreland sectors in the context of a foreberg (e.g.,
Bayasgalan et al., 1999). The timing of this structural development is tenuous, because
age correlations are based on surfaces in the SE of Iran. Here, we take advantage of the
structural observations of these authors and our own structural fieldwork and combine them
with additional geomorphic observations and our TCN dating of alluvial and strath terraces
(Fig. 5.1). One age is derived by optically stimulated luminescence (OSL) and gives an
additional constraint on the timing of deposition in the Tehran plain. The present analysis
shows that the two oldest recognized phases of alluviation, subsequent erosion, and faulting,
which affect units A and B, predate Late Pleistocene time. The oldest dated surface is the
Saboo erosional surface of 195 ka. In the Tehran plain surface samples alone are insufficient

to yield unambiguous age information to characterize the age of geomorphic surfaces. Fitting
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of the depth profiles separately by Chi? minimizing and/or the two-nuclide approach yields
a much higher rate of denudation than expected. In some cases, surface concentrations are
in “steady-state” (i.e. production and radioactive decay of the TCN are in equilibrium) when
applying the calculated denudation rate and can only yield effective ages. Abandoned ter-
races that probably correspond to incision after deposition of unit C show Late Pleistocene
ages along the Kan River in the west and the Jajrud River in the east. Pulses of Holocene
incision have been observed at the Afjeh valley entrance and are probably related to re-
peated earthquake ruptures. Those events have resulted in the formation of strath terraces
and the development of a bedrock channel near the eastern tip of the NTT, but they might
have ruptured the entire length of this fault. Nevertheless, although the manifestations of
ongoing deformation along the NTT are scarce, numerous faults and deformed Quaternary
units in its footwall and in the Tehran plain unambiguously demonstrate that this region is

tectonically active, although perhaps not on time scales spanning the ultimate millennia.

5.2 Methods

5.2.1 Sampling

Except in one case, where we sampled boulders (Rahad Abad site, Fig. 5.1C) and bedrock
strath terraces (Afjeh, Fig. 5.1D), amalgamated alluvial samples were collected in depth
profiles. We sampled in up to 3-m-deep holes of about 1 m diameter on laterally extensive,
virtually non-shielded, sparsely vegetated surfaces. The source areas for the pediment and
terrace gravels (Fig. 5.1A, B, E, and F) constitute intermediate volcanic and volcanoclastic
rocks, limestone, and limited amounts of siltstone.

For a representative contribution of the variable lithologies inside the source rock of the
catchments providing gravels to these different generations of geomorphic surfaces, we sam-
pled hundreds of pea-sized clasts (amalgamated samples), where available. In addition, we
collected larger clasts and /or material in the sand size fraction, if pea-sized material amounts
seemed insufficient. At one site (Rahad Abad), we have used the “Be and ?° Al nuclide pair
from purified quartz of large boulders. At another site (Saboo, Fig. 5.1E), we sampled three
different particle sizes (profiles). Here, we scraped all material in steps of about 30 cm from
approximately 10-cm-thick layers, including matrix and small clasts (A-profile), from which
we used the sand-sized fraction. In addition, we collected cobbles and small boulders, if

available (B-profile), and finally sampled clasts from the pit wall (C-profile).

5.2.2 Preparation and Analysis

For each sample, a representative bulk subsample was kept to measure the sediment density

and to assess the chemical composition of the amalgamated sample. This is especially
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Chitgar Park structure

Figure 5.1: Study sites in the south-central Alborz mountains. Inset shows regional tectonic setting. Map
base is 10-m hillshade and SRTM DEM. Sample locations are denoted by circled letters. Boxes mark areas
discussed. (A) Kan site, fluvial terrace, ° Be depth profile; (B) fluvial/alluvial terrace at the Tehran National
Library, 19Be depth profile; (C) high pediment surface at Rahad Abad, °Be and 26 Al (*°Cl) of boulders;
(D) bedrock (strath) terraces at Afjeh valley entrance, *°Cl, (E) paleopediment at Saboo Bozorg, ! Be and
36C1 depth profiles; (F) Jajrud, fluvial terraces, !° Be and 6C1 depth profiles.

important for evaluating the thermal neutron field in the rock, because 3¢Cl is not only
produced by spallation from calcium, but may also be produced by thermal neutron caption
from 3°C1 (e.g., Stone et al., 1998; Schimmelpfennig et al., 2009). Samples were first crushed
in a jaw crusher and a disk mill. Subsequently, the samples were sieved to 125-500 pm
to ensure that grain boundaries are exposed to leaching (e.g., Stone et al., 1996). Where
high material loss occurred during quartz separation, we increased the fraction to 700 pum
(Merchel et al., 2008). Because of the highly variable and polymictic composition of the
samples, we focused on the nuclides ** Be and *C1 derived from quartz or calcite, respectively.
Mineral separation included magnetic separation using a Frantz magnetic separator. At this
step a representative aliquot was selected from some samples by quartering up to 20-30
g. 'This material was subsequently pulverized in an agate mill for X-ray diffraction and
X-ray fluorescence measurements. The X-ray diffraction revealed that the non-magnetic
fraction generally comprised a mixture of varying amounts of calcite, quartz, and different
feldspars. The treatment of the samples, including grinding, leaching and chemical extraction
of chlorine by precipitation of silver chloride, was performed following the methodology of
Stone et al. (1996) at the CEREGE facility (CNRS, Aix-en-Provence). At two sites, we
used both nuclides 1°Be and 3¢CI from the same set of amalgamated clasts. This involved

first of all extracting °C1 from calcite (e.g., Stone et al., 1996), which was dissolved from
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a pre-treated mixture of calcite, quartz, and feldspar. After decanting the calcite-bearing
solution, the silicate residual was used for further quartz purification and chemical '°Be
extraction. This approach is new (Merchel et al., 2010) and allows simultaneous detection of
Y Be and 3¢C1 from samples which underwent the same burial history, but did not necessarily
experience identical pre-depositional events. With the exception of one site (Afjeh), where
we extracted chlorine from plagioclase, we used the calcite protocol of chlorine extraction
(Stone et al., 1996). Because this procedure is generally applied for limestone, i.e., for samples
of approximately 100% CaCOs content (or 40% Ca), the application of this technique for
calcite/silicate mixtures requires certain pre-examinations and adjustments. First of all, the
percentage of calcite in the mineral separate has to be known. We determined this by either
X-ray fluorescence of the representative aliquot or by total dissolution of 1 g sample with
concentrated HNQOs. By testing both methods on three samples we found that reasonably
similar results can be produced within less than or about 5% (Table C.11, appendix C).
Therefore, the laborious step of using X-ray fluorescence might not be necessary. The results
were used to upscale the amount of initial weight and to downscale the amount of acid used
for the leaching steps and total dissolution, particularly to avoid that all available calcite is
already dissolved during the leaching steps. However, a low percentage of calcite distributed
in the silicate mixture requires special handling. It is inevitable to carefully agitate the
sample in our approach. Calcite might be capped with silicate and remain shielded from
the acid, and the dissolution reactions sometimes are delayed. In order to avoid and test
for chlorine loss, we added the acid in small increments and analyzed three samples with
replicates, which show very good agreement (compare samples 13-1-4a, 23-1-0B, and 23-1-
4b).

The 3¢C1 and chlorine concentrations were determined for all samples by isotope-dilution
accelerator mass spectrometry (ID-AMS) at the Lawrence Livermore National Laboratory‘s
CAMS, Berkeley, CA (Southon et al., 1992). Results are based on a calibration with KN500
material. The concentrations of the blank was two orders of magnitude lower than that of the
samples and replicates were within less than 5%. Cosmogenic '°Be samples were processed
following standard procedures described by Brown et al. (1991) and concentrations were
determined at the French accelerator mass spectrometry facility ASTER (CEREGE, Aix-
en-Provence) (Arnold et al., 2010). All values are calibrated by the original NIST SRM 4325
material. Unless otherwise stated, all ASTER !°Be results are traceable to this material with
an assigned value of (2.7940.03) x 10~ and the corresponding half-life of (1.387+0.012) x 10°
a (Korschinek et al., 2010; Chmeleff et al., 2010). The surface exposure ages were estimated
to site-specific latitude and altitude using scaling functions of Stone et al. (2000) and a

spallation surface production rate at sea level, high latitude (SLHL) of 4.5 at/g/yr.
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5.3 Structural and morphological expression of deforma-

tion in the Tehran Plain

In this section, prominent tectono-geomorphic phenomena of the Tehran plain and adjacent
sectors of the NTT are described and analyzed regarding their structural and geomorphic
evolution. At the end of every subsection, TCN sampling locations are described in the
geomorphic context in order to ultimately provide a temporal framework of the neotectonic
evolution of the Tehran plain. Detailed studies have been performed by several workers to
differentiate the alluvial deposits in the Tehran plain and other regions in Iran (e.g., Rieben,
1955, 1966; Vita-Finzi, 1969). The sedimentary units in the Tehran plain comprise Miocene
(?7) to Pleistocene (7) strata of alternating conglomerate, silt and sandstone (Hezardarreh
Formation or unit A after Rieben, 1955). These units are in turn unconformably overlain
by the heterogeneous Kahrizak Formation (unit B), which comprises sand- and siltstones,
the Tehran Alluvium (unit C), a laterized conglomerate of inferred Holocene age, and un-
differentiated recent alluvium (unit D). Vita-Finzi (1969) further subdivided unit C into the
older Tehran alluvium, generally constituting conglomeratic fan or bajada deposits, and a
younger, better-sorted channel-fill unit, known as the Khorramabad Formation. Generally,
these units are associated with terraces, i.e. the oldest units occur on remnants of former
transportation surfaces at high elevations, whereas the younger units occur at successively
lower elevations. Geophysical prospecting and drilling have revealed up to 250 m of Qua-
ternary gravel below the Tehran metropolitan area (Bassir, 1971). The occurrence of these
deposits in the Tehran plain is dictated by the existence of previously uplifted fluvial terraces,
which acted as barriers and sediment traps. The thickness of Quaternary deposits increases
dramatically southwards from about 50 m to more than 200 m over a distance of 1.5 km.
The elevations of terraces, alluvial fans and paleo-pediments and their variable degree of
dissection help distinguish different generations of geomorphic surfaces. Accordingly, satel-
lite and airphoto mapping, as well as field inspection have revealed four main geomorphic
surfaces in the Tehran plain (Fig. 5.5, 5.8 and 5.16). A structural east-west trend is clearly
recognizable in slope-aspect relationships of these surfaces (Fig. 5.2).

The extensive bajada comprises slopes inclined less than 10% which dip towards South.
This surface records 700 m of N-S elevation difference across a distance of 20 km. Steeper
slopes which correspond to uplifted and older surfaces show a much higher fraction of south-
east orientations. This aspect is mainly associated with surfaces to the north, where defor-
mation is parallel to the NTT. While folding plays a significant role in the Tehran plain,
the lack of northward-inclined hillslopes indicates that sediment accumulation rates exceed
rates of deformation and uplift.

The westernmost structure, here informally called the Chitgar Park structure, strikes
northwest, approximately parallel with the mountain front to the west and east of the Tehran

plain (e.g., Fig. 5.1A and 5.6). A similarly striking structure separates the easternmost



80

Slope 0-10 % |_ Slope 10-20 % Slope 20-30 % Slope > 30 %
n=12910 l n=1972 n=227

///f (7 //

Figure 5.2: Slope-aspect relationships for surfaces in the Tehran plain, calculated from 90 m SRTM data
using MICRODEM-tool. Note different scaling (up to 2 magnitudes of difference) of the graphs. The area
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used for the calculation corresponds with the Tehran plain foreberg (white box in Fig. 5.1), and an additional

sector, approximately 1.5 km toward the east. Gray line corresponds to the strike of NTT.

basin from the main foreland. This sub-basin, here called the Latyan basin (Landgraf et al.,
2009), is internally deformed and has the topographic expression of a relay ramp (Fig. 5.1C).
The deformation pattern in the alluvium close to the mountain front generally follows the
strike of the N'T'T, thus mirroring a genetic relationship. Farther south, however, patches
of uplifted alluvial terraces are east-west aligned and thus at an acute angle with respect
to the NTT (Fig. 5.1B). The responsible structure for this uplift is interpreted to be a
transpressional “foreberg”, accommodating part of the oblique motion related to the Arabian-
Eurasian collision (e.g., Abbassi & Farbod, 2009). The orientation of the drainage network
is orthogonal to this structure. Rivers sourced in hinterland basins exit the mountain front
obliquely, flow transversely southward, and are antecedent in the “foreberg”. Interestingly,
hinterland catchments are located in the hanging wall to the NTT and show elongation in
the N-S direction. They are thus oblique to the mountain front and the range-bounding
fault. This might indicate that some important structural feature has been established with
an approximately E-W trend, contemporaneously with activity at the NTT, but prior to
the growth of the foreberg. In the following, we will describe the main structures and their
morphological expression and discuss their deformation history based on our new TCN-

derived ages.

5.3.1 Chitgar Park structure

Abbassi & Farbod (2009) interpreted the Chitgar Park structure as an exception from other
folds in the Tehran plain, associated with internal faulting without folding. However, the
morphology and internal geometry of this structure characterizes it as a S-verging fault-
propagation fold. A steeper forelimb in the south suggests that the responsible fault is north-
dipping (Fig. 5.3A, for location of the cross-section see Fig. 5.5A). Furthermore, the folded
units show decreasing dips upsection, indicating syndepositional forelimb rotation. Bedrock
is exposed in the hinge zone, which is virtually vertical and highly sheared. It probably

belongs to the latest members of the Eocene volcanoclastic Karaj Formation, which grade
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either into Upper Eocene Kond Formation or Miocene Red Formation. Shearing is localized
in gypsum and marl-bearing units. Locally, granodioritic boulders occur in wide cataclastic
zones with biotite-bearing stretching lineations on clayey planes. Granodiorite is exposed in
the Karaj catchment to the NW, which is probably the source of the alluvial /fluvial sediments
of the Hezardarreh Formation, which in turn overlie gypsum and marls and constitute the
principle units of the southern limb (Fig. 5.3A and ¢ to e). Dips of the Hezardarreh
Formation pass from vertical near the hinge to 21o SW where the sediments are separated
by an erosional unconformity from the overlying alluvial Kahrizak Formation (Fig. 5.3A
and d). This implies that a large part of fault activity took place during deposition of
the Hezardarreh Formation. However, the Kahrizak Formation, which is exposed on both
limbs, is still inclined. The dip is steeper on the southern limb, while the northern limb of the
Kahrizak Formation dips only gently north and forms a buttress unconformity on the vertical
Karaj Formation (Fig. 5.3A and b). However, given the general southward transportation of
the alluvial fan sediments, this documents considerable deformation also during this period.
The northern limb has undergone brittle extensional deformation as documented by obliquely
oriented horst and graben (Fig. 5.3A, site a). Based on these observations, we suggest a
trishear folding interpretation for the Chitgar Park structure. Thus, the box in Fig. 5.4A
corresponds to the exposed and highly deformed hinge zone and part of the southern limb
(bedrock and Hezardarreh Formation). During a period of quiescence, erosion might have
removed part of the backlimb and to a lesser degree the forelimb. The vertical bedrock
might have a higher resistance to erosion, which could be responsible for its preservation.
The present-day course of the Karaj River south of the Chitgar Park structure might also
indicate that a lesser amount of Hezardarreh Formation sediments were deposited to the
north compared to the south of the structure. Another phase of sediment accumulation
above the erosional unconformity took place, which outpaced the deformation (Fig. 5.4
B). Subsequently, further faulting caused continued folding of the sediments (Fig. 5.4 C),
followed by renewed erosion (Fig. 5.4 D).

The Chitgar Park structure lies between two adjacent alluvial fans of the Vardij valley to
the west and the Kan valley to the east. These fans are currently incised by both rivers, which
are laterally diverted (Fig. 5.5). Furthermore, abandoned channels of similar orientation as
the recent drainages, but located closer to the structure on the east and west, attest to
lateral advection and incision through time. This may indicate lateral propagation of the
fault at depth. The Chitgar Park structure constitutes two uplifted segments, separated by
a windgap (WG in Fig. 5.5D). As indicated by the dashed line, the windgap seems to be
level with the Kan alluvial fan, indicating that it was coeval with fan accumulation. Thus,
dating of the Kan alluvial fan allows determination of a reference datum for abandonment
and subsequent deformation of the former river channel. Due to rural development, however,
it is not possible to date directly the fan surface directly. Instead, we use the TCN-derived
age of the neighboring left-bank Kan river terrace (Fig. 5.5B, marked by star). We deem
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Figure 5.3: Cross-section across the Chitgar Park structure. Photos document style of deformation. Bedrock
(in gray, upper stages of Karaj Formation and Kond- or Red formations in unconformity) highly sheared
and fractured is slightly discordant overlain by alluvium of the Hezardarreh Formation (unit A) in the south,
and in buttress unconformity with unit B in the north (b and e). The backlimb is gently dipping and records
extensional faulting (a), while the forelimb units (unit A) pinch out (see stereoplot with bedding in blue)

and are associated with internal thrusting. (c) in turn, these units are unconformably overlain by unit B

(d).

this valid, because smoothness and degree of incision or erosion are equally developed on
both surfaces, indicating a similar geomorphic history. However, while their appearance is
similar, topographic across-cone profiles at three distances from the fan apex (Fig. 5.6)
show that river terraces at 1.5 and 3 km from the mountain front are at a higher level than
the fan surface and elevation is continuously increasing towards the east. This indicates
that the Kan embankment is not directly nested in the fan surface, but rather constitutes
a separate river terrace. The left-bank terrace is furthermore influenced by alluvial fan
activity from the east, which currently results in sediment transport toward the SW (Fig.
5.6). This interpretation is further supported by the occurrence of a debris flow unit above

the otherwise fluvial intercalations in the soil profile.

Sampling took place at the left bank of the Kan river, approximately 2.5 km downstream
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Figure 5.4: Simplified sketch to illustrate possible deformation history at the Chitgar Park structure based
on outcrop patterns of deformed rocks and unconformities. (A) Trishear folding allows forelimb rotation; Box
indicates part of the highly deformed, steep limb above the fault tip, which might correspond to the oldest
exposed units, ranging from vertical strata of the Karaj Formation to increasingly less steep unit A sediments
at the Chitgar Park structure; (B) possibly, the vertical dip of the bedrock units caused higher resistance to
erosion, an erosional unconformity was established (thick black line), and the area was subsequently covered
by alluvial deposits. (C) Further deformation caused tilting of the younger deposits in the forelimb and to
lesser degree in the backlimb. (D) Continued uplift and subsequent erosion have further shaped the structure

into the present-day condition (compare Fig. 5.3).
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Figure 5.5: (A and B) Tectonic geomorphology of the region of the Chitgar Park structure between the Vardij
and Kan rivers. Both channels are diverted around this structure. Channel sinuosity values are plotted in
white in (A). Dashed line depicts cross-section (Fig. 5.3) and box outlines a windgap. Inset in A shows
location of the structure relative to the North Tehran Thrust and Mosha Fasham Fault. (C) Narrow swath
profiles (showing minimum, mean and maximum elevation) crossing the terraces (D) Swath profile across
the Chitgar Park structure
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Figure 5.6: Overview of Chitgar Park structure on 10 m hillshade DEM with superposed 50 m contour lines.
Boxes depict locations of along-strike swath profile (white, Fig. 5.5D) and perpendicular swaths (blue and
black, Fig. 5.5C). Concentric lines depict the Kan alluvial fan at 1.5 (yellow), 3 (red), and 4.5 km (blue)
from the apex (see Fig. 5.5B). Topographic profiles were calculated from the 10 m DEM and are plotted to
the right. Note how topography rises to the east of the (Kan) River. Black arrows denote slope aspect.

Figure 5.7:  Extensive fluvial/alluvial fan terrace

along the River Kan. View to the east, across the

floodplain of the Kan River towards the terrace.

of the mountain front. The surface is smooth, without any local relief, laterally extensive,
and only sparsely vegetated (Fig. 5.7). Amalgamated clast samples have been collected in
a 3-m deep test pit and at the surface. Surface samples comprised two different clast sizes,
which are pea-sized clasts and pebbles, respectively, which were analyzed separately. Depth
samples comprised pea-sized clasts. A lithological description has been logged for the test
pit (Fig. 5.19E). As reference for inheritance, amalgamated pea-sized clasts from the recent

Kan channel have been collected and analyzed additionally.
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5.3.2 Tehran plain “foreberg” structure

Forebergs constitute rows of low hills at a certain distance from a fault-bounded mountain
front and show evidence for thrusting and strike-slip faulting with variable ratios (e.g., Bayas-
galan et al., 1999). The Tehran plain foreberg constitutes a S-verging fault-propagation fold
with a steeper forelimb in the south, suggesting that the responsible fault is north-dipping.
The dips of the folded units decrease southward, i.e., upsection, indicating forelimb rotation.
The associated fault might be the Tarasht fault, recognized by Abbassi & Farbod (2009) on
air photos. This fault may reach the surface south of the uplifted terraces in some places
and is blind in others. Backthrusts (such as the Mahmudieh Thrust or Davudieh Fault ac-
cording to Tchalenko (1974, 1975) and Berberian (1983) occur at different scales and form
local push-up structures, but presently reach the surface only locally (see Fig. 5.11 for lo-
cation). Evidence for left-lateral strike-slip faulting inside the foreberg is rare, but exists
in the Abbassabad hills (e.g., Abbassi & Farbod, 2009), where a few ridges and drainages
have accrued a cumulative offset of approximately 200 meters. Some outcrops show signs
of transpressional deformation (Fig. 5.9 A and B), manifested in half-flower structures.
Oblique shortening is furthermore accommodated by a set of én-echelon, left-stepping and
southeast-dipping thrusts, known as the Bagh-e-Feyz and Television faults (Tchalenko, 1974,
1975; Berberian, 1983), which probably root into the Tarasht fault (Figure 5.11).

The folding and associated uplift has caused the formation of a set of approximately E-W
aligned, uplifted terraces, which are partly separated by incision. The anticlinal axis exhibits
a small left step-over, connected by an oblique ramp. However, assuming that topography
reflects the cumulative, long-term displacement pattern, the trend of the topographic swath
profile (Fig. 5.10) suggests that the folds are kinematically linked and a possible previous
slip-deficit has regained. The main anticlinal axis, where highest uplift has been achieved,
is clearly visible in the geomorphology (Fig. 5.8), due to the pronounced parallel incision
pattern and some concave slope breaks in the abandoned alluvial fans. This incision, which
kept pace with the uplift, has affected the alluvial units A and B. However, the unit B
alluvium is largely subhorizontal and overlies the tilted unit A unconformably (Fig. 5.9 C).
Nevertheless, terrace tops can reach 40 to 60 m above the local surrounding alluvium, which
is incised by 15-20 m. The terraces have parabolic shapes, indicating that diffusion processes
have been taking place, concurrent with or subsequently to uplift. However, recent incision,
cut into alluvial unit C, and partly into unit B, is characterized by rather sharp convex
slope breaks. Four rivers with catchments in the hinterland drain the structure. Three of
them are crossing the terraces antecedently (Punak, Darakeh, and Velenjak rivers), while
the Darband river is slightly bending around the easternmost uplifted terrace. Thus, uplift
along the Tehran foreberg seems to control the base level of the greater Tehran plain, such
that river incision stops along the southern front, and modern alluvial-fan sediments are

deposited here (Fig. 5.8). This in turn is one of the most striking indicators for Quaternary
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Figure 5.8: Geomorphological air photo mapping of the Greater Tehran area. (A) Air photo from 1955,
inset shows inferred fault configuration, abbreviations as follow: NTT North Tehran Thrust, NF Niavaran
Fault, MF Mamudieh Fault, DF Davudieh Fault, BF Bagh-e-Feyz Fault, AB Abbassabad hills and fault,
TVF Television Fault, TF Tarasht Fault. (B) Geomorphic and lithological interpretation and additional
information. Bedding in white is redrawn after Engalenc (1968), while symbols in yellow indicate measure-
ments, obtained in this study. White lines correspond to topographic profiles in Fig. 5.10B. Stars depict
sites of field descriptions of Fig. 5.9.

deformation along this structure. Urban development of the Tehran megacity covered most of
the younger, less dissected alluvial fan formations. Few of the uplifted terraces, however, are
less occupied and are virtually unaffected by construction, which makes these areas targets
for TCN-dating. We sampled the top surface of a terrace at the Abbassabad hills, next to
the Tehran National Library (green circle in Fig. 5.8), which exhibits subhorizontal unit B
sediments in unconformity on southward-tilted unit A alluvium (Fig. 5.9C and 5.12). The
terrace is extensive, but has a pronounced parabolic shape, suggesting considerable surface
denudation. Due to clay-enrichment in the surface horizons, very few clasts have been found
there. Amalgamated clast samples were collected in a 3-m deep test pit, and a lithological

profile was schematically logged (Fig. 5.19B).

5.3.3 Latyan basin relay-ramp and deformation features east of

Tehran

The Latyan basin is an exception in the Tehran plain. Separated from the main plain by a
very pronounced, NW-trending anticline, i.e., the Latyan anticline after Dellenbach (1964),
this area forms a small intermontane basin, which is drained by the Jajrud river. The basin
constitutes both the northern limb of the Latyan anticline as well as the footwall of the
North Tehran and Mosha-Fasham faults. The basin is in a crucial position, because here the
North Tehran fault develops a slight left-bending geometry and changes its character from
dominantly left-lateral strike-slip to oblique dip-slip motion. The area east of Tehran has
been described in detail by Landgraf et al. (2009). The basin area is currently undergoing
left-transtension. Here, we will take advantage of this work and add geomorphological ob-
servations and age control. To better understand the deformation history, we have sampled
for both TCN or OSL dating. From north to south, we sampled boulders of an uplifted
paleo-pediment in the Kond valley (hanging wall of NTT, Fig. 5.1C), a fluvial terrace rem-
nant in the immediate hanging wall of the NTT in the Afjeh valley entrance, two strath
terraces incised by a bedrock channel at the same location in the Afjeh valley entrance (Fig.
5.1D), a paleosurface developed in the Latyan basin (NTT footwall, Fig. 5.1E), and two
fluvial terraces of the Jajrud, which are nested in the Latyan anticline downstream of the
basin (Fig. 5.1F). Both the Kond and Afjeh rivers are tributaries of the Jajrud river and are

currently incising the Latyan basin.
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Figure 5.9: Examples of internal deformation in the foreberg structure. (A and B) Half flower structure

developed as result of left-transpressional deformation due to oblique shortening; (B) is a zoom of rectangle
shown in A, for location see star at 51.25 o) longitude in Fig. 5.8B. This deformation might be related to
the East-West fault (after Tchalenko (1974, 1975) and Berberian (1983)) and is probably the continuation
of the left-lateral (transpressional) fault, which offsets the Abassabad hills (Abbassi & Farbod, 2009). (C)
Cut in the Abbassabad hills next to the National Library. This outcrop belongs to one of the highest
uplifted terraces. Note the steep southward-dipping unit A sediments, which are in buttress unconformity
and overlain by unit B sediments. Limited faulting and fracturing deform the sediments of unit B. Location

is close to the sampling locality (star and green circle in Fig. 5.8B.)
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Figure 5.11: 3D-view of the main structures of the foreberg area. The Tehran plain foreland undergoes
transpressional deformation with folding, thrusting, and left-lateral strike-slip faulting or oblique faulting.
The responsible fault is inferred to dip towards the north and might be connected at depth with the North
Tehran Thrust and/or the Niavaran fault.
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Figure 5.12: Uplifted terrace level at the National Library in Tehran. (A) View to the east onto a road cut of
the sampling location. This terrace is highly dissected. Note the faulted lower part and sharp unconformity
between the steeply inclined lower beds and subhorizontal upper part. Note also the parabolic shape of the

terrace, suggesting significant surface denudation. (B) Upper part of sampling pit.
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Paleo-pediment in the Kond Valley at Rahad Abad

The paleo-pediment, a gravel-covered erosion surface (Fig. 5.14), sculpted into folded and
tilted Eocene to Miocene units, has been incised by about 317 m with respect to the local base
level at the NTT (Landgraf et al., 2009). This indicates significant dip-slip motion along this
fault. The paleo-pediment abuts the rising mountains along the Mosha-Fasham fault (MFF),
suggesting that it was the active mountain front at the time of deposition. Thus, dating of
the abandonment of the paleo-pediment allows estimation of the timing of incision, which
might be related to focused tectonism along the NTT. The gravels covering the pediment
surface are recycled monomictic deposits of the Paleocene (7) Fajan conglomerate (Assereto,

1966), comprising sandstone, quartzite, limestone, and dolomite.

We sampled boulders of more than 1 m in diameter (Fig. 5.14) and analyzed them for
cosmogenic °Be and 2°Al. In this case inheritance may be negligible, because of a very

short transportation pathway.
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Figure 5.14: (A) Extensive abandoned gravel-covered pediment surface at Rahad Abad (about 25 km NE of
Tehran), view ENE. Note the scattered rounded boulders. (B to E) Boulder samples, hammer for scale on
all photos (white arrows). Note the different height of boulder burial. (B) Sample 16-6 was collected from
the surface of a boulder more than 2 m in diameter, with a surface elevated more than 60 cm above the
ground. (D) Sample 29-1-3 and (E) Sample 29-1-4 are partially embedded in the soil; (C) Sample 29-1-2;
here, a 2-cm-thick slab that was spalled off and collected at hammer location, thus partly self-shielded. This

boulder is furthermore located in a gentle depression.

Fluvial and bedrock (strath) terraces at Afjeh valley entrance (east of Tehran)

Discontinuous remnants of a fluvial terrace are exposed along the Afjeh valley. At the valley
entrance, this terrace abuts pervasively fractured bedrock and records repeated transten-
sional deformation, manifested in striated clasts and clay, as well as fanning colluvial wedges
with decreasing dip angles upsection (Fig. 5.15E). Downstream of this fault zone, an unde-
formed sand lens was sampled for OSL dating. Samples (26-2-1 and 26-2-2) were taken at
the same height about 50 cm below a 50 cm-thick debris flow unit and about seven meters
below the terrace surface. Given the relatively steep southward dip of the strata, even more
sediment could have been deposited before terrace abandonment. After incising through this
terrace, the Afjeh channel began incising a dioritic sill, which has produced a spectacular

bedrock channel. Two strath terraces formed at about 5 and 1.70 m above the recent channel
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Figure 5.15: Bedrock channel incision of the Afjeh River in a dioritic dyke. (A and B) Overview with two
strath levels (sketched on B), view towards south. Colored sectors show upper strath surface (patched) and
lower strath surface (white) with sampling locations (star). Water table (spring 2005) is about 80 cm above
the channel bed. (C) Longitudinal river profile with knickpoint, where the bedrock channels have developed.
(D) Across-valley profiles (a to ¢) in foot and hanging walls of NTT. Note the narrow valley at the mountain
front and valley widening in the hanging wall farther upstream. Profile locations are labeled in (C). (E)
Quaternary normal faulting in alluvial-fan deposits at the Afjeh valley entrance, view towards W. Karaj
Formation (gray) is pervasively fractured (red lines). The north dipping low-angle fractures are associated
with dip-slip reverse motion. The subvertical fractures are associated with strike-slip and dip-slip normal
motion (northern block up). The wedge geometry (note decreasing strata dip-angles) of the sedimentary

units suggests a complex interplay between repeated earthquakes and footwall erosion.

(Fig. 5.15 A, B). These strath surfaces were sampled and plagioclase was separated for TCN
dating using *C1. This transient incision event also coincides with a knickpoint in the Afjeh
longitudinal profile (Fig. 5.15 C).

Paleo-pediment at Saboo-e-Bozorg (east of Tehran)

Four generations of abandoned surfaces, at increasingly lower elevations and decreasing de-
gree of incision towards the west characterize the Latyan basin (Landgraf et al., 2009). The
lowest surface is inferred to correlate with the fluvial terrace in the hanging wall of the

NTT at the Afjeh valley entrance, which was dated by OSL. Furthermore, it is striking
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that the surfaces (from old to young) dip mostly towards the southwest, while the drainages
are transverse and more or less north-south directed (Fig. 5.16A, B). The southwest dip
of the surfaces does not necessarily coincide with strike and dip of the underlying strata,
suggesting repeated deformation under changing tectonic boundary conditions. While the
western drainages are connected to the hinterland, the central and eastern drainages have
their catchments in the uplifted basin itself, and hinterland drainages are deflected. The
two higher paleo-surfaces were thus tapped from the foreland and beheaded from hinterland
contributing areas. An east-west striking, vertical splay fault dissects the basin. This fault
was originally a dip-slip fault, but was reactivated as a left-lateral strike-slip fault (Landgraf
et al., 2009). It is interesting to note that boulders derived from the Fajan conglomerate
stick out from the highest surface and the ridge crest developed in unit A. However, those
boulders, while generally more than a meter in diameter, occur only as isolated individuals.
This could suggest that they might have been transported from the paleo-pediment, in which
case they could be significantly younger. Today, outcrops of the Fajan conglomerate can be
found in the hanging wall of the Mosha-Fasham Fault, but also in the Latyan anticline, south
of the basin. Another, yet more instructive occurrence of such boulders can be found in a
beheaded channel between the Kond valley and the dioritic sill (Fig. 5.16B). The drainage
area of this channel is exclusively in the diorite and Eocene shale units and is very small.
However, the trace of the boulders seems to lead to a windgap towards the Kond valley. This
suggests that there has been a previous connectivity with the Kond valley and thus to the
paleo-pediment at Rahad Abad, before the channel was diverted and started to incise the
much less erodible bedrock. Alternatively, both channels might have been active at the same
time. In any case, connectivity must have existed after deposition of the youngest terrace,

because the conglomerate-bearing channel is slightly incised into it.

A structural model explaining the Latyan basin thus needs to incorporate these obser-
vations. Such a model must include the oblique-normal faulting along the NTT, westward
rejuvenation of the embedded surfaces, and their pronounced southwestern dip. Here, we
present three models, which can alternatively satisfy those observations (Fig. 5.16a to c).
The first model (a) has been proposed by Landgraf et al. (2009). The horsetail termination
of predominantly strike-slip motion along the NTT causes footwall extension with opening
of small graben, displacing Quaternary units. Several deeply incised channels, steep slope
breaks, or paleo-valleys, sometimes internally drained, seem to reflect such graben structures.
However, structural evidence for normal faulting has been observed along the mountain front
rather than inside the Latyan basin. Alternatively, the Latyan basin could comprise a relay,
or strike-slip ramp (e.g., Peacock & Sanderson, 1991, 1995; Densmore et al., 2003; Di Bucci
et al., 2006) between an inboard fault (NTT) and an outboard fault (Latyan fault after
Landgraf et al. (2009), Fig. 5.16b). The zone of overlap and separation, i.e., the relay zone,
would comprise the Latyan basin. The bedding here is re-oriented in order to accommodate

the component of vertical displacement between the faults. Thus, the geometry of the in-
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Figure 5.16: Geomorphic mapping of the Latyan basin and surroundings and structural models. (A) Hillshade
from 10m-DEM with labels of localities; inset: fault configuration for the same frame, dashed lines correspond
to major rivers. Black horizontal lines depict locations of topographic profiles of Fig. 5.13. (B) Geomorphic
mapping (legend as 5.8). Yellow circles depict TCN samples and red circle OSL samples; green circles are
locations of Fajan conglomerate boulders as redeposited on the Rahad Abad paleo-pediment; blue circles are
locations of polymictic pebbles, with provenance from the Kond or Afjeh valleys, which represent terrace
remnants and/or beheaded channels. This area thus probably repesents a wind gap between the Kond
valley and the Latyan basin. (a) Model, explaining the Latyan basin as result of a horsetail termination of
predominantly strike-slip motion along the NTT, after Landgraf et al. (2009). (b) Strike-slip (or relay) ramp
between NTT and Latyan fault causes reorientation and southwestward inclination of the Latyan basin. (c)
Westward plunging hanging-wall anticline related to NTT motion underlies the basin. The position above
the southern limb and the deformation gradient from east to west causes southwestward inclination of the

Latyan basin surfaces.

corporated faults would result in the observed southwestern dip of the surfaces between the
fault tips. In the third model the Latyan basin is the southern limb of a westward plunging
anticline, a hanging-wall anticline, related to motion along the NT'T. This model could also
explain the southwestern inclination of the basin slopes and the wedging of sedimentary units
in the Afjeh valley, which then could reflect forelimb rotation.

The four low-relief surfaces observed in the Latyan basin are erosional surfaces, carved
into the underlying strata of different alluvial units (Fig. 5.16B). As such, they represent
markers of the former regional base level. Thus, while the erosion surfaces themselves must
have formed during periods of protracted tectonic quiescence, their current position and
age can help determine when and at which rates subsequent tilting and uplift above the
present-day base level has occurred.

We sampled the second-highest pediment surface near Saboo-e-Bozorg for TCN depth-
profiles of the nuclides 3¢Cl and Be (Fig. 5.17). This, as well as the highest surface
is beheaded from hinterland drainages, which are deflected eastward around the Latyan
“ramp structure”. The surface is extensive, has a low relief and sparse vegetation. Presently
cultivated areas were avoided. Agricultural activity in this area is limited to tree plantations

and soil cultivation generally only affects the uppermost 30 cm.

Jajrud, fluvial terraces (east of Tehran)

This site comprises a virtually undeformed Quaternary fluvial terrace system of the Jajrud
river, about five kilometers downstream of the Latyan basin. Terrace conglomerates are
onlapping onto tilted alluvial deposits of inferred Mio-Pliocene age (unit A) and are inset in
the E-W trending Latyan anticline (compare Fig. 5.18 A). The upper terrace is incised by
about 81 m, the lower by about 49 m. From their geomorphic expression, the equal diffusion,
and the virtual lack of an onlap in the perpendicular profile, we interpret the lower terrace

to be a strath of the upper terrace. The ages of these terraces can be used to determine the



Figure 5.17: Extensive and moderately dissected pediment surface at Saboo. (A) NW-view from sampling
pit across surface. Note the sparse vegetation. (B) Sampling pit (3 m deep and approximately 2 m in

diameter). Profiles were sampled for different grain/clast sizes for 1°Be and 3¢Cl analysis.

timing of incision by the Jajrud river, which in turn can be compared with the upstream
rates of tributary incision by the Kond and Afjeh channels. Furthermore, because the sub-
horizontal terraces are nested inside the Latyan anticline, this structure has not been folded
significantly after abandonment of these terraces.

Both terraces constitute flat, low-relief surfaces with sparse vegetation and virtually no
shielding. Riser diffusion between the upper and lower surface can be observed, but is limited

in extent. We have avoided this area when sampling the lower terrace. We have sampled
both terraces for TCN depth-profiles of the nuclides *C1 and ' Be (Fig. 5.18).

5.4 Dating results

In all cases, where we obtained data from surface samples and depth profiles their concentra-
tions were offset significantly, with lower surface concentrations compared to the extrapolated
depth profiles (Fig. 5.19). This suggests that processes that influence the nuclide concen-
trations, such as erosion, shielding, or pre-exposure, might differ between surface and depth
samples. Additionally, soil mixing may have disturbed the concentrations in the upper part
of the profile, including the surface sample. In order to understand nuclide-accumulation
during time and the effect of erosion on the calculated exposure age, we first used the site-
specific production rate to calculate the theoretical nuclide concentrations over time for a
range of erosion rates (Fig. 5.20 and 5.21). We then used Chi*-inversion to search for the
minimum misfit between a theoretical and the real profile for a range of exposure ages and
erosion rates (Ritz et al., 2006b), and Chi%-minimizing (e.g., Siame et al., 2004; Ritz et al.,
2006b; Braucher et al., 2009) to fit the profiles (allowing exposure age, erosion rate, and
inheritance as unknown variables).

The °Be profile from the Kan river site shows a significant break between the surface
sample concentrations and the depth samples (Fig. 5.19E). There is no possible solution to

fit all the samples together. Because the lithologic profile shows a debris flow deposit above
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Figure 5.18: (A) Fluvial terraces of Jajrud river, view towards WSW. Lower level is interpreted to be a
strath of the upper level. (B) View into sample pit of the lower terrace. Note the reddish, clay-rich soil and
white pedogenic carbonate nodules. Soil was so consolidated that workers stopped digging at a depth of one
meter. (C) Upper part of sample pit of the upper terrace. Profile shows less matrix and higher clast content.

Pedogenic carbonate is also present.

the fluvial intercalations at about 1 m depth, which coincides with the uppermost depth
profile sample, we have considered the surface sample as belonging to a second (younger)
deposit and fit the remaining depth-samples by Chi*-minimizing. The Chi-inversion reveals
a minimum misfit at 275 ka and about 3 m/Ma erosion (Fig. 5.22). The resulting Chi*-
minimizing solution reveals a best fit at an age of 266 ka, with 2.8 m/Ma erosion, and
no inheritance (Chi? 1.03), in good agreement with the inversion (Table C.10). Changing
inheritance to the value measured in the recent Kan channel and solving for age and erosion,
degrades the misfit to 5.4 and changes the exposure age to 135.3 ka without erosion. The
surface samples reveal zero-erosion ages of 25.1 + 1.9 (pea-sized clasts) and 31.1 + 2.9 ka
(pebbles), respectively (Table C.4).

The °Be depth profile of the National Library site reveals a step between samples 29-
2-5 and 29-2-6, i.e., between 1.20 m and 1.50 m depth. Nuclide concentrations follow an
exponential decrease from top to 1.20 m depth, then increase at 1.50 m, and decrease again
exponentially towards the bottom of the profile. While no lithologic change was recognized
in the profile (Fig. 5.19B), the concentrations could be interpreted as two deposits. Alter-
natively, the lower samples have higher inherited concentrations. The Chi%-inversion shows
a vertical trend, parallel to the time axes, suggesting steady-state conditions (Ritz et al.,
2006b) at an erosion rate of about 20 m/Ma for the one-deposit scenario (Fig. 5.22). We

thus calculated the maximum denudation rate and effective age after Lal (1991), which are



98

2 _.
Depth [a/cm?] 3

w
[=3
o

400

©

Upper Jajrud

0 1T xi1® 2
Numbers of TCN atoms [at/g]

Lower Jajrud
0
e
< x »
2
Ny
a
GJ
o
X e
X e
200
o 1 2xif

@)

o

_
o
o

Depth [g/cm?]

3

[=3
o

400

Numbers of TCN atoms [at/g]

Kan

0 2 4 x10

Numbers of 10Be atoms [at/g]

[ be B o[m] [

Btk
(n

- Bt/Cox

Cox

_
o
o

Depth [g/cm?]

3

400

500

o
o

600

National Library, Abbassabad Hills
Ofm] =777 —

BERERLT J

Cu

0

Numbers of 10Be atoms [at/g]

2 4x10°

@ Saboo
0r Olm] F =~
100 | R
3 - e
L 2
200 | >0 CoxsBt
;E 1.00 | .- T
N [ . .
o a- %
8 P
. -4Oj | Cu
400 | ba - . .
200 |52
gl SR
2B
500 [ -
a%& &
AN
600 - -
, -5b 300 1B~
0 2 4 x106
Numbers of TCN atoms [at/g] x Sampling depth

Soil nomenclature

A
Bt

Bk (1)

Cox
Cu

Surface horizon (mineral-rich, slightly organic)
Subsurface horizon, clay-enriched

Subsurface horizon, enriched .
in pedogenic carbonate (nodules or clast coatings)
Carbonate stage in parentheses

Slightly weathered (unconsolidated) host material
Unweathered unconsolidated host material



99

Figure 5.19: Fitted depth profiles, soil-profile descriptions (A-E) and corresponding shielding plots (a to e).
36C1 data are plotted in blue and '°Be data in red. (A) Jajrud, upper terrace. 36Cl and °Be data with
theoretical profiles of the best-fit solution. (B) National Library, Tehran. °Be data. This terrace is in
steady state; black profile corresponds to minimum age with corresponding erosion rate. Note that despite
lack of visible lithological changes, the depth profile could also be interpreted in terms of two deposits
(uppermost fitted). (C) Jajrud, lower terrace, interpreted to be strath of upper Jajrud (A, compare also
Fig. 5.18 A). All samples and both nuclides have a higher concentration than the upper Jajrud profile. (D)
Saboo. 36Cl and '°Be data of different sampling strategies. A-profile contains sand-size fraction, including
matrix, but also small clasts. B-profile corresponds to separately sampled cobbles and small boulders, and
C-profile corresponds to pea- to pebble-sized clasts. Note offset between surface samples and profile fits.
(E) Kan. '9Be data and fit. Note the offset between surface samples (red) and profile fit. Gray “surface”
age corresponds to active channel and might reflect effects of inherited nuclide concentration. Note also the
significant change in the soil-profile with transition between fluvial intercalations and alluvial/debris-flow

deposits on top.

21.2 m/Ma and 96.4 ka, respectively (Table C.10). When modeling the two-deposit scenario,
the best fit of the upper (younger) deposit results in an age of 173.2 ka with an associated

erosion rate of 15.2 m/Ma. With these conditions, the concentrations are already saturated
(Fig. 5.20D).

The boulder samples from Rahad Abad reveal apparent (zero erosion) ages between about
14 and 64 ka using '“Be, and between 14 and 57 ka using 26Al (Table C.4). The spread of
ages might suggest that post-depositional processes play a significant role. The associated
maximum denudation rates for the boulders are between 11 m/Ma for the oldest and 53
m/Ma for the youngest boulder (Table C.9). Comparing these results with the theoretical
nuclide accumulation for the Rahad Abad site (Fig. 5.20A and B), all of the samples have
reached saturated concentrations. Thus, we calculated the effective ages after Lal (1991),
which are 258.5, 116.4, 110.7, and 53.8 ka, respectively (Table C.9). Moreover, the calculated

erosion island diagram reveals a complex exposure history for this site(Fig. 5.20 B).

Optically stimulated luminescence dating on quartz grains from the Afjeh alluvial terrace
was carried out at the Sheffield Centre for International Drylands Research (SCIDR) lumi-
nescence laboratory. The two samples from a silt layer approximately seven meters below
the top of the terrace yield ages of 36.7 4+ 4 ka and 30.5 £+ 1.9 ka, respectively. The expo-
sure times of the strath terraces cut into the dioritic sill have been determined with ¢C1 in
plagioclase. They revealed Holocene ages of 3.3 4+ 0.4 ka for the 5 m-high terrace and 1.6 +
0.2 ka for the 1.70 m-high terrace.

The second highest erosional surface on the Latyan ramp at Saboo has a minimum misfit
at 200 ka, when plotting all °Be data from the three profiles together. This best-fit age
is achieved without inheritance and with only limited (0.29 m/Ma) denudation (Fig. 5.22).
The Chi?-minimizing, allowing also to solve for inheritance, revealed a similar result, with
an age of 195.1 ka and neither erosion or inheritance (Chi? of 257, Table C.10). The Chi%-
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inversion of the 36C1 profile shows a vertical trend parallel to the time-axis, thus indicating
steady-state concentrations. However, the misfit decreases when incorporating inheritance,
but ages and erosion rates vary beyond control and show no correlation with the 1°Be age.
While it is possible that both nuclides, whose source is an amalgamated sample, provide
different inheritance, the shorter half-life of 36Cl and the variability in the ages lead us to
accept the steady-state condition of the 36C1 profile.

Finally, the Jajrud terraces are somewhat problematic. The Chi%-inversion of the °Be
profile from the upper terrace reveals an age of about 135 ka, without inheritance, but
a high erosion rate of about 23 m/Ma (Fig. 5.22). Comparing this with the theoretical
accumulation (Fig. 5.20 E, dotted lines), such high erosion will bring '° Be-concentrations
into saturation already after about 100 ka. The Chi%-inversion, however, shows a distinct
minimum. Furthermore, Chi?>-minimizing reveals an exposure age of about 40.2 ka, without
denudation and some inherited concentration of 15,319 atms/g (Table C.10). The Chi*
inversion of the 3C1 profile shows a vertical trend parallel to the time-axis, thus indicating
steady-state concentrations. However, solutions for about 40 ka exist with reasonable Chi?
values. The concentrations of both nuclides of the lower terrace (only three samples) are
significantly higher than at the upper terrace. Even the lowest sample at 1-m depth, still
yields a concentration, slightly higher than the uppermost sample of the upper terrace (see
discussion). Chi?-inversion shows steady state for 1°Be, but yields an age of 55 ka for *5CI.
These are unreasonable solutions, because *C1 has the shorter half-life and reaches steady-
state earlier. However, solving for exhumation age, erosion rate, and inheritance using
Chi%-minimizing a solution exists with no erosion, small inherited concentration and about
60 ka of exposure for °Be and no erosion, small inheritance, and 70 ka for 36Cl (Table
C.10). While it might be arbitrary to accept the Chi*-minimizing solution for the lower,
but the inversion-solution for the upper terrace, this scenario would provide a meaningful
result considering stratigraphy and concentrations. In this case, the lower terrace might be

“shielded” from wind deflation by its position below the upper terrace.

5.5 Discussion

In the following section, we first discuss factors possibly influencing the ambiguity of the
TCN results at some sites, as the varying erosion rates and exposure ages using different
nuclides, as well as the observed offsets between surface samples and depth profiles. We will
focus this discussion in the light of geomorphic factors as well as the context of analytical
factors and sample chemistry. This is followed by a general discussion about the application
of the dating results for the Tehran plain and implications for the deformation history and

landscape evolution.
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Figure 5.20: Effect of erosion and burial on exposure at different sites. (A) Theoretical 1°Be accumulation
with time and different erosion rates at Rahad Abad site. Higher erosion rates result in earlier saturation
with lower concentrations. Horizontal lines show Be concentration of boulder samples. Comparison with
erosion rates calculated from 26A1/°Be pairs (Balco et al., 2008) shows that virtually all samples have
reached steady state. (B) Erosion-island plot of the 26Al1/!%Be pairs at Rahad Abad. All ratios plot below
the simple erosion island, suggesting temporal burial for a period longer than 0.2 million years. The lowest
ratio, however, rather corresponds to an erosional spalling event. (C) Theoretical 1°Be accumulation at Kan
site. Horizontal lines show Be concentration of amalgamated pea-sized and cobble samples, and of the active
channel. Assuming a mean erosion rate between 15 and 20 m/Ma, this concentration corresponds to ages
of 30-40 or 50-70 ka, respectively, as indicated by the rectangles. (D) Theoretical 1°Be accumulation at the
National Library site in Tehran. No surface sample is available, but the vertical line shows minimum age as
calculated from the depth profile. The nuclide concentrations on this terrace have reached steady state. (E)
Theoretical 19Be (dotted) and 36Cl (solid) accumulation at Jajrud (upper terrace). The 3¢Cl concentrations
are dependent on composition. Here, we calculated based on the composition of the uppermost sample (13-1-
1). However, with the exception of 13-1-3 composition does not vary significantly. Red star and cross denote
calculated surface concentration of 3¢Cl and !°Be, respectively. (F) Comparison between (apparent) 26Al
and '°Be zero erosion ages at Rahad Abad. The diagonal solid line indicates complete agreement between
ages. (G) Comparison between (apparent) 36Cl and °Be zero erosion ages at Jajrud (red and black for
upper Jajrud, corresponding to leached and bulk chemistry, respectively, and blue for lower Jajrud terrace).
(H) Zero erosion ages at Saboo. Ellipse corresponds to A-profile (sand-size) and is offset. Profile follows a
steeper trend than the concordance line, while samples from B-profile and surface are closer to agreement

between ages. See Tables C.3 and C.4 for zero erosion ages.

5.5.1 Discussion of the TCN results
Geomorphological factors

To better understand our new data in the geomorphological context, we calculated the Chi%-
inversion of the depth profiles, plots of the (apparent) zero-erosion ages of the different
isotope pairs, as well as erosion island diagrams (Figs. 5.20 F-H, 5.22, 5.23, and 5.24).

We performed the ChiZ-inversion (e.g., Ritz et al., 2006b) of the depth profiles to test the
significance of one model or profile fit versus another. Because of the large scatter of depth
samples with respect to the theoretical model, their variable analytical error, and generally
small sample numbers with respect to unknown parameters, i.e., exposure age, erosion, and
inheritance, the Chi? values are generally very high and the significance of the results is
statistically hard to ascertain. Because the °Cl concentrations are in saturation, maximum
denudation rates can be calculated (e.g., Gosse & Phillips, 2001) and are 9.14 m/Ma for
Saboo, and 19.7 m/Ma for Upper Jajrud. The relatively high denudation rate for Jajrud
roughly agrees with the rate derived from the °Be inversion of the same profile, which is
22.86 m/Ma. It is also compatible with the rate derived from the steady-state °Be-profile
of the National Library site, which is 20.3 m/Ma (Fig. 5.22). For Saboo, however, there is a
discrepancy between the denudation rate derived from the *Cl1 (9.14 m/Ma) and '°Be (0.29

m/Ma) nuclides, respectively. This is visible in the profile fit, but also in the single nuclide



103

10 T 10 T
N d=2.8g/cm’ d=1.75 g/cm?®
] ,
o 107 3 10
2
&
@
1S
2 1.11e6
© g tAtec 6
& 10 10 T
= |
&
<) | 1
v | 1
[
LE’ T |
5 10 ! 10° !
=z 1 |
| |
1 1
1 1
1 1
4 L 4 L L L s s
10 . . . . 10
10° 10? 10° 10° 107 108 10 10 10° 10° 10 10°
Exposure time [yrs] Exposure time [yrs]
10° . ; : . 10° . . . .
Composition using surface sample 0A Composition using surface sample 0B
d=2.8g/cm’ d=1.75 g/cm?
%
10 10°F
Ry
5 3.33e6
£ steady state @ 1T0m/Ma
S
®. 6 | I l
g 10 1 10 | | &
al I 1 1 no erosion
-
o ! ! ! ! —— 0.Tm/Ma
4 | | | |
[} — 1m/Ma
_g ! ! ! ! —— 5m/Ma
5 | | | |
310 L 10 [ 10m/Ma
: : [ —— 15m/Ma
Lo . 30m/Ma
| | @ ~95kal! | ——— 50m/Ma
10 Lo | L L 104 L Ll L .
10° 10* 10° 10° 107 0% 10° 10* 10° 10° 10 10°
Exposure time [yrs] Exposure time [yrs]

108 T T T T

Composition using
-2a

~

o
T

Numbers of 36Cl atoms [at/g rock]
> >

@ ~194ka

10° . — - .
10 10 10 10 10 10
Exposure time [yrs]

|
|
I
I
I
I
I
|
|
I
I
L




104

Figure 5.21: Effect of erosion and burial on exposure ages at Saboo. (A and B) Theoretical !°Be accumulation
through time, with different erosion rates, and different densities of surface samples 0A (cobbles) and 0B
(pea-size to pebbles), respectively. For colors see legend in (5.21D). Concentration lines of surface samples
show zero erosion ages between 60 and 70 ka, but steady state at 10 and 15 m/Ma (15 m/Ma corresponds
to the 3°Cl depth profile fit). (C and D) Theoretical 3°Cl accumulation, considering different density and
composition of the same samples as (A and B). Here, zero erosion age of 0A agrees with the Be age, while
OB (incl. replicate) reveals an older Cl age. Both samples are in steady state at 15 m/Ma. (E) Theoretical
36C1 accumulation for the A-Profile, using composition of sample -2a (Standard deviation of composition-
dependent production between samples of this profile is about 3%). Profile fit by chi’-minimizing yielded
an exposure time of 177 ka and 15 m/Ma erosion (marked as red star) Note that this position is also very

close to steady state.

derived maximum denudation rates of the respective samples (Table C.9). This denudation,
however, is considered to be the result of a post-depositional process, i.e. the (steady) removal
of fine material from the terrace surface. Thus, all clasts of one amalgamated sample from
a certain depth should be subjected to the same denudation, averaged over the sample’s
residence time inside one nuclide attenuation length, but unaffected by different lithology
and cosmogenic nuclides. Because chlorine reaches saturation earlier than beryllium, this
is generally considered as being advantageous in two-nuclide studies, i.e. the nuclide in
saturation reveals the erosion rate, which then allows one to calculate the exact exposure
age of the non-saturated nuclide as a function of the erosion rate (e.g., Gosse & Phillips,
2001). However, applying the higher erosion rate to the beryllium profile and solving for
an exposure age will result in an age of about 1.4 Ma, but at a much higher misfit (about
850 instead of 250). Because with higher erosion, the shape of the profile steepens, the
theoretical profile fits reasonably well the lower half of the data, but fails to fit the upper
half.

What causes these discrepancies? Comparing the trend of zero-erosion ages (Fig. 5.20 G
and H) might help understand this issue. If all nuclide-producing processes are considered,
and no post-depositional processes occur, the apparent ages of the samples, assuming zero
erosion, should be 1:1 and thus plot on the diagonal. If chlorine is in steady-state its
concentration is supposed to be relatively smaller than that of beryllium, which is still
accumulating. The 3¢Cl/!°Be ratio gets smaller and the zero erosion ages should be offset
from the diagonal towards older “Be ages. This, however, is only observed for the Saboo-
A-profile (the sand-size fraction, ellipse in Fig. 5.20H). Instead, the other Saboo samples
(B-profile) generally scatter around the diagonal. The Jajrud samples, however, show a
systematic offset towards older chlorine ages, a direction consistent with the effect of post-
depositional erosion (e.g., Phillips et al., 1997). The high offset of about 20,000 years,
however, might suggest that additional processes need to be considered. Different inheritance
between the lithologies, i.e., a higher inheritance of calcite-bearing clasts in this case, but

also of some samples inside of one profile could be the reason.



ChiZ-inversion, 1°Be, no inheritance

Chi2-inversion,3¢Cl, no inheritance

Chi%-inversion,36Cl, max. inheritance

Exposure age [Ma]

Exposure age [Ma]

Exposure age [Ma]

Exposure age [Ma]

10
9
8
75
6
5
4
3
. Chi*=1.03
1 Eps =3 m/Ma
Age =275 ka
2".) ﬂ;O 6;0 80
Erosion rate * 0.5/d [m/Ma]
10
9
8
7
6
5
4
3
2 Chi® = 258.63
1 Eps = 0.29 m/Ma
| Age=200ka
20 40 ) 80
Erosion rate * 0.5/d [m/Mal]
10
9
8
7
6
5
4
3
2 Chi*=1217
1 Eps=9.14 m/Ma
Age = saturation
20 40 60 80
Erosion rate * 0.5/d [m/Ma]
10
9
8
7
6
5
4
3
2 Chi?=271.18

Eps=1.43 m/Ma
Age=75ka

ey

20 40 60 80
Erosion rate * 0.5/d [m/Ma]

I\JLAJJ:U'\G\\JM\DC—:'

—_

Exposure age [Ma] Exposure age [Ma]

Exposure age [Ma]

Exposure age [Ma]

Chi*=20.25
Eps =20.3 m/Ma
Age = saturation

2 40 60 80
Erosion rate * 0.5/d [m/Ma]

Chi*=353.15
Eps = 22.86 m/Ma
| Age=135ka

8
7
6
5
4
3
2
1
»
40 60 80
Erosion rate * 0.5/d [m/Ma]
10
9
8
7
6
5
4
3
2 Chi*= 863.85
1 Eps=19.7 m/Ma
Age = saturation
60 80
Erosion rate * 0.5/d [m/Ma]
10 Chi*=387.34
9 Eps = 28.57 m/Ma
8 Age =405 ka
7
6
5
4
3
2

20 40 60 80
Erosion rate * 0.5/d [m/Ma]

105




106

Figure 5.22: Results of Chi%-inversion. Star depicts minimum misfit. Eps is erosion rate in m/Ma. (A to D)
10Be, assuming no inheritance. Chi? measure of misfit becomes larger when adding inheritance. (A) Kan
site. (B) National Library site. The vertical trend parallel to the time axes reflects steady state conditions.
(C) Saboo site. (D) Upper Jajrud site. (E and F) Inversion results for 3¢Cl, assuming no inheritance. Both
profiles reveal saturation and steady-state conditions. (E) Saboo. (F) Upper Jajrud. (G, H) The misfit
becomes smaller when applying inheritance to the 36Cl inversion. Maximum inheritance was assumed to
correspond to the concentration of the deepest depth profile sample, which is at three meters for Saboo (G)
and at 2.30 m at Upper Jajrud site (H).

While erosion results in a lower nuclide accumulation rate for spallogenic nuclides (because
the area of highest production at the surface is continuously detached), for 3¢Cl, depending
on the rate of erosion, this could result in a higher accumulation rate at the surface, because
the thermal neutron production has a maximum at a density-corrected depth of about 40
g/cm? (Liu et al., 1994). Differences in the bulk chemistry between the samples at different
depth might result in different depths and magnitudes of maximum neutron production.
Due to the non-spallogenic production pathways of °Cl, the usage of this nuclide together
with a spallogenic nuclide as °Be can help determine both exposure age and erosion rate
and to distinguish between simple and complex exposure histories (e.g., Lal, 1991; Liu et al.,
1994; Phillips et al., 1997). Erosion island diagrams are used to discriminate such processes.
Samples that plot between the zero-erosion line and the saturation line, which is the con-
nection of endpoints of individual erosion rates before steady-state, are assumed to exhibit
a simple exposure history with steady or no erosion (e.g., Klein et al., 1986; Kober et al.,
2007). However, the usage of chlorine together with beryllium might have a disadvantage
at higher exposure ages or lower erosion rates, because ratios at steady-state are reached

earlier.

The erosion island plots of the 3¢C1/1°Be ratios show a simple exposure history for Jajrud
(Fig. 5.23), with three samples plotting close to the saturation line and between 10 and 30
m/Ma of erosion, bracketing the erosion rates derived from the Chi®-inversion. Some samples
plot in the “forbidden” zone above the saturation line, thus exhibiting some unexpected high
nuclide ratios. This might be related to problems in sample preparation or measurement,
although we do not deem this likely. It is intriguing that despite the problems with some of
the depth samples at Upper Jajrud, the trend of deviation of all concentrations with depth
is consistent for both nuclides, i.e., samples that exhibit a lower or higher 3*Cl concentration
than expected for their certain position also reveal lower or higher °Be concentrations,
respectively (Table C.1). Thus, for Jajrud, the physical conditions that the samples were
exposed to might have been the same. On the other hand, a different chlorine concentration
could also exclusively be related to a different chemical composition and thus production rate,
because it is very sensitive to the target element concentration in the sample, but still reveal

the expected position in the erosion island or the expected age, because when calculating
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Figure 5.23: Erosion island plot of the 26Cl/!°Be pairs at Jajrud (Upper terrace), calculated with site-specific

production rates and associated compositions (Cl). Depth increases from (A) to (F). Note the different scales

for some of the plots. Shapes and position of the erosion islands vary in response to the varying contribution

of the different production pathways for each composition and depth. Green star depicts the data, blue star

has inheritance subtracted.
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exposure ages, the sample composition is accounted for. Sample 13-1-3, for instance, revealed
a much lower amount of total CaO, which results in a lower 3¢Cl production rate by spallation
of Ca and thus a lower total 3Cl concentration (Table C.8). However, in the erosion island
plot, this will certainly span a different island and thus account for chemistry effects. This
sample, however, shows a deviating trend between leached and bulk-chemistry derived zero-
erosion ages (Table C.3). This might indicate that there is an inherent analytical problem,
i.e., the bulk sample does not sufficiently reflect the real chemistry of the amalgamated
sample. The “buried” age of the uppermost Jajrud sample might be related to soil formation
and mixing (Fig. 5.19).

The erosion island plots show a complex exposure history for Saboo (Fig. 5.24). Low
isotopic ratios at Saboo that plot below the erosion island could be either explained by
burial or episodic rapid erosion (e.g., Gosse & Phillips, 2001; Kober et al., 2007). Inheri-
tance may also lead to low ratios, especially, if the calcium-bearing source lithology has a
different pre-exposure history than the quartz-bearing lithology. The Chi?-inversion of the
beryllium profile reveals that inheritance does not play a role either. Chlorine inheritance
cannot be easily determined from the deepest depth-profile sample, because muonic pro-
duction outpaces spallation at depth, thus significant post-depositional production might be
responsible for higher concentrations at depth. The very extensive, gently sloping terrace
surface in turn argues against widespread erosion events. Furthermore, depositional events,
which might correspond to shielding horizons, cannot be recognized in the soil profile nor
are there any disturbances in the TCN-profiles. However, Fig. 5.16 A and B demonstrate
that topography rises to the northeast of the sampling site at Saboo. This area is charac-
terized by several incised gullies and small channels, some of them having developed into
windgaps after abandonment of their northern sources. Possibly, episodic sheet flow has
accompanied the evolution of this topographic gradient, which might have caused episodic
burial and erosion. If the duration of burial can be determined from geomorphic or other
independent estimates, the corresponding processes (pre-exposure, burial, post-emergence
exposure) provide the minimum total exposure duration (e.g., Gosse & Phillips, 2001). In
the case of Saboo, none of these processes can be unambiguously distinguished. Thus, the
corresponding age has to be considered as a minimum age, but it could be significantly
underestimated.

The zero erosion-age plot of the Rahad Abad site indicates offsets of the results from
the diagonal towards the longer-lived nuclide, and probably reflects the isotopic steady-
state conditions of the boulders (Fig. 5.20 F). While the sampled boulders are themselves
sufficiently large in diameter and very resistent to erosion, some of them are embedded in
the soil, having only the upper part exposed (Fig. 5.14). Previous burial, as indicated by
the erosion island plot (Fig. 5.20 B), might thus have affected these boulders. The sample
with the lowest ratio, however, rather reflects erosional spalling as shown by spheroidal

weathering with individual spalled off sections reaching 2 cm in thickness. This scenario
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Figure 5.24: Erosion island plot of the 36Cl1/19Be pairs at Saboo, calculated with site-specific production
rates and associated compositions (Cl). Depth increases from (A/B) to (E) and from (F) to (G/H). Note
the different scales for some of the plots. Shapes and position of the erosion islands vary in response to
the varying contribution of the different production pathways for each composition and depth. Green star

depicts the data, blue star has inheritance subtracted.

thus is comparable with observations from the Mongolian Gurvan Bogd mountains (Ritz et
al., 2006b). These authors described the evolution of a fan surface from an original bar-
and-swale morphology, covered by boulder fields, towards a flat, but deeply incised surface
with less (and finally no) boulders, suggesting that the boulder erosion rate approached the
rate at which fine material is removed. At Rahad Abad, there are still a few boulders with
unaffected cores that were sampled for our analysis. Thus, considering the burial episode,

the calculated effective ages could be significantly underestimated.

Influence of chemistry

To evaluate the possible influence of analytical uncertainties resulting from sample chemistry,
we tabulated the3Cl production pathways and coefficients of production (Tables C.5, C.7,
and C.8) and compared the contrasts in *°Cl production and corresponding (apparent) age
resulting from leached versus bulk subsample chemistry, as well as from different assumed
total Chlorine amounts (Tables C.3, C.4, and C.6).

It is particularly important to evaluate the thermal neutron field at the sample location,
because *C1 is not only produced by spallation from calcium, but may also be produced by
thermal neutron capture from 3°C1 (e.g., Stone et al., 1998; Schimmelpfennig et al., 2009).
The thermal neutron field in the rock is controlled by the bulk composition it traverses.
For this reason, a representative subsample was kept for chemical analysis. For the Saboo
and Lower Jajrud sites, this subsample was selected after mineral separation, before the
total dissolution. However, elements which decelerate the neutrons of the cosmic ray, as for
instance iron, could have been separated out, and thus the neutron field might be under-
estimated. To avoid this, we took additional bulk subsamples from the Upper Jajrud site.
However, this effect will be significant only at high amounts of 3°CIl. The amount of 3°CI
in the target sample is calculated by isotope dilution. Because of the varying steps of prior
mineral separation, the real amount in the bulk material could be higher. To account for
that, we calculated the apparent ages using the Cl amount from the target fraction, and
compared the results with ages, calculated from the double amount of the target, as well as
with arbitrary amounts of 200 and 500 ppm, respectively.

Chlorine values in the target fraction of our samples are generally low. At Saboo they
are below 20 ppm, reaching 109 ppm at Upper Jajrud. Calcite spallation is the dominant
process. Even assuming much higher 3°Cl-values of 500 ppm will change the apparent ages

only by less than 5% (Table C.6). In contrast, the apparent chlorine age differs by up to 11%,
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if using bulk instead of leached chemistry (Table C.3). This is especially intriguing, when
comparing the replicates of sample 13-1-4a. The samples share the same bulk chemistry
(same subsample). The replicate was taken after mineral separation, before the start of the
protocol for chlorine chemistry. The concentrations of the replicates and the associated zero-
erosion ages vary by about 5.6%. This variation, however, is added on to the deviation from
the bulk-chemistry sample so that this deviation is 5% for 13-1-4aA, but 11% for 13-1-4aB.
For Jajrud, the difference in bulk chemistry results in an about 3% higher spallation fraction
in production (Table C.8). Significant differences, however, occur in the thermal neutron
production, which is actually up to 30% lower when using bulk-chemistry. Such differences in
chemistry will definitively span a different island in the erosion-island diagram. This should
be kept in mind when interpreting results from Saboo, which is based on leached chemistry,
but fortunately, has very low chlorine contents. Generally, the position of the erosion island
shifts towards lower ratios on the y-axis and higher concentrations on the x-axis, when using
the leached chemistry. Although speculative, moving the Saboo-islands virtually into the
opposite direction might bring some samples, which are only slightly below (0A, 10a, 1b)
into the island (Fig. 5.24).

Considering these effects of chemistry on the total CI3¢ production, additional uncertain-
ties may arise for the Chi-inversion and solving for the entire C13 depth profile. As described
earlier, in this approach measured concentrations are compared with theoretical, site-specific
concentrations. The profile fitting, however, was calculated for one specific chemistry, i.e.,
that of sample 13-1-1 at Jajrud, and -2a at Saboo, assuming that the samples do not differ
significantly. That this is not implicitly true can be seen in Table C.12. Here, the theoretical
concentrations per depth were calculated for one fixed exhumation scenario (46 ka exposure,
285,000 at/g inheritance, and 23 m/Ma erosion). Tables C.7 and C.8 show the effects of
chemistry and depth on the production pathways. When considering a surface location (0
m depth), differences reflect chemistry only. It is intriguing that for the Upper Jajrud site,
samples with significant lower percentage of spallation correspond to those samples which
plot outside the erosion island diagrams. For Saboo, however, this effect seems to be less

important.

Finally, even, if the chlorine system has the more complicated production mechanisms,
problems might also be inherent to the Bel? system in our study area. For the Saboo A-profile
for instance, analytical uncertainties are much larger for Be!'® than for C1?%, which is related
to very small sample amounts. Furthermore, except for Rahad Abad, the quartz sources in
the study area are microcrystalline tuffs and chert, which could have been subjected to the

recoil effect.
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5.5.2 Implications for Quaternary deformation in the Tehran plain
Regional correlation of Late Pleistocene deposition and incision

The dichotomy of ages at Kan, with an older age at depth, but younger ages at the surface,
has several implications for this area. First, the surface ages (25.1 + 1.9 ka for pea-sized
clasts and 31.1 £ 2.9 ka for pebbles) are reliable and the age of terrace abandonment might
be correlatable with the age of sediment deposition at Afjeh, derived from OSL (36.7 4+ 4
ka and 30.5 + 1.9 ka). Both of these surfaces have comparable geomorphic patterns, such
as smoothness and a low degree of dissection. With these characteristics, we have assigned
these surfaces to the third terrace, cut into unit C sediments (Tehran Alluvium, Figs. 5.5,
5.16). This is furthermore the same surface of the piedmont alluvial plain, which forms the
base for Tehran, and which is incised by only a few larger rivers. Unit C deposits from
the Khorramabad area, about 350 km southwest of Tehran, yielded paleolithic instruments,
revealing ages between 32.5 thousand and 38 thousand radiocarbon years (Vita-Finzi, 1969).
Those artifacts, however, have been found at the base of the Unit C sediments. Although
those data are based on distant outcrops, their ages are comparable with the depositional age
at Afjeh. Yet another outcrop northwest of Tehran yielded two artifacts and gave possible
ages of 46.9 to 50.6 ka (Rieben, 1955; Vita-Finzi, 1969). However, our data from the Kan
surface suggest that renewed incision started shortly after about 30 ka in the northern Tehran
plain. Based on first occupation on the Tehran alluvium, which is assumed to date to about
4 thousand years BC, Vita-Finzi (1969) argue that sedimentation of unit C continued until
about this time. Renewed archeological excavations that took place at sites south of Tehran
near Ray and on the Jajrud alluvial fan, near Varamin, have revealed buried Late Neolithic
sites with calibrated radiocarbon ages between 5.3 thousand years BC to 4.6 thousand years
BC (Fazeli et al., 2004; Gillmore et al., 2007). This might suggest that terrace abandonment
in the northern Tehran plain did not coincide with the end of the sedimentation phase, but
might be entirely structurally controlled. While sedimentation continued, accumulation has
been shifted southward. For the Kan site, this in turn indicates late Pleistocene deformation
along the Chitgar Park structure, as also indicated by the Chitgar windgap.

Furthermore, the depth profile age of 275 ka implies that the base level at this site cannot
have changed significantly during middle to late Pleistocene time, allowing incision, sub-
sequent refilling with deposition of the Kan alluvial fan and re-incision. Such a scenario
probably extends continuous deformation along the Chitgar Park structure, which could
keep pace with incision, back into middle Pleistocene time. Considering the highly tilted
unit A and moderately tilted unit B sediments in the forelimb, this structure reveals a long-
term tectonic history, probably spanning the entire Quaternary. However, it should be noted
that immediately upstream of the Kan River mouth, massive landslide deposits are currently
incised. In this context, a transient blockage of the Kan River at the valley exit and sub-

sequent outburst of the accumulated sediment could alternatively explain the deposition of
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an extended alluvial fan next to the entrenched river bed, similar to the effects of missing
fan-head incision described by Diihnforth et al. (2007).

Incision, paleo-earthquakes, and fault slip rates

Incision rates can be calculated for the Kan and Jajrud rivers, including their tributaries
Kond and Afjeh. Because we have measured the positions mainly with a handheld GPS, we
will add an uncertainty of = 5 m for the Kan, Jajrud, and the Afjeh fluvial terraces, and +
0.5 m for the measured upper, and £+ 0.2 m for the lower strath terraces at Afjeh.

The Kan River has incised into the 25 to 31 ka-old terrace by 19 + 5 m, resulting in an
incision rate of between 0.61 + 0.17 and 0.76 £ 0.21 mm /a. Considering the (oldest) effective
age of 258.5 ka for the Rahad Abad boulders and the calculated 317 m of incision of the
Kond River (Landgraf et al., 2009), the corresponding long-term maximum incision rate is
about 1.23 mm/a. At Afjeh, three rates for different late Pleistocene and Holocene surfaces
can be calculated. The OSL-dated fluvial terrace has been incised by about 24 m. Assuming
incision started immediately after deposition, the OSL-derived ages reveal average minimum
incision rates of between 0.65 + 0.15 and 0.79 + 0.17 mm/a. However, we consider these to
minima because the incision might have started later. The Jajrud terraces reveal incision
rates for the late Pleistocene between 0.6 + 0.04 mm/a for the upper terrace and about 0.7
to 0.82 mm/a for the lower terrace. The incision rates derived from late Pleistocene fluvial
terraces are thus comparable within the error limits at the Kan, Jajrud, and Afjeh rivers.
While we argue for some tectonic control on the Kan incision, the close agreement of incision
at disparate locations may however be driven by either regional base-level fall or additional
tectonic activity farther south.

Indeed, three topographic features, south of the Tehran Plain in the Central Iranian
Plateau, have traditionally been interpreted to represent active faults, accommodating part
of the Arabian-Eurasian deformation (e.g., Ambraseys & Melville, 1982; Berberian, 1983).
However, Nazari et al. (2010) showed that morphologic features reminiscent of fault scarps
are undeformed risers related to shorelines of an ancient lake. These risers are correlatable
with other shoreline remnants farther east and suggest the existence of an extensive lake
similar to the proportions of Lake Aral that once covered the Great Kavir desert probably
until the late Holocene time (Nazari et al., 2010). The ultimate regression of such a lake
would have caused a substantial regional lowering of the base-level. However, while this
lowering must have affected the late Holocene incision rate, it is too young to have caused
the start of incision after the late Pleistocene phase of sediment accumulation.

From terrace abandonment at Kan, Afjeh, and Jajrud, we calculate a mean “background”
incision of 0.7 mm/a. Based on our observations from the bedrock channels at the Afjeh
site, Holocene incision is apparently pulsed and temporary increased to 1.52 4+ 0.27 and 1.07

+ 0.2 mm/a, respectively. These pulses might be fault controlled and are probably related
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to motion along the easternmost branch of the NTT. For the youngest pulse, reflected in
the 1.70-m-high strath, this would roughly correspond to 0.58 m of fault-controlled incision
during the ultimate 1.6 ka. We consider this to be a minimum amount, because the actual
incision rate of the Afjeh tributary might be smaller than the background incision rate of the
Jajrud River, which has a much larger catchment and currently incises alluvium, which is
easier to erode than the resistent bedrock (diorite) at Afjeh. Fault inclination and obliquity
of motion would result in an increase of the total offset in this environment. However,
while fault kinematic indicators suggest a strike-slip component, small-scale channel offset or
deflections have not been observed at Afjeh, implying that the dip-slip component dominates
and the strike-slip has been accommodated on nearby faults. This raises the question of
whether the pulsed incision might result from a single earthquake that this part of the fault
accommodated. The trace of the NTT is irregular in places and reflects a segmentation
in an array of en-échelon fault segments, with a total length of about 65 km along the
mountain front. From displacement-length scaling relationships, maximum displacement
may be between 2.1 and 2.95 m, using a reverse-fault and all-fault scenario, respectively, for
an event that ruptures the entire length of the fault (Wells & Coppersmith, 1994). Due to the
position about 11 km away from the fault tip and assuming typical bow-shaped displacement
variations along faults, substantially less displacement per earthquake might be expected at
Afjeh (average displacement between 0.92 and 1.46 m after Wells & Coppersmith (1994)).
However, considering fault interaction between NTT and MFF (Landgraf et al., 2009), it
is reasonable that slip from the eastern MFF segment has been transferred onto the NTT.
Thus, at the Afjeh location, higher average slip is reasonable. Thus, the 0.58 m (as average
displacement) could be explained by one single event, which would constitute a moment
magnitude between 6.6 and 6.7 for a reverse-fault and all-fault relationship, respectively
(Wells & Coppersmith, 1994). The timing for this youngest pulse of incision corresponds
to 418 AD (195 - 641 AD within uncertainty). The earthquake catalogue does not list an
event around that time, however, earthquake notes are rare for the pre-Islamic period in
Iran (Ambraseys & Melville, 1982). Strong historic events have been recorded later for the
study area, such as 855-856 AD, 958 AD, 1177 AD, reaching estimated surface magnitude
equivalents of up to 7.7 (e.g., Ambraseys & Melville, 1982; Berberian, 1983; Berberian &
Yeats, 1999, 2001).

Consequently, if we consider the lower strath to correspond to one big earthquake, the
upper strath might reflect older events. However, a higher amount of slip would have been
accommodated in about the same time, i.e., 2.1 m in only 1.7 ka. Assuming only one event
of 2.1 m average displacement, this would constitute a moment magnitude between 6.7 and
7.2 (reverse-fault and all-fault), thus reaching the maximum expected moment magnitude
for a surface-rupture length of 65 km on a reverse fault, i.e. 7.2 (Wells & Coppersmith,
1994). While no indicators of multiple events (additional strath levels) have been observed,

the 2.1 m displacement may correspond to two or more events. If we consider the two strath
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levels indicating two single events, the recurrence interval between these two entire-length
ruptures would be 1.7 ka and the elapsed time since the last event would correspond to 1.6
ka.

The main faults to which the paleo-earthquakes have been attributed, are the MFF, the
Taleghan Fault north of the MFF, and the NTT. Furthermore, these faults are probably
mechanically linked in a transpressional duplex system and share a common deformation
history (e.g., Landgraf et al., 2009). Since the Pleistocene, the internal domain of the Alborz
mountains, including the eastern Mosha-Fasham and Taleghan faults, has been undergoing
left transtension (Ritz et al., 2006a; Nazari et al., 2009). Here, paleoseismological studies
spatially bracket the Afjeh study site. For the Taleghan Fault, Nazari et al. (2009) observed
two to three events of inferred magnitudes M,, > 7 in the last 5420 years. Coseismic
vertical displacement during these events have been measured to be between 0.94 and 1.86
m and elapsed times since the last big event may have been between 3529 and 1599 years.
Thus, this timing encapsulates the ages of both strath terraces at Afjeh and underscores
the importance of this site for further paleoseismological investigations. In this context, it
is especially important to understand the fault motion along the NTT. While the bedrock
channel incision reflects a major component of dip-slip motion, fault striae also indicate
(previous?) lateral motion. Furthermore, the offset streams that cross the NTT to the east
of Afjeh are sinistrally offset by a cumulative amount of about 42 and 54 m, respectively
(Fig. 5.13 and 5.16). These streams are crossing a longitudinal valley and are incised into
a terrace remnant, which has equivalents about 1.5 km farther west and which might be
correlatable with the fluvial terrace remnant at Afjeh, about 4 km west of this site. Thus,
we use the OSL-derived age to calculate a late Pleistocene horizontal slip-rate for this part
of the NTT, which is between 1.14 + 0.3 mm/a for the older age and the western channel,
and 1.79 + 0.35 mm/a for the eastern, erosionally widened channel and the younger age.
This rate is quite reasonable, considering a slip rate of about 2 mm/a for the eastern Mosha-
Fasham fault and 0.6 to 1.6 mm/a along the Taleghan fault to the northwest. However, the
predominant strike-slip component along the NTT ceases westward, allowing transition into

the transtensional deformation of the Latyan basin.

Implications for timing of distributed active faulting in the Latyan basin

The 195-ka-old surface at Saboo is the oldest, directly dated surface in the Tehran plain,
but the erosion-island diagram indicates that it has been buried and must be even older. Its
evolution is crucial for the understanding of the Latyan basin and the distribution of faulting
in this part of the Tehran Plain. The surface is at approximately the same elevation as the
much younger terrace remnants to the north, which have been described in the previous
paragraph and which are separated from each other by a topographic high. This high is the

present-day drainage divide and might be the sediment source for the burial. In this case,
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it has been uplifted prior to 200 ka. West of the Saboo surface and the drainage divide, a
water gap exists at which a deeply incised channel of the NTT footwall abuts the erosionally
unaffected deposits of the longitudinal valley along the trace of the NTT (Fig. 5.16). Farther
west, a windgap and another watergap follow, indicating substantial drainage reorganization
and probably footwall uplift along the NTT. Furthermore, there is another step in incision
aligned along the Latyan fault, indicating that the abandoned surfaces constitute paleo-
divides, which may now be consumed by headward incision and subsequent erosion. Such
a scenario is partly compatible with modeling results of landscape evolution processes at
extensional relay ramps (Densmore et al., 2003). In fact this setting is close to the model
scenario where static (non-propagating) en-échelon fault geometries have been used. Limited
time of development caused only incipient stream capture. Displacement along the faults has
caused catchment incision and fan propagation. The overall slope of the relay is fault-parallel,
with a slight tilt towards the Latyan fault tip. The drainage divide has migrated, allowing
some relay drainage to flow around the Latyan fault. A secondary drainage divide is currently
developing between the relay drainages. Catchments aligned on the Latyan fault experience
higher rates of base level fall, which might result in headward incision (e.g., Densmore et
al., 2003). Such a stage could be followed by capture with subsequent drainage of the relay
from hinterland sources. This stage, predicted in the model, however, has not evolved in
the Latyan basin. While in the experiments both faults evolve at the same time, our study
area is influenced by inherited faults and topography. Nevertheless, some landscape proxies
are intriguingly similar to those expected for such a relay scenario and the age of the Saboo

surface indicates that this style of footwall deformation is older than 200 ka.

5.6 Conclusions

Ongoing deformation in the south-central Alborz foreland is related to the Arabia-Eurasian
collision, and is thus influenced by the northward motion of Iranian crust and northwest-
ward motion of the South Caspian basin in a stable Eurasian reference frame, respectively
(e.g., Vernant et al., 2004b). This results in oblique motion along the main structures in the
Tehran plain, with fault-propagation folding along major faults, limited strike-slip motion
and en-echelon arrays of second-order upper plate thrusts. While the Tehran Plain records
Quaternary deformation, the majority of faulting took place in the early stages of the Qua-
ternary and before. The present analysis clearly shows that the two oldest recognized phases
of alluviation, subsequent erosion, and faulting, which affect units A and B, occurred prior
to the late Pleistocene. The rate of erosion is generally higher than expected, bringing Be
concentrations into saturation already between 200 and 300 ka. The oldest dated surface is
the Saboo erosional surface of 195 ka, while others show effective ages of up to about 258.5
ka (Rahad Abad). Abandoned terraces that probably correspond to incision after deposition

of unit C have late Pleistocene ages along the Kan River in the west and the Jajrud River
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in the east. This allows us to infer a “background” incision rate and to relate increased
pulses of Holocene incision to repeated earthquake ruptures. Those events have resulted in
the formation of strath terraces and the development of a bedrock channel near the eastern
tip of the NT'T, but they might have ruptured the entire length of this fault. Whether the
entire NTT is active, or deformation is distributed across several parallel faults or interact-
ing fault arrays, is currently under debate (e.g., Abbassi & Farbod, 2009; Landgraf et al.,
2009). Nevertheless, this study shows Holocene deformation in the eastern Tehran Plain and
infers Late Pleistocene deformation for the central and western Tehran plain. While urban
development in Tehran increasingly covers the active fault traces, the obvious indicators of
paleo-earthquakes and ongoing deformation during the last millennia attest to the threat

that those faults and their related structures carry for the megacity.
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Chapter 6
Conclusions

The combination of geomorphic and stratigraphic indicators of Quaternary tectonic activity
along the North Tehran Thrust and the present-day distribution of seismicity, exclusively
clustered along the eastern segment of the tectonically active Mosha-Fasham Fault (MFF),
has been the starting point of this thesis. The spatially limited occurrence of seismicity con-
trasts with noted historical earthquakes that ruptured segments along the entire length of the
MFF (e.g., Ambraseys, 1974; Ambraseys & Melville, 1982; Berberian & Yeats, 1999, 2001).
This setting thus constitutes an important problem in continental tectonics and intraplate
deformation characteristics. One dilemma is that such local seismicity in a mid-continent
setting could represent long-lasting aftershocks of a previous large earthquake rather than
being the precursor of a coming event (Stein & Liu, 2009). Aftershocks can be damaging
in the short-term and thus their damage potential should not be underestimated. In the
long-term, however, relying on currently seismically active zones to predict the locations of
future large earthquakes may result in erroneous hazard assessment elsewhere (Stein & Liu,
2009). For the study area, this problem has important consequences. The North Tehran
Thrust (NTT), which is seismically virtually inactive, merges with the MFF at a geometric
complexity, i.e., where the MFF bends from a WNW to NW-strike. The NTT constitutes
the southern boundary fault of the Alborz mountains and delimits the Tehran megacity to
the north. Thus, interaction between the eastern branch of the MFF and the NTT poses a
considerable threat to Tehran, the [ranian capital with more than 13 million inhabitants. In
this study, I investigated key areas of the south-central Alborz mountains and the foreland
in the Tehran Plain. The combined use of fault-kinematic analysis, morphometry, numerical
fault-interaction modeling, and dating of geomorphic surfaces using cosmogenic radionu-
clides allowed me to unravel the complexity of this intraplate setting on various spatial and
temporal scales.

First, I have shown that fault interaction between the Mosha-Fasham Fault and the North
Tehran Thrust plays a significant role in the long-term evolution of this part of the mountain
range. Furthermore, fault kinematics, macroscopic structural data, and geomorphic obser-

vations indicate that the deformation field has changed over time. This is in line with the
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results of other studies in this area (e.g., Axen et al., 2001; Allen et al., 2003; Zanchi et
al., 2006; Morley et al., 2009). Fault kinematic analysis of major and minor faults in this
area has revealed early NW-directed shortening associated with dextrally oblique thrusting.
This is in agreement with the orientation of the axes of macro-scale to meso-scale folding.
The data suggest an early mechanical linkage of the NTT and MFF fault systems during
the earlier dextral transpressional stage. This regime, however, was superseded by Pliocene
to Recent NE-oriented shortening, which caused thrusting and sinistral strike-slip faulting.
Large-scale folds have been refolded in this regime and new meso-and macro-scale folds have
evolved. This reorganization is inferred to have resulted from a rotation in the direction of
S Hmaz- Resulting from this reorganization, the NTT and MFF were reactivated and incorpo-
rated into a nascent transpressional duplex, which is compatible with a model suggested by
Guest et al. (2006a). The duplex transports left-lateral motion from the eastern towards the
western branch of the MFF, and possibly the parallel Taleghan Fault. This deformation is
distributed across four frontal ramps, i.e., the central segment of the MFF, the Emamzadeh-
Davud Fault, the Purkan-Vardij Thrust and the NW-prolongation of the NTT. The east-west
striking NTT-segments constitute lateral ramps and are characterized by left-oblique mo-
tion. Currently, the central-eastern NTT segment is undergoing high strain, but the western
segment experiences lower strain rates, thus highlighting the quasi-segmentation of the fault.

Secondly, I have assessed the role of the duplex geometry for landscape evolution. The
transpressional duplex has prevailed for a long duration of deformation processes. Conse-
quently, this structure has significantly affected the landscape evolution in this part of the
range, which in turn implies that fault interaction dominates the growth of topography and
relief distribution in such a complex setting. Using FIMoz (Zielke & Arrowsmith, 2006), a
numerical program to model such fault interaction, I have shown that two of three distinc-
tive features characterizing present-day topography and relief in the study area are directly
related to their location inside the duplex array, when applying current tectonic boundary
conditions. Thus, high rock uplift is linked to fault interaction between the eastern MFF
and NTT and between the western MFF and the Taleghan Fault. The underlying concept
for this analysis is that the growth of topography starts with repeated earthquakes, that
displacement-length relationships control the growth of the associated faults and their cor-
responding topographic features, and that interacting faults or fault complexities influence
the slip distribution, and thus topography. In simplified models, ignoring isostasy and subse-
quent erosion, I have compared the vertical displacement field, resulting from one interaction
cycle (including effects as stress triggering) with real topographic metrics as topography and
topographic residuals (a measure of local relief), which have been calculated from a SRTM
DEM. The close agreement between model results and DEM-derived metrics is intriguing
and underscores the importance of fault interaction in intraplate settings. This finding is

important for our understanding of intraplate faults as complex systems.

Third, using fault-related landform evolution is a standard procedure to define the de-
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gree of tectonic activity, but this may result in erroneous assessment if tectonic boundary
conditions have changed through time. In order to account for inherited topography and
possible misconceptions of fault activity, I have used a new general concept of landscape
compartments, i.e., simple and composite landscapes. I define simple landscapes as those
environments which have developed during sustained tectonic conditions, including incip-
ient faults and their landforms. Rotations of the shortening direction through time will
generate new faults and associated landforms. In addition, such a changeover to new condi-
tions will also cause the continuation of activity along pre-existing structures. Consequently;,
such regions with changing tectonic boundary conditions constitute composite landscapes
that contain topography inherited from previous conditions. Numerical fault-interaction
modeling using different tectonic boundary conditions yields synoptic snapshots of artificial
topography that can be compared with the real topographic metrics, and thus helps decipher
the relationships between tectonic boundary conditions, structural evolution and landform
development. In general, the modeling approach shows that arrays of linked faults or faults
with pronounced bends or step-overs have distinct offset patterns and are particularly sensi-
tive to detection of changes in the regional tectonic stress field. However, not all structures in
fault arrays are useful to provide information of such changes. Good indicators of composite
topography are array “inside corners” in the hanging wall of faults. These correspond to
junction or intersection areas of fault arrays, whose bisecting line is approximately aligned
with the Sg,... direction. However, in the Alborz mountains, I found that E-W striking
faults are less sensitive to changing boundary conditions. They are in a “tectonic steady
state”, favorably oriented to accommodate the entire range of NW- to NE-directed com-
pression, without significant changes in resulting uplift pattern. On the other hand, these
faults (western MFF and Taleghan Fault) show the highest total displacement, as reflected
by basement involvement, which might indicate sustained faulting under changing boundary

conditions as suggested by the models.

The success of such an approach and the detection of inherited topography largely depends
on landscape response times. For the Alborz mountains it is currently under debate whether
the present-day, predominantly left-lateral motion is Pleistocene in age or if it was already
established 9-10 Ma ago (Ritz et al., 2006a; Hollingsworth et al., 2008; Shabanian et al.,
2009; Nazari et al., 2009; Ritz, 2009; Siame et al., 2009; Hollingsworth et al., 2009; Ballato
et al., 2010a). The arguments of Ritz et al. (2006a) and Nazari et al. (2009) are partly based
on geomorphologic observations for the onset of left transtension in the internal domain
of the Alborz. My study shows that much of the topography is linked to pronounced left
transpression, which predates the youngest signal of left transtension. Importantly, this
transtensional system has not yet erased the topographic signal of the earlier transpressional
tectonic setting. It is therefore reasonable that both arguments are valid, i.e., an early
change from predominant dextral to sinistral motion around 9-10 Ma ago and a subsequent

changeover to transtension, which is Pleistocene in age. Thus, while the Alborz mountains
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and their foreland constitute a complex tectonic landscape, it might not be the most ideal
setting to test the otherwise promising new approach that I have chosen.

Fourth, in order to quantify deformation patterns, I investigated the timing of Quaternary
deformation and landscape evolution in the Tehran Plain using TCN dating. This analysis
clearly shows that the two oldest recognized phases of alluviation, subsequent erosion, and
faulting, which affect units A and B, predate late Pleistocene time. The rate of erosion
is generally higher than expected, bringing Be concentrations into saturation already in
200 ka and 300 ka. The oldest dated surface age is the Saboo erosional surface of 195 ka.
Other surfaces have effective ages of up to about 259 ka (Rahad Abad). Abandoned terrace
ages that probably correspond to incision, subsequent to deposition of Unit C, have late
Pleistocene ages along the Kan River in the west and the Jajrud River in the east. This
allows me to infer a mean “background” incision rate of 0.7 mm/a and to relate increased
pulses of Holocene incision to repeated earthquake ruptures. The corresponding vertical
offset has been calculated to be 0.58 m, and 2.10 m, respectively. If assuming one earthquake
per offset and rupture of the entire NT'T, the associated moment magnitudes are 6.74 and
7.19, respectively. These events have resulted in the formation of strath terraces and the
development of a bedrock channel near the eastern tip of the NTT, but they might have
ruptured the entire length of this fault. However, considering the fault interaction between
NTT and MFF, it is reasonable that slip from the eastern MFF segment has been transferred
onto the NTT. Thus, at the Afjeh location higher average slip is reasonable. If the entire
NTT is active or if deformation is distributed across several parallel faults or interacting
fault arrays is currently under debate (e.g., Abbassi & Farbod, 2009; Landgraf et al., 2009).
Nevertheless, my study documents Holocene deformation in the eastern Tehran Plain and
it is suggested that late Pleistocene deformation has taken place in the central and western
Tehran plain. While urban development in Tehran increasingly covers the active fault traces,
the obvious indicators of paleo-earthquakes in the last millennia attest to the threat that
those faults and their related structures pose for the megacity.

Fifth, I also worked on methodological development of the TCN dating of geomorphic
surfaces with highly variable and generally low amounts of quartz-bearing or calcite-bearing
source lithologies. I separated the two radionuclides °Be and 2°Cl out of the same amal-
gamated depth profile samples. This involved first of all extracting *C1 from calcite (e.g.,
Stone et al. 1996), which was dissolved from a pre-treated mixture of calcite, quartz, and
feldspar. After decanting the calcite-bearing solution, the silicate residual was used for fur-
ther quartz purification and chemical '° Be extraction. This approach is new (Merchel et al.,
2010) and allows simultaneous detection of Be and *C1 from samples which underwent
the same burial history, but did not necessarily experience identical pre-depositional events.
The data show that both profiles, derived from 2°C1 are in isotopic saturation. However,
with the advantage of the two-nuclide approach on the terrace profiles and the calculation

of erosion island diagrams, I could infer a simple exposure history for Jajrud and complex
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exposure with a period of burial for the Saboo site. C'hi? inversion to solve simultaneously
for exposure time and erosion has also yielded inconsistent erosion between the nuclides,
inferring that the processes responsible for nuclide production at depth might still not be
sufficiently understood.

In sum, my study has shed new light on this complex area of intraplate deformation.
The Mosha-Fasham Fault and the North Tehran Thrust are mechanically linked. This is
a long-term, but also a short-term phenomenon. The spatial occurrence of higher strain
accommodation in this complex fault system is related to the geometry and interaction be-
tween the involved faults. The consistency between the modeled results of one interaction
cycle and the real topographic metrics suggests that if temporal quiescence of some faults
or fault segments happens on the scale of several earthquake cycles, the resulting slip deficit
is regained over time. Thus, analyses on an intermediate timescale are needed to overcome
this dilemma and to better understand the present-day situation in the study area. Paleo-
seismology at a high spatial sampling density and additional dating approaches could help.
However, the advanced urbanization and land use in this metropolitan area hampers such

activities.
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to: Fault-kinematic and geomorphic observations along the North Tehran
Thrust and Mosha Fasham Fault, Alborz mountains Iran: implications for fault-

system evolution and interaction in a changing tectonic regime (Chapter 3)

Abstract and Acknowledgements

Abstract Neighboring faults can interact, potentially link up and grow, and consequently
increase the seismic and related natural hazards in their vicinity. Despite evidence of Qua-
ternary faulting, the kinematic relationships between the neighboring Mosha Fasham Fault
(MFF) and the North Tehran Thrust (NTT) and their temporal evolution in the Alborz
mountains are not well understood. The ENE-striking NTT is a frontal thrust that delimits
the Alborz mountains to the south with a 2000 m topographic front with respect to the
proximal Tehran plain. However, no large instrumentally recorded earthquakes have been
attributed to that fault. In contrast, the sigmoidally shaped MFF is a major strike-slip
fault, located within the Alborz mountains. Sinistral motion along the eastern part of the
MFTF is corroborated by microseismicity and fault kinematic analysis, which documents re-
cent transtensional deformation associated with NNE-SSW oriented shortening. To better
understand the activity of these faults on different time scales, we combined fault-kinematic
analysis and geomorphic observations, to infer the kinematic history of these structures.
Our fault kinematic study reveals an early dextral shear for the NTT and the central MFF,
responsible for dextral strike-slip and oblique reverse faulting during NW-oriented shorten-
ing. This deformation regime was superseded by NE-oriented shortening, associated with
sinistral-oblique thrusting along the NT'T and the central-western MFF, sinistral strike-slip
motion along subsidiary faults in the central MFF segment, and folding and tilting of Eocene
to Miocene units in the MFF footwall. Continued thrusting along the NTT took place during
the Quaternary. However, folding in the hanging wall and sinistral stream-offsets indicate a
left-oblique component and Quaternary strike-slip reactivation of the eastern NTT-segment,
close to its termination. This complex history of faulting under different stress directions has
resulted in a composite landscape with inherited topographic signatures. Our study shows
that the topography of the hanging wall of the NTT reflects a segmentation into sectors with
semi-independent uplift histories. Areas of high topographic residuals and apparent high up-
lift underscore the fault kinematics. Combined, our data suggest an early mechanical linkage
of the NTT and MFF fault systems during a former dextral transpressional stage, caused by
NW-compression. During NE-oriented shortening, the NTT and MFF were reactivated and
incorporated into a nascent transpressional duplex. The youngest manifestation of motion in
this system is sinistral transtension. However, this deformation is not observed everywhere
and has not yet resulted in topographic inversion.

Acknowledgements This work was funded by the German Research Council (DFG project
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STR 373/19—1 and funds from the DFG Leibnitz Award to M. Strecker). We greatly appre-
ciate logistical help from the Tehran Building and Housing Research Center. In particular,
we would like to thank A.H. Heidarinejad, T. Parhizkar, and A.H. Mirzaei for their encour-
agement. We wish to thank Y. Djamour, M. Shakeri, and M. Hekmatnia for their logistical
GPS support, and B. Fabian for her help with the illustrations. Our interpretations have
benefited from discussions with J. Jackson, J.-F. Ritz and J.R. Arrowsmith. Special thank
to Prof. G. Hilley and an anonymous reviewer as well as the editor Dr. Y. Ben-Zion for very

helpful and constructive comments.
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Fault kinematic data

Figure A.1: Raw fault kinematic data collected along the MFF, NTT, and adjacent faults.
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to: Differentiating simple and composite tectonic landscapes using numerical

fault-slip modeling (Chapter 4).

Abstract and Acknowledgements

Abstract We define that simple landscapes are related to protracted tectonic conditions.
Composite landscapes contain topographic elements that cannot be explained by motion
along currently active faults and most likely result from changes in the tectonic regime.
Landforms are often used to assess the spatial distribution and magnitude of tectonic dis-
placements. Inherited topography, unrelated to the current tectonic conditions, may however
lead to erroneous assessments of present-day tectonic activity. Differentiating between simple
and composite landscapes in these environments is thus an important approach to overcome
such predicaments. We use numerical simulations to determine the vertical displacement
field, caused by mechanically interacting faults that are subjected to a uniform tectonic
stress field. While progressively rotating the axis of maximum horizontal stress (Sgmae) in
a structural model setup, we produce a synoptic overview of simple landscapes and compare
them with topographic features of a real composite landscape in the south-central Alborz
mountains of Iran. Topographic residuals calculated from Digital Elevation Models (DEMs),
reveal distinct zones of inferred high rock-uplift rates in the south-central Alborz. Certain
areas of high elevation and rock-uplift rates can only be reproduced under a restricted range
of SHmaz-directions. The long-lived, steep Mosha Fasham Fault is able to maintain a pre-
dominant left-lateral motion under NE-directed Sgmqz, While in general, the fault array is
shortened in NNE-direction. The faults bounding the Taleghan range are less indicative
of changes in Spyq-direction. This area of presumably inherited topography is favorably
oriented to undergo reactivation under a wide range of NW- to NE-directed compression.
Acknowledgements This work was funded by the DFG Leibniz Award to M. Strecker and
a grant funded by the German Research Council (STR 373/19 — 1 to M. Strecker and A.
Friedrich) and the German Academic Exchange Service (DAAD-D/07/42739). We wish to
thank Birgit Fabian for her help with the drawings. We have benefited from discussions with
G. Hilley, M. Trauth, F. Kriiger, M. Ohrberger, and S. Hainzl.
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Using strain rate and direction to calculate regional stress-

ing rate tensor

O'ij:2*,u*5ij+)\*€kk*5ij (Bl)

with:
g = shear modulus, A = Lamé constant (both assumed to be ~ 30GPa in crust, Poisson
body)
Exk = Strainrate = €11 + €92 + €33
and:
g1 =5*107%/yr(N20FE) and €33 = 1 %1078 /yr(N110E) (Masson et al., 2007), we calculate

011 :2*u*811+)\*(€11+822+833) (BQ)
Oy = A% (€11 + €22 + €33) (B.3)
033 :2*u*€33+)\*(€11+822+833) (B4)

011(N20FE) = 4800Pa/y or 4.8 MPa after 1000yr (assumed Recurrence Interval for large
earthquakes)
o9a(vertical) = 1800Pa/yor 1.8 MPa / kyr
033(N110E) = 2400Pa/yor 2.4 MPa / kyr
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Fault data and sketch of the parameters that define a fault (redrawn after FIMoz Manual)

x_center (fault|y_center (fault|z_center (fault
plane) plane) plane) Azimuth dip Fault length | Fault Width z #1 #w
[m] [m] [m] [deg] [deg] [m] [m] [m]
MFFeast 606565 3957109 -6100 285 70 71600 12770 12000 36 6
MFFe-deep 607311 3959894 -13600 285 65 71600 3310 3000 36 2
MFFcentral 543381 3980832 -4600 296 55 63000 10987 9000 32 5
MFFc-deep 545376 3984921 -12100 296 65 63000 6620 6000 32 3
MFFwest 490924 3993182 -6100 268 70 45000 12770 12000 23 6
MFFw-deep 490823 3996064 -13600 268 65 45000 3310 3000 23 2
Firuzkuh F. 659430 3954034 -6100 66 80 38000 12185 12000 19 6
NTT NW 492073 3974556 -2100 304 20 49000 11695 4000 25 6
PVT 516699 3968333 -2100 309 25 23000 9465 4000 12 5
PVT deep 522993 3976106 -8100 309 35 23000 13948 8000 12 7
EDF 528633 3974730 -6100 308 60 33753 13856 12000 17 7
EDF deep 531540 3978451 -13600 308 50 33753 3916 3000 17 2
EDF west 500302 3988451 -6100 275 60 25000 13856 12000 13 7
EDF w-deep 500714 3993156 -13600 275 50 25000 3916 3000 13 2
Taleghan-MFF 508492 3997320 -6100 121 88 12121 12007 12000 6 6
Taleghan-east 565609 3985013 -6100 282 85 56818 12046 12000 28 6
Taleghan-central-e 529254 3994959 -6100 299 85 18182 12046 12000 9 6
Taleghan-central-w 512564 4000521 -6100 277 85 15909 12046 12000 8 6
Taleghan-west 478018 3998475 -6100 88 85 49242 12046 12000 25 6
NTT-west 522045 3962830 -6100 254 60 28244 13856 12000 14 7
NTT-center 547221 3965583 -6100 260 75 24000 12423 12000 12 6
NTT-east 564751 3965588 -6100 279 75 9600 12423 12000 5 6
: 1
(y-axis) position of fault center
st wy
-
2
- = .
— w.‘ )
—~
&__o P E2
(x-axis)

define local coordinate system:

depth
(z-axis)

fault \ength
i- along strike (=x"-axis)
j: along anti-dip (=y’-axis)
k: along fault normal (=z-axis)

Figure B.1: Geometry and model parameters of the implemented faults, according to FIMoz requirements (cf. sketch below). Abbreviations of names are: MFF-Mosha-
Fasham Fault, NTT-North Tehran Thrust, NTT NW -Northwest prolongation of NTT, PVT-Purkan-Vardij Thrust, EDF-Emamzadeh-Davud Fault; e-east, c-central,
w-west segment, respectively. If fault segments change dip towards depth, the associated fault segment name has the annex "deep". Fault segments are defined according
to their central coordinates; here, the numbers for x and y represent UTM coordinates (Zone 39N). The depth across which the fault segments extend is z, i.e. the
eastern MFF, for instance, is assumed to cross a seismogenic layer of 15 km, while at 12 km depth the dip is changing from 70° to 65°N. "f 1" and "f w" are numbers

of subdivision patches along length and width of the fault segment, respectively.
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Data statistic

Vertical displacement [m] for relative magnitudes of 1 (Gpmax) @and 0.2 (o, and chmin)
Model (NtoE) min max mean stdv
0 | -0.126 0.297 0.034 0.085
5 -0.128 0.286 0.037 0.085
10 -0.128 0.292 0.039 0.086
15 | -0.125 0.292 0.039 0.085
20 -0.120 0.293 0.041 0.084
25 -0.116 0.298 0.041 0.082
30 -0.107 0.290 0.041 0.079
35 -0.099 0.289 0.040 0.076
40 -0.095 0.299 0.039 0.072
45 -0.092 0.298 0.037 0.069
50 -0.084 | 0.314 | 0.035 0.064
55 -0.078 0.275 0.033 0.059
60 -0.070 0.302 0.030 0.056
65 -0.062 0.266 0.027 0.050
70 -0.056 0.255 0.025 0.047
75 -0.053 0.238 0.022 0.044
80 -0.048 0.226 0.019 0.041
85 -0.044 0.194 0.017 0.036
90 -0.040 0.159 0.014 0.031
275 -0.034 0.136 0.012 0.027
280 -0.034 0.114 0.011 0.024
285 -0.035 0.088 0.009 0.021
290 -0.037 0.092 0.009 0.019
295 -0.040 0.095 0.008 0.019
300 -0.044 0.110 0.008 0.022
305 -0.048 0.126 0.009 0.026
310 -0.053 0.144 0.010 0.032
315 -0.057 0.159 0.012 0.038
320 -0.067 0.177 0.014 0.045
325 -0.076 0.194 0.016 0.052
330 -0.087 0.208 0.019 0.058
335 -0.094 0.229 0.021 0.064
340 -0.101 0.248 0.025 0.071
345 -0.109 0.258 0.027 0.075
350 -0.116 0.266 0.030 0.078
355 -0.123 0.276 0.032 0.081
Topographic residuals -31.845 1554.312 612.722 373.640
SRTM-DEM 1132.863 4122.695 2239.457 726.550

lowest subsidence, uplift, or mean

: highest subsidence, uplift, or mean

Figure B.2: Minimum and maximum vertical displacement as well as mean and standard deviation of the
separate models prior to their normalization. The absolute values are relatively small because the models
have been loaded with small relative stress magnitudes. Highest subsidence is achieved with maximum
horizontal compression direction of N5E to N10E, while highest uplift is reached with maximum horizontal
compression direction of N50E and corresponds to the Mount Bajdan area. In contrast, the models N20E
to N30E yield the highest mean. Comparing with Fig. B7, these models show the most extensive uplift by

area.
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Step over with vertical fault segments
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Figure B.3: Results of different loading directions and magnitudes of differential stress on a left-stepping
step-over array. Magnitudes for the different cases are given in the table below the figure. As in comparable
figures of the main paper, the inset shows the loading direction (Sgmas ), While red colors show uplift and blue
colors subsidence, respectively. In Case 1, the magnitudes for vertical and least horizontal stress are similar.
Thus, this scenario should represent a transpressional environment, which allows both thrusting and strike-
slip faulting. In this scenario, the geometry of the faults and their orientation relative to the shortening
direction dominates the results. In contrast, Case 2 and 2a represent settings which promote strike-slip,
while Case3 and 3a rather promote thrusting. As visible in the upper figures, changes in differential stress
magnitudes has no effect on the displacement in the vertical step-over array. In contrast, along an N-dipping
fault array, while generally widespread uplift is the dominant result, the focus of uplift is changing between
the different scenarios. Moreover, while NW-directed compression would generally produce uplift in the
segment overlap, the effects of changes in differential stress are even more pronounced between the different
scenarios of NE-directed compression, where geometry related subsidence between the segments is competing

with the uplift resulting from the northward dip of the faults.
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Figure B.4: Results of different loading directions and magnitudes of differential stress on a double-bend
array. The effects of linkage versus separation (B, E-G), and different length ratios (B, H-I) between the
segments are investigated. Definition of the cases and color coding are comparable to Figure B3: Case 2a
promotes strike-slip, while Case 3a promotes thrusting. Panel A shows the effects of a transpressional setting
on a vertical double-bend. Uplift is focused in the "inset corner" of the segments relative to the compression
direction (middle and right column). NW-directed compression yields subsidence in the same corner, which is
related to the dextral motion at the E-W striking segments, while the middle segment, which strikes parallel
to the compression direction, will not alter the displacement field. If the fault segments are not vertical,
the amount of uplift increases and the distribution is strongly related to the geometry of the double-bend
with respect to the compression direction. Separation between the segments changes the uplift distribution
slightly. While 1 and 2 km separation have only minor effects, a 5 km separation between the segments
shows basically vertical displacement of the single segments without obvious evidence of interaction. Uplift
patterns also change with different length ratios between the segments: a high outer/inner segment ratio
cause more pronounced focus of uplift in the "inside corner" for NE-directed compression, which is otherwise

a more pronounced result of N-directed compression.
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Condition1 - normalized model data, including subsidence

Vertical displacement at N275E

N280E N285E N290E N295E N300E
4
y e
~ e » |
N310E N315E N320E N325E N330E
I Im . Im . H M
N340E N345E N350E N355E NOOE

NOSE N10E N15E N20E N25E N30E

N35E N40E N45E NS50E N55E NGOE

N70E N75E N8OE N85E NOOE

Figure B.5: Normalized vertical displacement fields of all interaction models, calculated at 5° increment changes in compression direction. Here, normalization was

calculated using conditionl, which includes subsidence (cf. Methods section). The fault array causes interaction between the segments which at different compression

directions cause different areas in the array to uplift or subside, respectively.



139

‘sorrjowt orydersodo) oY) Ul 9INYeuSIS I9Y) 9SO[ SN} PuR UOO0S PA[Yol
198 sulseq ons asnenaq ‘Ajqeqord ‘pareduiod 10 po[pURY d( JOUURD dDUIPISINS *8°T ‘S[PPOUW ZUOIIPUO)) Ul JOYSIY A[eIoua8 ST solrjour olyderdodo) pue [opowl Usom)isq
JUSIOJO0D UOTJR[OIIOD O ‘TOAOMO] “A[PAT)oadsol ‘opisqns 10 HIidn 0) Aelre oY) Ul SBOIR JUSIOPIP 9SNRD SUOIIAIIP UOISSOIdUIOD JUSIOPIP 1R [OIYM SIUSWISOS 91} Uoom)oq
UOTIORIDNUI S9SNBD ARIIR J[NR] O], "0I0z Je 19s oIe 4J1dn 0SIopun Jou Op YOIYM ‘Seale 'o'T ¢(01929S SPOYILIN “JO) POUAPISNS SOIOUST YOIYM ‘GUOTIIPUOD JUISN PaJe[noed

Sem UOIYeZI[RULIOU ‘9I9]] ‘UOI}I_IIP UOISSaIdUIod Ul S9SUEYD JUSWAIOUI .G JB PIYe[NITed ‘S[OPOUW UOI}IRISUI [[€ JO SP[OY JUewade[dsIp [ed1}I0A PIZIRUWLION :9°¢ oIS

306N 358N 308N 36/N 30/N 359N
309N 356N J0SN JGYN J0vN 3GEN

"

L

30¢N JGIN J0IN 350N

aad Nl
IS IS

300N 3SGEN J0SEN 3SVEN J0¥EN 3SEEN

J0EN

J0EEN 3G2EN 30CEN 3S1LEN 30LEN 3S0EN

s0LX 'S S Ei4

J00EN 3G62N 306eN 338N J08eN 362N 1. JUSLISoR|dSIP [EOILIOA

9duUdpISqns Bulioubi ‘elep [9pow pPazijewou - ZUOIPUOD



Condition1 - correlation between normalized topographic residuals (x) and normalized FIMmodel (y)
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Figure B.7: Correlation plots, showing pixel-wise comparison between normalized topographic residuals (on x-axis) and normalized models (on y-axis), i.e., the vertical
displacement, respectively. Here, normalization was calculated using conditionl, which includes subsidence (cf. Methods section). Generally, a linear trend with some
scatter seems to exist, suggesting that parts of the model results and topographic metrics correlate. However, in some models (N275E to N290E and N60E to N9OE)
a kink in the data cluster suggests that especially the small displacement values (< 0.4) do not correlate. Considering the normalization, this means that basically
subsidence does not correlate with low topographic residuals or that areas, which undergo subsidence can correspond to small to moderate topographic residuals.
However, also areas of only small uplift do not correlate well, as visible in Figure DR6, where subsidence is ignored, but the same kink in the data cluster is only

suppressed to lower values.
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Figure B.9: Comparison of results of some simple scenarios, calculated with Coulomb3.0 and FIMoz, respectively. To build confidence into the FIMoz program, we
have cross checked results with another, well -known deformation and stress-change software (Coulomb 3.0) after Lin & Stein (2004) and Toda et al. (2005). However,
applications of both programs differ in that Coulomb is not using regional stress for pre-defined receiver faults, but only for optimally oriented faults. We therefore have
calculated and compared slip conditions for different scenarios of the same geometry, respectively. Besides small differences in the color scheme (different stretching;

Coulomb is using interpolation, FIMoz filled contours), the basic geometry of uplift and subsidence agree.
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Figure B.10: Calculation of stress distribution caused by topographic load of the Damavand volcano. Figure
A shows the topographic E-W profile across the volcano, based on SRTM-DEM. Thus, the volcano has
a height of about 2100 m above regional peaks, or of about 2600 m above the regional mean elevation,
corresponding to an additional topographic load of 51.5 MPa, or 63 MPa at the reference base, respectively.
Density is assumed to be 2500 kg/m?. Using the formulas of Dahm (2000) and the regional mean elevation
as reference, we have calculated the depth distribution of stress caused by the topographic load. While the
horizontal stress diminishes fast after only 2-3 km (Fig. B), about 1/3 of the vertical stress (about 20 MPa)
is still available in 10 km depth (approx. locking depth of the underlying fault), which is about a magnitude
less than the assumed prevalent lithostatic stress of about 250 MPa at this depth (Fig. C). However, the
additional amount of shear stress that is caused by the volcano has the maximum (about 12 MPa) in about
2 km depth (Fig. D). In 10 km depth are still about 5 MPa additional shear stress available.
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to: Quaternary deformation in the Tehran plain deduced from °Be and 3°CI

depth profiles of alluvial geomorphic surfaces (Chapter 5)

Abstract and Acknowledgements

Abstract Ongoing deformation in the south-central Alborz foreland results in oblique mo-
tion along the main structures in the Tehran plain, with fault-propagation folding along
major faults, limited strike-slip motion and en-echelon arrays of second-order upper plate
thrusts. While the Tehran Plain records Quaternary deformation, the majority of faulting
took place in the early stages of Quaternary and before. The present analysis clearly shows
that the two oldest recognized phases of alluviation, subsequent erosion, and faulting, which
affect units A and B, occurred prior to the late Pleistocene. The rate of erosion is generally
higher than expected, bringing Be-concentrations into saturation already between 200 and
300 ka. The oldest dated surface age is the Saboo erosional surface of 195 ka. Abandoned
terrace ages that probably correspond to incision, subsequently to deposition of unit C, have
late Pleistocene ages along the Kan River in the west and the Jajrud River in the east.
This allows to infer a “background” incision rate and to relate increased pulses of Holocene
incision to repeated earthquake ruptures.
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Sample name Latitude Longitude Elevation Elv/Pressure Thickness Density Shielding Depth* 10Be +10Be 3601 +36¢C1 26 Ay +26 A1
[dd] [d] [m] [mbar] [em] le/cm?] 0 le/cm?] | lat/g] | lat/gl | [at/e] | [at/el | lat/e] [at/g]
Kan
K10-14 35.746444 51.2676666 1326 864 1 2.5 0.995 10.000 91,363 13,190 NaN NaN NaN NaN
101006-15 35.743111 51.2695555 1345 862 2 2.5 0.999 10.000 360,527 34,084 NaN NaN NaN NaN
22-1 35.743111 51.2695555 1345 862 10 2.5 0.999 10.000 274,652 20,779 NaN NaN NaN NaN
22-4 35.743111 51.2695555 1345 862 10 2.5 0.999 230.000 495,228 25,584 NaN NaN NaN NaN
22-6 35.743111 51.2695555 1345 862 10 2.5 0.999 360.000 263,086 20,076 NaN NaN NaN NaN
22-7 35.743111 51.2695555 1345 862 10 2.5 0.999 410.000 177,975 23,789 NaN NaN NaN NaN
RahadAbad
29-1-1 35.892111 51.6274722 2406 756 4 2.2 0.994 5.200 NalN NaN NaN NaN NaN NaN
29-1-2 35.892111 51.6274722 2406 756 1.5 2.2 0.994 1.950 399253 12238 NaN NaN 2,112,767 61,346
29-1-3 35.892111 51.6274722 2406 756 4 2.2 0.994 5.200 686,605 17,472 NaN NaN 4,303,525 116,156
29-1-4 35.892111 51.6274722 2406 756 4 2.2 0.994 5.200 341,648 8,727 NaN NaN 2,112,763 61,143
16-6 35.881750 51.6245278 2275 768 6 2.2 0.994 7.800 1,408,053 34,724 NaN NaN 8,326,369 229,466
National Library
29-2-2 35.751111 51.4359444 1435 852 10 2.5 0.9996 74.9 398,566 18,367 NaN NaN NaN NaN
29-2-4 35.751111 51.4359444 1435 852 10 2.5 0.9996 203.3 197,571 17,682 NaN NaN NaN NaN
29-2-5 35.751111 51.4359444 1435 852 10 2.5 0.9996 267.5 135,592 36,241 NaN NaN NaN NaN
29-2-6 35.751111 51.4359444 1435 852 10 2.5 0.9996 331.7 220,512 37,823 NaN NaN NaN NaN
29-2-8 35.751111 51.4359444 1435 852 10 2.5 0.9996 460.1 185,970 32,880 NaN NaN NaN NaN
29-2-9 35.751111 51.4359444 1435 852 10 2.5 0.9996 513.6 182,572 25,084 NaN NaN NaN NaN
29-2-10 35.751111 51.4359444 1435 852 10 2.5 0.9996 588.5 105,409 9,588 NaN NaN NaN NaN
Afjeh
30-1 35.833916 51.664750 1787 817 5 2.9 0.94 7.25 NaN NaN 56,404 2,564 NaN NaN
30-2 35.833916 51.664750 1784 817 5 2.9 0.77 7.25 NaN NaN 28,631 1,821 NaN NaN

Table C.2: Scaling parameters, continued
Sample codes and background information used for site-specific scaling (Part 2). Depth* corresponds to density and thickness corrected depth,

shielding factor corresponds to topographic shielding only.
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Exposure age Uncertainty Exposure age Uncertainty Deviation Exposure age Uncertainty

Sample name (apparent) (apparent) (apparent)

[yrs] [yrs] [yrs] [yrs] (%] [yrs] [yrs]

Chlorine Leached Chlorine Bulk Beryllium

Upper Jajrud
13-1-1 34334 2789 36458 2946 6.00 50833 3058
13-1-3 43080 3566 38989 3284 9.97 29913 1434
13-1-4aA 88760 8292 93508 8910 5.21 72957 2108
13-1-4aB 83932 8171 93508 8910 10.79 72957 2108
13-1-4 55048 5000 59777 5604 8.24 34147 1958
13-1-5 70888 6844 76455 7659 7.56 60894 2566
15-1-1 66073 6473 73375 7484 10.47 35914 2629
Lower Jajrud
13-2-1 67590 5630 NaN NaN NaN 55680 1734
13-2-2 100171 9757 NaN NaN NaN 69126 1953
13-2-3 111423 10197 NaN NaN NaN 59024 2723
Saboo
23-1-0A 62204 5976 NaN NaN NaN 67114 3112
23-1-2a 75506 7161 NaN NaN NaN 248232 26778
23-1-3a 92185 9123 NaN NaN NaN 287035 21353
23-1-6a NaN NaN NaN NaN NaN 203310 56392
23-1-8a 120998 16945 NaN NaN NaN NaN NaN
23-1-10a 140974 25084 NaN NaN NaN 313040 43845
23-1-1b 125564 13257 NaN NaN NaN 176876 5693
23-1-3b NaN NaN NaN NaN NaN 137577 14350
23-1-4bA 223350 36818 NaN NaN NaN 170817 7296
23-1-4bB 215251 34800 NaN NaN NaN 170817 7296
23-1-5b NaN NaN NaN NaN NaN 231147 81726
23-1-0B1 99701 9982 NaN NaN NaN 63052 1923
23-1-0B2 95508 9558 NaN NaN NaN 63052 1923
23-1-4c NaN NaN NaN NaN NaN 306368 8818
23-1-5¢ NaN NaN NaN NaN NaN 224865 15459
23-1-1c NaN NaN NaN NaN NaN 115982 10821
Afjeh
30-1 3290 408 NaN NaN NaN NaN NaN
30-2 1591 223 NaN NaN NaN NaN NaN

Table C.3: Zero Erosion Ages
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Exposure age Uncertainty Exposure age Uncertainty
(apparent) (apparent)
[yrs] [yrs] [yrs] [yrs]
Aluminium Beryllium

Kan
K10-14 NaN NaN 8307 1199
101006-15 NaN NaN 31080 2938
22-1 NaN NaN 25078 1897
22-4 NaN NaN 175536 9068
22-6 NaN NaN 194739 14861
22-7 NaN NaN 170611 22805
RahadAbad
29-1-1 NaN NaN NaN NaN
29-1-2 23260 675 29754 912
29-1-3 29108 786 28338 721
29-1-4 14188 411 14051 359
16-6 57076 1573 63890 1576
National Library
29-2-2 NaN NaN 50886 2345
29-2-4 NaN NaN 54394 4868
29-2-5 NaN NaN 54169 14478
29-2-6 NaN NaN 128734 22081
29-2-8 NaN NaN 217128 38389
29-2-9 NaN NaN 278666 38287
29-2-10 NaN NaN 218414 19867

Table C.4: Zero Erosion Ages, continued
Table showing nuclide concentrations and corresponding (apparent) zero erosion ages. For
the Saboo site, complete chemistry was analyzed from a leached sample (diamagnetic Cal-
cite/Quartz/Feldspar mixture, after 10% acid leaching) and via X-Ray fluorescence before
leaching, but after mineral separation. For the Jajrud site, leached sample was analyzed
and bulk sample, before mineral separation. Here, with the exception of sample 13-1-3, all
bulk samples reveal older ages. Compare Fig. 5.20H for comparison of the zero erosion ages.

Note that deviation in ages derived using bulk and leached chemistry can be as high as 11%.
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Sample name Target CaO Cl1 36Cl1 Exp. Age 36Cl1 Exp. Age Deviation 36Cl1 Exp. Age Deviation 36Cl1 Exp. Age Deviation
[wt-%] [ppm] [yrs] [yrs] (%l [yrs] 1%l [yrs] (%l
Upper Jajrud leached
13-1-1 35.94 85 34334 34575 0.70 34658 0.94 35471 3.31
13-1-1Bulk 35.94 85 36458 36664 0.57 36736 0.76 37438 2.69
13-1-3 24.76 109 38989 39450 1.18 39374 0.99 40619 4.18
13-1-3Bulk 24.76 109 43080 43481 0.93 43415 0.78 44496 3.29
13-1-4aA 37.41 72 88760 89269 0.57 89658 1.01 91662 3.27
13-1-4aAbulk 37.41 72 93508 93931 0.45 94254 0.8 95928 2.59
13-1-4aAxray 37.41 72 87722 88269 0.62 88687 1.1 90838 3.55
13-1-4aB 37.27 71 83932 84400 0.56 84779 1.01 86666 3.26
13-1-4aBxray 37.27 71 80954 81492 0.66 81927 1.2 84086 3.87
13-1-4 34.84 73 55048 55340 0.53 55553 0.92 56699 3.00
13-1-4bulk 34.84 73 59777 59988 0.35 60144 0.61 60983 2.02
13-1-5 33.07 68 70888 71243 0.50 71570 0.96 73046 3.04
13-1-5bulk 33.07 68 76455 76720 0.35 76964 0.67 78074 2.12
15-1-1 31.9 100 66073 66730 0.99 66730 0.99 68636 3.88
15-1-1bulk 31.9 100 73375 73863 0.67 73863 0.67 75286 2.6
Lower Jajrud
13-2-1 25.06 75 67590 67910 0.47 68123 0.79 69367 2.63
13-2-2 37.45 51 100171 100478 0.31 101063 0.89 102778 2.6
13-2-3 33.17 49 111423 111750 0.29 112417 0.89 114296 2.58
Ajeh (PLG)
30-1 11.96 74 3290 3294 0.12 3297 0.21 3315 0.76
30-2 11.96 53 1591 1593 0.13 1595 0.25 1601 0.63
Saboo
23-1-0A 34.97 12 62204 62206 0 62240 0.06 62294 0.14
23-1-2a 45.78 6 75506 75509 0 75606 0.13 75750 0.32
23-1-3a 43.41 7 92185 92190 0.01 92329 0.16 92538 0.38
23-1-8a 39.88 18 120998 121039 0.03 121403 0.33 122027 0.85
23-1-10a 39.79 17 140974 141012 0.03 141381 0.29 142006 0.73
23-1-1b 36.48 13 125564 125585 0.02 125861 0.24 126313 0.6
23-1-4bA 33.38 17 223350 223415 0.03 224040 0.31 225111 0.79
23-1-4bB 33.47 17 215251 215315 0.03 215926 0.31 216973 0.8
23-1-0B1 23.93 18 99701 99710 0.01 99789 0.09 99928 0.23
23-1-0B2 25.94 19 95508 95515 0.01 95589 0.08 95718 0.22

Table C.6: Table showing deviation in zero erosion ages for different bulk-Chlorine estimates. 36Cl-zero erosion ages were calculated using the same Chlorine concentration
for target and bulk. However, Chlorine in the surrounding might have an additional effect on the production. Here, we investigate the percentage of age deviation for
three different (bulk) Chlorine estimates, which are the double of the target-Cl, 200, and 500ppm, respectively. Even with high Cl- content, the changes in age will be
less than 5%.
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Sample Depth P(spallation) P(epithermal) P(thermal) P(muon) P(radiogenic) P(sum) Spallation
[om] [at/8/y7] [at/g/y1] lat/g/yr] | lat/g/yr] [at/g/y7] [at/g/37] (%]
Saboo
0A 0 45.75 0.35 1.12E4-000 3.8 0.01 51.03 89.65
0B1 0 31.3 0.55 1.52E4-000 2.6 0.01 35.98 86.99
0B2 0 33.94 0.58 1.60E+000 2.81 0.01 38.94 87.15
2a 0 59.89 0.16 5.84E-001 4.93 0 65.58 91.34
3a 0 56.78 0.2 6.56E-001 4.72 0 62.36 91.06
8a 0 52.18 0.51 1.66E+4-000 4.32 0.01 58.69 88.91
10a 0 52.06 0.49 1.56E+000 4.32 0.01 58.43 89.1
1b 0 47.73 0.39 1.09E-+000 3.98 0.01 53.19 89.74
4bA 0 43.67 0.51 1.40E+-000 3.63 0.01 49.22 88.72
4bB 0 43.79 0.51 1.42E4-000 3.65 0.01 49.38 88.68
2a 60 31.07 0.17 1.32E4-000 4.6 0 37.16 83.61
3a 88 21.69 0.16 1.12E+4000 4.26 0 27.23 79.64
8a 240 3.78 0.11 6.96E-001 3.27 0.01 7.87 48.04
10a 300 1.96 0.07 4.13E-001 3.05 0.01 5.5 35.59
1b 68 20.4 0.35 1.86E4-000 3.63 0.01 26.26 77.68
4bA 220 2.95 0.11 5.15E-001 2.73 0.01 6.32 46.69
4bB 220 2.96 0.11 5.24E-001 2.74 0.01 6.35 46.58
Lower Jajrud
13-2-1 0 26.18 1.75 5.32E-+000 2.36 0.06 35.66 73.42
13-2-2 0 39.12 1.17 4.00E+-000 3.49 0.02 47.8 81.84
13-2-3 0 37.52 1.1 3.78E-+000 3.15 0.03 45.58 82.31
13-2-1 40 16.9 2.27 1.26E+4-001 2.25 0.06 34.08 49.6
13-2-2 88 14.94 0.94 7.24E-+000 3.15 0.02 26.3 56.81
13-2-3 100 12.57 0.79 6.03E+000 2.81 0.03 22.22 56.55
Afjeh (PLG)
30-1 0 11.05 1.54 3.05E-+000 0.94 0 16.58 66.63
30-2 0 13.04 1.22 2.42E-+4000 1.04 0 17.71 73.6

Table C.7: Table showing composition dependent production pathways for 36Cl at surface and at real depth

(Part 1). Surface production shows the differences in composition only, while the real depth production

accounts for the combined effects of depth and composition. Last column shows the percentage of spallation

on production rate.
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Sample Depth P(spallation) P(epithermal) P(thermal) P(muon) P(radiogenic) P(sum) Spallation
[em] [at/g/yr] [at/g/yr] [at/g/yr] [at/g/yr] [at/g/yr] [at/g/yr] [%]
Upper Jajrud bulk
13-1-1 0 38.34 1.91 6.57E4000 3.44 0.04 50.29 76.23
13-1-3 0 26.42 2.62 7.66E-+000 2.38 0.09 39.16 67.46
13-1-4aA 0 39.91 1.74 5.40E-+000 3.58 0.03 50.66 78.78
13-1-4 0 37.17 1.75 4.86E4000 3.36 0.05 47.19 78.76
13-1-5 0 35.28 1.63 4.65E4-000 3.19 0.04 44.79 78.76
15-1-1 0 34.03 2.36 6.90E+-000 3.07 0.07 46.43 73.28
13-1-1 50 22.19 2.2 1.57E+4001 3.25 0.04 43.42 51.1
13-1-3 100 8.85 1.93 1.11E4-001 2.12 0.09 24.09 36.73
13-1-4aA 140 5.82 0.65 4.03E4-000 2.92 0.03 13.45 43.27
13-1-4 180 5.19 0.63 3.19E+000 2.73 0.05 11.78 44.04
13-1-5 200 3.96 0.5 2.61E-+000 2.53 0.04 9.63 41.08
15-1-1 230 2.75 0.57 3.02E+000 2.35 0.07 8.76 31.4
Upper Jajrud leached
13-1-1 0 38.34 1.88 7.19E-+000 3.39 0.03 50.84 75.41
13-1-3 0 26.42 2.6 8.49E-+000 2.35 0.1 39.96 66.11
13-1-4aA 0 39.91 1.74 5.90E+000 3.53 0.02 51.1 78.09
13-1-4aB 0 39.76 1.72 5.84E-+000 3.53 0.03 50.87 78.16
13-1-4 0 37.17 1.72 5.69E-+000 3.29 0.05 47.91 77.57
13-1-5 0 35.28 1.61 5.36E+000 3.14 0.04 45.43 77.66
15-1-1 0 34.03 2.28 8.18E-+000 3.02 0.05 47.57 71.54
13-1-1 50 22.19 2.15 1.85E4-001 3.2 0.03 46.03 48.2
13-1-3 100 8.85 1.9 1.34E+4001 2.1 0.1 26.36 33.57
13-1-4aA 140 5.82 0.64 4.77E4000 2.88 0.02 14.14 41.18
13-1-4aB 140 5.8 0.63 4.72E4000 2.88 0.03 14.06 41.24
13-1-4 180 5.19 0.61 4.23E4-000 2.67 0.05 12.74 40.74
13-1-5 200 3.96 0.48 3.37E-+000 2.49 0.04 10.34 38.28
15-1-1 230 2.75 0.53 4.09E4-000 2.31 0.05 9.74 28.24

Table C.8: Table showing production pathways for 3¢Cl at surface and at real depth (Part 2). Surface production shows the differences in composition only, while the
real depth production accounts for the combined effects of depth and composition. For the Upper Jajrud site, differences in production using bulk and leached chemistry
are additionally listed. Note that while target spallation is the main contribution to the nuclide production, production at depth by thermal and epithermal neutrons,
as well as muons changes significantly. Even with the relatively low Chlorine content, deviation in ages can be as high as 11% (Table C.3). Using bulk chemistry for the

production calculation will thus reveal older ages. Last column shows the percentage of spallation on production rate.



Sample name Cl-leached Cl-bulk Beryllium effective age effective age

[m/Ma] [m/Mal] [m/Ma] Cl [yrs] Be [yrs]
Upper Jajrud
13-1-1 42.9 40.46 25.2506
13-1-3 43.27 39.4 54.7086
13-1-4aA 19.43 18.59 20.7939
13-1-4 46.6 43.97 58.1758
13-1-5 38.25 36.1 38.8052
15-1-1 46.68 43.23 97.2266
Lower Jajrud
13-2-1 18.62 20.0898
13-2-2 13.58 17.8849
13-2-3 12.1 22.1341
Saboo
23-1-0A 12.42 10.2117 155,976 204,312
23-1-2a 18.1 4.2470
23-1-3a 15.78 3.8142
23-1-6a NaN 8.4590
23-1-8a 25.33 NaN
23-1-10a 28.26 10.6755
23-1-1b 8.55 5.7347
23-1-3b NaN 10.7724
23-1-4bA 9.29 14.7692
23-1-4bB NaN NaN
23-1-5b NaN 18.4097
23-1-0B1 11.7 17.1846 245,444 191,751
23-1-4c NaN 2.2287
23-1-5c¢ NaN 5.1373
23-1-1c NaN 19.0914

Beryllium effective age
[m/Ma] Be [yrs]

Rahad Abad
29-1-2 26.0118 116,438
29-1-3 27.3765 110,699
29-1-4 56.6781 53,778
16-6 11.5486 258,480
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Table C.9: Maximum denudation of single nuclides and resulting effective ages after Lal (1991). For Chlorine,

denudation has been calculated for leached and bulk chemistry, effective ages are bulk chemistry for Upper

Jajrud and leached for Lower Jajrud and Saboo.

Sample name Exposure age Denudation Inheritance Chi? Nuclide Notes
[yrs] [m/Ma] [at/e]
Upper Jajrud steady state 19.7 no 863.85 36C1*
(bulk) 135,000 22.86 no 353.15 10Be*
40160 0 15319 354.59 10Be
134137 22.86** no** 447.31 10Be **fixed values
Lower Jajrud 60,361 0 6890 25.25 10Be
70,001 0 2533 9.43 36Cl1
Saboo 200000 0.29 no 258.63 10Be*
195,064 (o] no 257.04 10Be
steady state 9.14 no 1217 36C1*
Kan 275000 3 no 1.03 10Be* depth
266,065 2.81 no 1.03 10Be depth
Nat. Library steady state 20.3 no 20.25 10Be* one deposit
96,418 21.21 10Be Effective age / max. denudation

Table C.10: Results of Chi*-inversion (*) and minimizing for both nuclides.

RFA HNO3-Test % deviation
23-1-0a 33.75 35.49 5.16
23-1-0b 11.2 11.76 5.04
23-1-1b 27.07 27.17 0.37

Table C.11: Deviation between RFA and HNO3 test.
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Table C.12: Theoretical concentrations, considering the respective sample chemistry for one fixed exposure scenario (46 ka exposure, 285,000 at/g inheritance, and 23

m/Ma erosion).

Sample Depth Conc-meas Uncertainty Conc-theo Conc-theo Conc-theo Conc-theo Conc-theo Conc-theo
Upper Jajrud (bulk) [cm] lat/g] [at/g] 13-1-1 13-1-3 13-1-4a 13-1-4 13-1-5 15-1-1
13-1-1 50 1471000 26300 1531325 1393146 1240946 1356388 1305767 1462663
13-1-3 120 978310 17800 962809 896513 753214 874861 845648 931825
13-1-4aA 140 1109500 20400 862407 808620 678104 790298 764760 838290
13-1-4aB 140 1050300 33100 862407 808620 678104 790298 764760 838290
13-1-4 180 651360 11800 714876 679537 575027 665960 645821 700865
13-1-5 200 665340 11800 661105 632527 539895 620578 602412 650771
15-1-1 230 595640 11700 598452 577794 500778 567614 551756 592391
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