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Abstract 

Abstract 

The area struck by the November, 12, 1999, Mw 7.1 earthquake that ruptured the Düzce 

segment of the North Anatolian Fault Zone (NAFZ) was investigated. In order to document the 

Düzce seismogenic fault characteristics, segment of the North Anatolian fault, systematic geological, 

geomorphological and paleoseismological analyses were integrated in this thesis. 

A detailed mapping and study of the 1999 earthquake coseismic ruptures and of the short- 

(Holocene) long-term (Pliocene-Pleistocene) tectonic landforms, first, in a key area, then, along the 

whole Düzce fault was carried out. The major objective were to compare the detailed coseismic 

surface expressions with the short/long-term morphology and structural architecture of the Düzce 

fault zone. This was accomplished to explore the persistency or evolution through time of the active 

fault setting, at the surface, that could highlight characteristics of the seismic source, at depth. 

Along the key area was possible to zoom in a scale-independent en-échelon arrangement of 

the coseismic surface ruptures and to evidence by the comparison with the short/long-term 

geomorphic expression of the Düzce Fault near the 1999 ruptures, that: 1) the principal slip zone at 

depth accommodates the bulk of the displacement during an individual rupture event and 2) may 

stay localized through many rupture episodes with persistent geometry and kinematics. At the same 

time, an old and complex fault arrangement has been mapped, partially coinciding with the 1999 

rupturing fault, whose relationships with the coseismic fault systems suggest an evolution of the 

fault pattern trough time, with a tendency to simplify a geometric complexity into a straighter, 

mature trace. 

Along the whole area, also, the older complex fault system, which involves a wider zone of 

deformation, was identified and the structural pattern of the simple 1999 coseismic fault trace was 

analyzed at the different scales of observation. Overall, two different sections of the Düzce segment 

were recognized: a western section, where the coseismic fault trace has a staircase trajectory and 

reactivated part of the older fault system; an eastern section, where the coseismic fault trace shows a 

straight trajectory and cross-cuts the older and complex fault system. The Düzce fault sections may 
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Abstract 

represent different stages of the segment evolutionary tendency towards a simpler mature trace, as a 

mechanically more favorable setting. The western section of the Düzce fault segment splays out 

from a restraining bend of the Izmit (Karadere) fault segment of the NAFZ, and forms a releasing 

fault wedge. By comparing the coseismic surface deformation field with the observed long-term 

morphology it is clear that the present landforms and setting are the result of 1999-type coseismic 

deformation repeating through several seismic cycles. Because of the mechanical interaction of the 

faults in the release junction, the western section of the Düzce fault undergoes a transtensional strain 

field that may justify and cause its complexities to be a steady state of the structural arrangement. 

The boundary at the surface between the two portions of the Düzce fault is not only a surface 

characteristic but it separates at depth a portion of fault plane characterized by a big single asperity, 

to the east, from a portion of plane with lower slip, to the west. Thus the peculiar arrangement of the 

Izmit (Karadere) and Düzce fault segments may permanently control the difference in behavior of 

the two portions of Düzce fault and furthermore control rupture propagation and fault loading. Under 

this light, the Izmit/Düzce release fault junction (1) may produce an unfavorable setting for the build 

up of asperities in the western part of the Düzce segment also in the future and (2) could have 

delayed the propagation of the 1999 August Izmit rupture on the Düzce segment that ruptured on 

November 1999 along the asperity of its eastern section. 

These results highlight that the surface geological data contain the potential for integrating 

and completing the information for imaging structures also at a seismogenic depth. The integrated 

investigation of short/long-term tectonic morphologies and structural pattern offers a noteworthy 

frame to interpret the coseismic rupture kinematics and clarifies their complexities. Moreover, for a 

full understanding of the principal slip zone at depth, this case study shows the importance to define 

the strain distribution pattern and evolution of surface rupturing faults. 

The geological and geomorphological map along the fault trace permitted to analyze the 

spectacular tectonically driven cumulative landforms and the drainage pattern settings, in order to 

provide new estimates on the Quaternary slip rate of this part of the active transform margin of 
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North Anatolia. As offset geomorphic markers, right-hand stream deflections and remnant of an old 

alluvial fan modeled by fluvial terraces were reconstructed and described. The streams are deflected 

for a total of about 100 m and the onset of the offset was radiocarbon dated about 7000 yr BP. The 

two documented and correlated Late Pleistocene, terrace risers are offset of about 300 and 890 m, 

respectively. These terrace risers were dated by means of Optically Stimulated Luminescence (OSL) 

method about 21 000 yr BP and 60 000 yr BP. These ages and offsets translate to a constant rate of 

deformation of the Düzce Fault, at different time scales, of 14.0 ± 1.8 mm/yr and disproves a time-

variable model at least for the last 60 000 yr. On this light, considering the GPS-measured strain 

accumulation due to the plate motion along this part of the North Anatolian Fault Zone, the Düzce 

Fault importantly participates to the North Anatolian margin deformation and assumes a relevant 

role in the seismic hazard of the area. 

To learn about recurrence of large earthquakes on this fault, paleoseismological trench 

investigations were undertaken. On the basis of sedimentary and structural relations observed in the 

trench walls, evidence for repeated surface faulting paleoearthquakes pre-dating the 1999 event were 

found. By merging information obtained from all the trenches it is possible to reconstruct the seismic 

history of the Düzce fault for the past millennium. Coeval events between different trench sites were 

correlated under the assumption that, similarly to the 1999 event, paleoearthquakes ruptured the 

whole Düzce fault. Besides the 1999 earthquake, prior surface faulting earthquakes are dated as 

follows: penultimate event, possibly at the end of 19th century; third event, possibly close to AD 

1700; fourth event, AD 1185-1640; fifth event, possibly AD800-1000. According to the above 

results, the AD1719, AD1878 and AD 1894 historical earthquakes, may have ruptured the Düzce 

fault and not the faults they are usually associated to or, alternatively, a cascade of events occurred 

on the Düzce and nearby faults (similarly to the Izmit and Düzce 1999 earthquakes). On this basis 

can be inferred an average recurrence time of ~300 yrs for large surface faulting events on the Düzce 

fault. Moreover, assuming that the slip produced by the 1999 earthquake is characteristic, the Düzce 

fault presents a strain release model, with a not perfectly periodic interseismic interval, and an 
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average strain accumulation of 13.3 mm/yr, comparable with the slip rate results obtained by the 

geomorphic marker analysis. 
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Chapter 1 

1. General introduction  

 

The hazard as input 

Turkey is an earthquake country. There are few places all over the world that, in historical 

and recent past, experienced how earthquakes are an integral component of the landscape evolution, 

as like as the regions along the North Anatolian Fault Zone (NAFZ). People beware and are mindful 

of the direct and frequent being subjected to surface rupturing active faults. As a matter of fact, not 

even the humblest man fails mimicking the kinematics of the surface coseismic ruptures. 

The NAFZ bounds for more than 1500 km the Anatolian block, with a present-day strain-

rates up to 25 mm/yr and a long-lasting significant strain that has accumulated a geologic 

displacement of several tens of kilometers. The number of frequent moderate to large, historical 

earthquakes attributed to the NAFZ places this fault among the most active strike-slip faults 

worldwide and testifies that the present-day high strain rate is ordinarily accommodated by 

seismicity. In fact, during the 20th century, a progression of large earthquakes occurred along the 

NAFZ, migrating westward, that culminated on the destructive 1999 Izmit seismic sequences. The 

latter caused huge damage with about 30,000 victims, 50,000 injured, a large number of homeless 

and up to 35 billions Euro of losses. Following such disaster, the social institutions addressed large 

financial support and the scientific community focused its interest in investigating the earthquake 

mechanisms. On one hand such tormented areas claims efforts of social impact (e.g., purposes of 

seismic hazard mitigation techniques), on the other hand it offers a natural laboratory where the 

state of the knowledge about the earthquake-related processes can advance and can represent a 

major step towards the understanding of active faults behavior in order to be widely applicable in 

intra-continental domains. 
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The Relief project and its goals 

This thesis is part of the work that has been carried out in the frame of the European Union 

project “Large earthquake faulting and implications for the seismic hazard assessment in Europe: 

The Izmit-Düzce earthquake sequence of August-November 1999 (Turkey, Mw 7.4, 7.1)”, named 

RELIEF. This project has been financed under the 5th Framework Programme “Energy, 

environment and suitable development - Fight against major natural and technological hazards -“ 

beside the thematic area “I.1.1. Seismic Risks”. An European high-level scientists pool from several 

institutions, specialized in the study of earthquake-prone areas, participated: Istituto Nazionale di 

Geofisica e Vulcanologia (INGV) of Rome, Institut de Physique du Globe (IPG) of Strasburg, 

Brunel University of London, Eidgenossische Technische Hochschule (ETH) of Zurich, Istanbul 

Technical University (ITU) and University of Bergen. The RELIEF programme consisted of 

multidisciplinary studies of the 1999 devastating earthquakes and of each fault segment associated 

with historical earthquakes in the Marmara Sea region. The aim of the project was an integrated 

analysis of the seismic-hazard implications and an estimation of site behavior and shaking scenarios 

for large earthquakes that affect this western end of the NAFZ. To reach these goals, a close 

interaction between different field studies in active tectonics was requested in order to establish 

models of earthquake recurrence intervals and to identify the fault architecture and mechanics, 

improving also new methodologies. Four objectives have been identified along each of the 1999 

earthquake rupture-segment and along other fault branches near the Marmara Sea: 1) Systematic 

geological, geomorphological and paleoseismological analyses to document the earthquake 

characteristics; 2) Understanding of physical dimension and dynamic properties of the earthquake 

faulting and comparison with the source time function; 3) Detailed understanding of the relationship 

between site effects and the earthquake rupture process; 4) Development of a new time-dependent 

seismic-hazard approach based on the integration of the multidisciplinary dataset. This work is the 

contribution to the project given by INGV along the Düzce area, 100 km east of Marmara sea, 
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struck by the earthquake sequence of November 1999 (Mw 7.1), that accomplished the first of the 

four goals above mentioned and provided the basic input for the other objectives. 

 

The earthquake geology approach 

Different approaches have been employed in studying the active tectonics of the Marmara 

region. Most of the published results have been carried out through disciplines as plate tectonics, 

seismology, historical seismicity, geophysics and geodesy and very few are the works that applied 

methods related to the geological aspects of the earthquake at a detailed scale. Large earthquakes 

are a unique opportunity to illuminate the tectonic-related processes. They provide a snapshot on 

the short-term (Holocene) and long-term (Pliocene-Pleistocene) tectonic process that are controlling 

the evolution of the tectonic structures of a specific region. Observations of surface ruptures 

produced by earthquakes have lead to the awareness that earthquake geology, in particular tectonic 

geomorphology, can improve the understanding and characterization of seismogenic structures and 

of their evolution in space and time. These disciplines have developed significantly during the past 

two decades but there is still a need for detailed case studies to cover the wide variety of 

tectonic/geodynamic settings, deformation rates, geological and geomorphic environments that 

seismogenic zones are associated with. Freshly collected observations on recent earthquakes and on 

their geomorphic setting are therefore a critical input to improve and to develop seismogenic source 

models. Under this light, recent large earthquakes with sizable coseismic effects at the surface 

represent excellent case studies. 

 

Why the Düzce area? 

The Düzce area is favorable for this type of study because of the occurrence and 

preservation of the spectacular 1999 surface ruptures coupled with impressive tectonically driven 

landforms. Thus, the Düzce area is a natural laboratory where coseismic deformation, landscape and 

geological structures can be investigated to document the fault characteristics (fault dimensions, 
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fault segmentation, slip/event, slip rate, elapsed time and return period of seismic events). 

Furthermore, its tectonic, erosional and sedimentological setting is suitable for: the reconstruction 

of the fault zone evolution; the analysis on how is the earthquake expressed at the surface; the 

investigation on how geological and geomorphological expression of the earthquakes offer 

information about the seismogenic source during the Holocene and Late Pleistocene. That are 

crucial steps in the challenge of forecasting some of the characteristics of the future earthquake 

rupture. 

 

How did we reach the goal? 

Following these perspectives we conducted: 1) field geologic mapping integrated by 

geomorphological information and assisted by remote sensing images analysis; 2) application of 

structural analysis techniques, in particular strain analysis, to the study of the coseismic rupture 

pattern; 3) an integrated study of the coseismic features and short/long-term evidence of fault 

activity; 4) elastic dislocation modeling, in order to better understand if the present landform is the 

result of accumulation of 1999-type deformation repeated through several seismic cycles; 5) a 

comparison of the fault expression at the surface with the coseismic fault behavior at depth; 6) 

reconstruction of offset geomorphic markers and slip rates calculation; 7) paleoseismological 

analyses for the reconstruction of the recentmost faulting events and of the earthquake recurrence 

intervals. 

 

Dataset collection 

The datasets have been acquired adopting multi-disciplinary methods: field data collection, 

aerial photo survey, paleoseismological excavations and dating samples. In the first three years 

~170 days were spent in the field. During the first year (2003), the fieldwork focused mainly on the 

survey of the 1999 earthquake coseismic features and on acquisition of the aerial photo images, and 

secondarily paid attention to the analysis of the short/long-term tectonic landforms and to 
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preliminary paleoseismological investigations. In 2004 a larger effort was spent to the analysis of 

the short/long-term tectonic landforms and to the conclusion of the paleoseismological 

investigations. During the third year (2005), the geological and geomorphological survey was 

completed. 

Sources available in literature about geological, seismological and geodetic data have been 

utilized. The data have been organized and analyzed in a quantitative way using Geographic 

Information Systems and Remote Sensing software. 

A preliminary review of the existing published papers was performed in order to build up 

the necessary background about the paleo-tectonic reconstructions, the geological history and the 

present-day geodynamic setting of the area. In particular, available geological maps of the Düzce 

area have been consulted. This review was also required to better focus the efforts in order to 

integrate the present-day knowledge and to avoid overlaps. 

An aerial photo survey has been realized by means of a motorized paraglide (ultra-light 

aircraft) that permitted to acquire images useful for geomorphological observation and continental 

deposits cover detection. 

A 1:25,000-scale geological and geomorphological mapping of about 160 km2 along the 

Düzce area has been carried out by integrating and increasing the details of the published 1:100,000 

scale geological maps [Herece and Akay, 2003]. The 1:25,000-scale map has been completed with 

particular attention to the recent continental deposits cover and to the coseismic and short/long-term 

fault traces. The geomorphological observations were made on the paraglide-aerial photographs, on 

1:18,000 and 1:35,000 scale aerial photographs, 20-m-resolution Digital Elevation Model 

(interpolated from 1:25,000-scale topography, 10 m digital contours), and standard morphometric 

derivatives (hill-shaded and slope angle maps), all supported by field survey. 

The 1999 earthquake surface rupture were mapped in detail, collecting data on: a) structural 

patterns of fractures and faults; b) the geomorphic modifications induced by the earthquake; c) 

coseismic offset. 
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The setting of the well-expressed tectonic morphologies, that record persistent landform 

modification due to faulting, were mapped in detail. The geomorphic analysis were conducted first 

along the 1999 rupture zone (hereinafter referred as near fault), then in a broader area around it 

(hereinafter referred as far field), in order to reconstruct the finite strain field of the fault trace. 

The cumulative fault-related deformation and offset geomorphic markers were recognized 

and reconstructed. Dating paleosurfaces of some of these geomorphic markers permitted to 

calculate the ages of stream deflections and of fluvial terraces dissections. 

A total of 10 trenches, 7 across the fault and 3 parallel to the fault itself were excavated at 

five different sites along the Düzce Fault. Dating of paleoearthquakes was based both on 

radiocarbon and 210Pb analyses. 

 

Thesis organization 

The first part of Chapter 2 face with the basic concepts of structural geology related to 

strike-slip faulting. The second part illustrates the theoretical principles and describe the 

fundamental surface expressions that define active strike-slip faults, together with the most 

important methodologies of earthquake geology investigations. The last part illustrates case 

histories from some of analogue active faults all over the world. 

Chapter 3 reports an overview of the North Anatolian Fault Zone focused on geodynamic 

and geological history of the area, which are helpful to introduce the seismological and geodetic 

background that describe the present-day active tectonics. The last paragraph leads into the 

geological and seismological settings of the study area. 

Chapter 4 presents the geological and geomorphological map as basic data for the 

geometrical analysis of the fault architecture and for the study of its relationships with the 

geomorphological imprint. Here, the structural setting of the coseismic ruptures and of the fault-

related morphologies is described. The analysis of the coseismic and short/long-term expressions of 

the fault is presented starting from a key area and then extended to the whole segment. An 
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understanding of the structural arrangement evolution of the fault is also given. Existing available 

seismological and geodetic data have been applied for elastic dislocation modeling of the expected 

cumulative surface deformation and for a comparison with the fault behavior at depth. 

Chapter 5 deals with the reconstruction of geomorphic markers offset by recurring surface 

faulting events. In particular two site have been studied in detail, where dating of deflected 

drainages and offset terrace risers allowed slip rate calculations at different time scales. 

Chapter 6 describes the extensive paleoseismological investigation performed for the 

reconstruction of the paleo-earthquake record of the last 2000 yr. The dating and cross-correlation 

of several faulting events belonging to five sites were performed in order to provide a reliable 

earthquake recurrence interval. 

Chapter 7 and 8 discusses and summarizes the main results and implications of the thesis in 

a broader context. In particular is discussed the comparison between the results collected by the 

different methods of investigation employed and similar studies accomplished along other active 

strike-slip faults. 
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Chapter 2 

2. Strike-slip faults 

2.1. Structural concepts 

On the base of their geological settings, strike-slip faults are classically divided in two 

categories: transcurrent and transform faults [Sylvester, 1988]. The transcurrent faults affect the 

upper crust, develop conjugate sets of up to hundred-of-kilometers-long structures and present 

displacements of few to tens of kilometers. The transform faults represent plate boundaries, have a 

regional or continental extent, being deep-seated and stretching throughout the crust [Allen, 1962], 

and present displacements up to hundreds of kilometers. These transform faults accommodates the 

motion between plates [Woodcock, 1986] in three different ways (fig. 2.1.1): 1) as ridge 

transform, linking spreading ocean ridges; 2) as trench-linked strike-slip faults, usually located 

behind a trench, where allow the kinematic partitioning of oblique convergence (e.g., Atacama, 

Philippine, Giava-Sumatra Faults); 3) as boundary transform faults, accommodating the motion 

between continental or oceanic plates (e.g., San Andreas, Alpine, North Anatolian, Dead sea 

Faults). 

 

Figure 2.1.1. Major classes of strike-slip fault in their plate tectonic setting (from Woodcock [1986]). 
 

The geometry and style of structures associated with strike-slip faulting depend greatly on 

several factors: nature of the rocks being deformed; configuration of preexisting structures; the 

amount of horizontal slip; the contribution of the vertical component of slip; the strain rate. 
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2.1.1. Simple shear structure pattern: 2D-in plane 

Strike-slip, transform faults movements are associated with simple shear deformations that 

gives rise to the “wrench-fault tectonics” [Wilcox et al., 1973] and produces a variety of 

secondary features that develop in the overlying “cover rocks”. The complexity of these structures 

have three main features: 1) the én-échelon arrangement of faults and folds; 2) local extensional or 

compressional structures due to bends of fault trajectories; 3) complications due not pure strike-

slip motion of the basement fault. 

Two mechanisms explain the geometric and dynamic relations among these faults and 

associated structures: pure shear and simple shear. 

Most of major continental strike-slip zones occur in domains of crustal-scale simple shear 

rather than pure shear [Woodcock and Schubert, 1994]. Simple shear is rotational and the strain 

ellipse and stress axes are not coaxial for finite deformation. It can be obtained by shifting two 

parallel members of a volume of rock. In wrench-dominated environments minor structures will 

develop at high angles and low angles to the deformation zone: foliations and shear fractures 

(conjugate Riedel shears); shortening structures (folds, thrusts, stylolites and cleavage); 

extensional structures (normal faults, tensile fractures, dykes …) (fig. 2.1.2). 

 
 

Figure 2.1.2. Horizontal sections through vertical strike-slip shear zones. a) general rules of simple shear. (b-g) 
Theoretically predictable geometric patterns formed by specific structures. (from Woodcock and Shubert [1994]). 
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The simple shear has been documented by clay-cake or sand package deformation experiments 

[Riedel, 1929; Tchalenko, 1970; Wilcox et al., 1973; Naylor et al., 1986; Withjack and Jamison, 

1986; Schreurs, 1994, An and Sammis, 1996; Dauteuil and Mart, 1998; Clifton and Schlische, 

2001]. Two adjacent boards simulated the basement block, which is cut longitudinally by a single 

principal displacement zone (PDZ), and the overlaying moist clay-cake or multilayer of sand 

simulated the sedimentary cover, which is forced to accommodate strike-slip movement over the 

basement fault. A vertical shear zone forms above the master fault in the overlaying “cover”, into 

which the strike-slip shear strain is imposed. Experiments assume that the overburden had uniform 

mechanical properties and, in particular, constant shear strength parameters. The shear zone, at the 

surface, evolves as a sequence of linked displacement structures. The rupture pattern is composed 

by five set of fractures that form progressively (fig. 2.1.3): 1) synthetic Riedel shears (R-shears), 

an overstepping, en-échelon array of synthetic shears, oriented ~15° clockwise from the trace of 

right-handed strike-slip shear zone (~15° counterclockwise for left-handed strike-slip) ; 2) 

occasional conjugate antithetic Riedel shears (R’-shears), which strike at ~75° clockwise to the 

trace of right-handed strike-slip shear zone (~75° counterclockwise for left-handed strike-slip); 3) 

secondary strike-slip faults (P-shears), which strike ~15° counterclockwise from the trace of right-

handed strike-slip shear zone (~15° clockwise for left-handed strike-slip), coupled with occasional 

lower-angle R-shears; 4) extension fractures (T-fractures) may form at ~45° clockwise from the 

trace of right-handed strike-slip shear zone (~45° counterclockwise for left-handed strike-slip); 5) 

fault parallel to the principal displacement zone (Y-shear [Morgenstern and Tchalenko,1967]). As 

a result of the ongoing displacement, occasional R’-shears link the overlapping area between R-

shears, subsequently P-shears connect the discontinuous R-shears, creating shear lenses, and Y-

shear develop interlinking the previous features. Thus, the fault pattern results in an anastomosing 

zone of faults with the displacement being concentrated on the central thoroughgoing faults. 
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Figure 2.1.3. Plan view of the evolution of an experimental wrench fault zone, histograms on the right describe the 
distribution of the deformation with respect to the orientation of the structures that accomplish it (modified from 
Naylor et al. [1986]). 

 

The region between two overlapping R-shear always undergo compression (fig. 2.1.4), 

resulting is an up-squeezed block with a bulge of the free surface (push-up). This is due to two 

main reasons: the left-stepping, right-lateral R-shears configuring a restraining step-over and the 

rotation of the R-shears that poses space problems. As a result, the R-shear between two 

consecutive push-ups works as “scissor fault”, showing a flip of the downthrown sides. 

In simple shear and pure shear, conjugate strike-slip faults rotate as deformation proceeds. 

Two kinds of rotation are possible: in simple shear, external rotation of the conjugate faults 

accompanying the rotation of the axes of the strain ellipse; in both simple and pure shear, an 

internal rotation of the conjugate faults with a progressive distortion of the conjugate angle 

(fig.2.1.5). 
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Figure 2.1.4. Geometry of surface faults, push-up and underlying strike–slip fault. a) Schematic push-up structure: D, 
offset of strike–slip fault; d, lateral offset of en-e´chelon surface faults (dilation not shown); T, thickness of layer 
forming the push-up; f, obliquity of en-e´chelon segments with respect to the parent fault. b) map views, with push-up 
in grey: W, push-up width; θ, angle between direction perpendicular to push-up axis and trend of strike–slip fault. 
(from Angelier et al. [2004]). 

 

 

 

Figure 2.1.5. (a) Diagram illustrating incremental strain associated with simple-shear deformation in a strike-slip 
zone, after Harding (1974). (b) Modification of (a) by continued simple shear, showing that previous (grey) normal 
and thrust faults acquire oblique slip (black). (c) Continued shear leads to inversion (black) of previous (grey) normal 
faults. (from Waldron et al. [2005]).  
 

An induced shear in the cover rock may also result in compression that develop folds with 

their axis initially perpendicular to the σ1 (fig. 2.1.5). The fold hinges initiate parallel to the long 

axis of the infinitesimal strain ellipse and subsequently rotate toward parallelism to the maximum 

horizontal finite stretching direction (stable orientation of the max strain axis). Right-stepping 

folds form in right-handed slip. Their formation has been studied by Wilcox et al. [1973] with 
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experimental model, using ductile material or interlayered member, such as thin sheet of tin foil, 

rubber or plastic, which will deform continuously rather than by shearing. The axial surface of an 

en-échelon fold has a helicoidal geometry. In theory, the crestal traces should create an angle of 

45° in plan view to the shear direction, but trend of the real folds are gently twisted and vary from 

10° to 35° [Harding and Lowell, 1979]. Then, continued shearing of the basement can give rise to 

rotation of the fold structures to near parallelism with the PDZ. The reason why natural folds do 

not always fit the optimal orientation predicted is that they may be rotated or internally sheared by 

slip on R-shears and smeared into a dragged form (fig. 2.1.5). 

 

2.1.2. Structural pattern in transtension 

Transtension is the state of strain resulting from a divergent displacement applied oblique 

to the boundaries of a deformation zone [Dewey, 1998]. Oblique divergence, with respect to a 

fixed boundary, can be qualitatively described as the simultaneous and combined action of 

boundary-parallel wrenching and boundary-orthogonal extensional movements (contemporaneous 

wrench simple shear and extensional pure shear) [Sanderson and Marchini, 1984; Fossen and 

Tikoff, 1993; Dewey et al., 1998]. The oblique motion add the pure shear non-rotational 

component to the simple shear, making the plain strain (2-D) unsatisfactory and implying a 3-D 

strain (for transtension see De Paola [2004]). 

The 3-D strain ellipse during infinitesimal transtensional deformations presents a stable 

horizontal maximum extensional axis. Conversely, the maximum shortening axis can switch 

orientations from horizontal (wrench-dominated transtension) to vertical (extensional-dominated 

transtension), depending on the amount of the angle α (angle that the oblique motion vector forms 

with the mean fault trend; α critical >20° [Withjack and Jamison, 1986]). Tikoff and Teysser 

[1994] proposed a relationships that links the angle β, that the maximum extensional axis forms 

with the mean fault trend, and the angle α, that the oblique motion vector forms with the mean 

fault trend (fig. 2.1.6). 
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Figure 2.1.6. Relationships between the angle α and β. The fields of wrench- and extension-dominated transtension, 
calculated for an ideal material with ν=0.5, are reported. (from De Paola [2004]). 
 

The strain and stress axes of the pure shear are coaxial for both infinitesimal and finite 

deformation. Pure shear predicts a complementary set of sinistral and dextral strike-slip faults: 2-

D Coulomb [Anderson 1905] and 3-D orthorhombic [Reches 1978 and 1983] conjugate systems 

(fig. 2.1.7). Simple shear combined with large amount of extensional pure shear (α >20°, De 

Paola [2004] and references therein) presents different minor structures: orthorhombic set of 

normal faults with oblique-extensional kinematic and simple structures as vertical tensile veins 

and horizontal stylolites (fig. 2.1.8). In general, transtension suppresses the en-echelon nature of 

the R-shears that rotate toward the basement fault orientation, as also predicted theoretically 

[Sanderson & Marchini, 1984] and by means of analog models by Naylor [1986] (fig. 2.1.9). 

 

 

Figure 2.1.7. Portrayals of two modes of pure shear faulting: a) Coulomb conjugate faulting, b) Reches conjugate 
faulting, c) stereo plot of the orthorhombic Reches conjugate faults. (from Davis et al. [2000]). 
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Figure 2.1.8. Comparison between set of minor structures in wrench-dominated and extensional dominated 
transtension (from De Paola [2004]). 
 

 

Figure 2.1.9. Schematic explanation for the different R-shear orientations in the two experimental cases: a) pure 
strike-slip, b) transtension. (from Naylor et al. [1986]). 
 

Transtensional deformation with α<30° forms also compressional structures as folds, as 

reproduced by Venkat-Ramani and Tikoff [2002] with experimental studies, that rotate with the 

ongoing of the deformation (fig. 2.1.10). 

 

Figure 2.1.10. Orientation of horizontal infinitesimal strain axes, horizontal finite strain axes, and movement direction 
for a α=15° oblique divergence. Orientations of infinitesimal strain axes remain fixed for any given deformation. 
Long axis of horizontal finite strain ellipse coincides with fold axes, it starts at 52.5°, which is orientation of long axis 
of horizontal infinitesimal strain ellipse, and rotates into parallelism with movement (oblique divergence) direction of 
15°. (from Venkat-Ramani and Tikoff [2002]). 
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2.1.3. Geometrical discontinuities 

Despite their general straight and smooth fault trace, strike-slip faults commonly show, at 

different scales of observation, geometrical discontinuities between individual segments. These 

discontinuities produce problems of mass balance and reorganization of stresses that result in the 

creation of a variety of secondary structures. Some of them are ruled by the same laws that explain 

the structural pattern described in the previous paragraph. 

The most common discontinuities are: 1) step-over, when there is no direct connection 

between two segments; 2) fault bending, when there is a direct linkage between two uninterrupted 

segments; 3) fault junction, when diverging strike-slip faults connect by joining the fault tip with 

others fault segment.  

 

 

Figure 2.1.11. Compressional and extensional step-overs. 
 

1) Overstepping geometry implications: strike-slip faults may display major lateral step-overs (fig. 

2.1.11), in which one fault trace ends and a second with the same sense of displacement 

commences with variable overlap. For a right-lateral fault, right and left step-overs result in 

dilational and contractional secondary structures, respectively. Extensional step-overs produce 

pull-aparts, deep depressions bounded on their sides by two, sub-parallel, overlapping strike-

slip faults, linked at their end by dip-slip faults. According to Aydin and Nur [1982], these 
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typical rhomb-shaped basins have an aspect ratio of 3:1 (fig. 2.1.12). Contractional step-overs 

result in crustal shortening, with an uplift area (push-up), bounded by sub-parallel, overlapping 

strike-slip faults, linked at their end by thrust faults (fig. 2.1.13). 

 

 
 
Figure 2.1.12. Colour-coded bathymeric map of the Central Basin of the Marmara Sea. An internal pull-apart has 
formed within the larger pull-apart structure. Outline (middle) shows en echelon normal faults and corresponding 
extension direction (yellow arrows). Subsidiary zones of compression (hatched) may exist on eastern and western 
sides of the pull-apart. Main strike-slip faults in bold. Slumped areas shown in red. Nested rift-inrift structure and 
young sediment fill are seen in the cross section (A–B; below, single-channel sparker profile). (from Armijo et al. 
[2002]).  
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Figure 2.1.13. Sequential top-surface photographs showing the progressive evolution of experiment restraining 
stepover. (a) 2 cm displacement; (b) 4 cm displacement; (c) 6 cm displacement; (d) 8 cm displacement; (e) 10 cm 
displacement.(modified from McClay and Bonora [2001]). 
 

2) fault bending: changes in the orientation of slip vectors due to changes in fault strike, as 

bending or double bending, produce permanent deformation where local convergence or 

divergence occur [Crowell, 1974; Christie-Blick and Biddle, 1985] (fig 2.1.14). Restraining 

bends present transpression associated with crustal shortening and uplift. Releasing bends 

provide for transtension and is accompanied by stretching, crustal extension and subsidence. 

 
 
Figure 2.1.14. Spatial arrangement, in plan view, of structures associated with idealized bends of a dextral strike-slip 
fault (after Christie-Blick and Biddle [1985]). 
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3) Differently oriented strike-slip faults can connect by joining the fault tip with the central part of 

others fault segment. Such diverging strike-slip strands are linked by a fault junction (sensu 

Christie-Blick & Biddle [1985]) and the fault-wedge area in the between undergo transtension 

or transpression depending in fact on the orientation of both the branch faults to the slip vector 

and to their relative displacement magnitude. Basin formation in such strike-slip settings has 

been reviewed by Reading [1980] and Christie-Blick & Biddle [1985]. Two sites of basin 

formation can be distinguished: internal and external basins. Basins internal to the strike-slip 

zone (fault-wedge basins or wedge grabens [Crowell, 1974b]) form in local transtensional 

areas where active fault strands diverge. The geometrical array of figure 2.1.16 configures a 

releasing fault-wedge whose long-term morphological expression is represented by the wedge-

shaped basin. External basins occur where faults converge and are either due to folding or to 

flexural loading that derive from the internal fault-wedge, uplifting transpressional area. 

 

 

Figure 2.1.15. Range of possible topographic results of slip along a bifurcating dextral fault. Only some situations 
give fault-wedge basin sensu stricto. (from Christie-Blick & Biddle [1985]). 
 

2.1.4. Duplexes 

Geometrical discontinuities often configure strike-slip fault systems zones of steep 

imbricate faults called duplexes. The duplexes are usually bounded by two continuous major fault 
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zones that contains smaller en-echelon faults that usually have a component of strike-slip 

combined with normal or reverse dip-slip. The individual horses defined by these imbricate faults 

have lengths varying between about half and twice the spacing of the major faults that bound the 

duplex. Some duplexes develop at major bends on the main faults, forming contractional and 

extensional duplexes (fig. 2.1.15). Three main duplexes are recognized: 1) duplex at bends; 2) 

duplex at offsets; and 3) duplex on straights.  

1) Duplex at bends forms when successive imbricate slices (horses) are cut from the major fault 

walls at the bend. It implies a progressive propagation of new imbricate faults outward from 

the initial fault strand, when resistance at a restraining bend may become so large that a newly 

formed faults cuts around the restraint, thus isolating a wedge of country rock [Crowell, 1974] 

(fig. 2.1.16). 

 

 

Figure 2.1.15. Map view of an idealized dextral strike-slip system. (from Woodcock and Fisher [1986]). 
 

2) Duplex at offsets forms when two separate and overstepping faults, that curve helicoidally into 

a single fault at depth, isolate an horse by two imbricate strike-slip faults that propagate off the 

lateral tips of the major faults. For small overlap new horses can form by either symmetric or 

asymmetric outward progression. For large overlap inward progression is possible where 

displacement is low relative to the overlap.  
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Figure 2.1.16. a) Representation of a photo-elastic model of a curved fault, arrows indicate the direction of movement. 
b) Disposition of black isochronous fringes from which the principal stress trajectories can be derived. Solid lines 
represent σ1 and dashed lines σ3 principal stresses. c) Directions of potential strike-slip secondary faulting. (redrawn 
from Freund [1974]). 

 

3) Duplex on straights may form by various interaction of the shears developing in simple 

shearing progression (by linkage of R-shears and P-shears). These duplexes develop by 

imbrication of lozenge between R-shears linked by P-shears, or by linkage between P-shears 

and Y-shears.  

 

2.1.5. 3D- subsurface geometry 

The three dimensional geometries of many Riedel shears have been reconstructed from 

vertical and horizontal serial sections of sheared sand-packs of analog models [Naylor, 1986; 

Emmons, 1969]. Due to the models assumptions and oversimplification, extrapolation of 

subsurface configurations from surface observations of secondary wrench faults could be very 

misleading. Each synthetic R-shear has an helicoidal shape and show, in cross-section, R-shear 

concave-upwards trajectory (“tulip” shape, fig. 2.1.17a). Introducing an oblique slip the geometry 

of the faults change from concave-upwards to upward-convex trajectory (“palm-tree” shape, fig. 

2.1.17b). Naylor at al. [1986] reveal that the dip-slip component of the basement wrench fault is 
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the main cause of geometry of the structures in the overburden, where, if the dip-slip component is 

normal, the associated extension will prevent the “palm-tree” structures. 

 

 

Figure 2.1.17. Block diagrams of the linkage geometry of the fault trace at the surface with the master fault at depth. 
a) “tulip” shape; b) “palm-tree” shape (from Naylor et al. [1986]). 
 

According to Naylor et al. [1986], this helicoidal shape of R-shears is a consequence of 

three factors: 1) the en-échelon nature of the shears at the surface; 2) the need to join a single 

basement fault at depth; 3) changes in orientation of the principal stress axes with depth. On the 

contrary, R’-shears cannot merge with the single basement fault and are present only when the 

shear at the overburden base is distributed over a wider zone.  

Restraining and releasing bends are responsible for the formation of positive and negative 

flower structures, respectively (fig. 2.1.18 and 2.1.19), confined between fault duplexes, which are 

required to adjust the local stress [Harding, 1985]. 
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Figure 2.1.18. Synoptic diagram illustrating the 3-D geometry of an idealized positive flower structure based on the 
results of analog modeling. (from McClay and Bonora [2001]). 
 

 

Figure 2.1.19. Synoptic diagram illustrating the three-dimensional geometry of an idealized negative flower structure 
generated by an analog modeling program. (from Dooley and Mc Clay [1997]. 
 

The inward-dipping geometry of faults of both extensional and compressional duplexes 

(i.e., pull-apart and push-up) suggests that the faults converge at depth into a single shear zone. In 

vertical section the faults define a negative or positive a flower structure, respectively, as observed 

in several seismic lines [Harding, 1983; Okay et al., 2000; Kurt et al., 2000; Le Pichon et al., 

2001] (fig. 2.1.20). 
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Figure 2.1.20. (A) Time-migrated seismic section from the Sea of Marmara; (B) Interpreted section. Dextral Ganos 
fault through the Marmara Sea shows a clear strike-slip character in this seismic section. The Pliocene-Quaternary 
strata show both releasing and compressional character. Dashed line labelled (M) marks multiple reflections. Inset 
figure shows a minor negative flower structure developed in the uppermost part of the main fault. Vertical 
exaggeration is about 4.5. (from Kurt et al. [2000]). 

 

2.1.6. Fault zone 

The term “fault” is widely used as conceptual model that describes two blocks moving 

along a simple plane. In reality, a fault should be, more appropriately, termed “fault zone”, since, 

from kilometer to millimeter scales of observation, it is formed by assemblages of brittle and/or 

ductile deformational structures that denote a more complex arrangement than a single plane. 

Fault zones may cumulate multiple episodes of slip (and/or the overprinting of successive 

deformation events) and may involve fault systems that confer to the “fault” a significant 

thickness.  

A fault zone may occupy swaths hundreds of meters or more in width, but geological and 

geomorphic evidence reveal that slip is accommodated by a principal slipping zone (PSZ) that is 
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tens of centimeters or less in thickness (especially at depth, fig. 2.1.21). A fault zone may presents 

a well localized PSZ for distances of several kilometers through many rupture episodes and may 

also develop some distributed shear, especially at rupture irregularities [Sibson, 1993]. 

 
 

Figure 2.1.21. Geological estimates for the thickness of the seismic slip zone over various depth ranges as discussed 
in the text. (from Sibson [1993]). 
 

The primary components of upper-crustal fault zones are: 1) relatively undeformed 

protolith; 2) damage zone, which is mechanically related to the growth of the fault zone; and 3) 

fault core, where most of the displacements are accommodated [Sibson, 1977; Chester and Logan, 

1987; Foster and Evans, 1991; Sibson, 1993; Caine et al., 1993, 1996; Scholz and Anders, 1994] 

(fig. 2.1.22).  
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Figure 2.1.22. Schematic representations of brittle fault zones in the upper crust illustrating relationships of principal 
slip zone (PSZ), fault core, and damage zones: (a) approximately symmetric disposition; (b) PSZ localized at margin 
of damage zone. The coarse stipple denotes distributed cataclastic deformation and hydrothermal alteration of varying 
intensity, and lines represent subsidiary fractures. (from Sibson [1993]). 
 

A damage zone is the network of subsidiary structures that bound the fault core with 

varying thickness (meters to hundreds of meters) (fig. 2.1.22) [Chester and Logan, 1986; Evans, 

1990; Scholz and Anders, 1994; Kim et al., 2004]. Fault-related subsidiary structures in damage 

zones include secondary faulting and cataclastic deformation (brittle fragmentation by 

macroscopic fracturing and grain comminution) that intensifies toward the fault core and that 

shows small faults, veins, fractures, cleavage, and folds. Toward the core the damage zone 

comprises one or more tabular deformation zones of gouge or ultracataclasite (centimeters to 

meters thick). 

Fault cores are commonly composed of single slip surfaces or anastomosing slip surfaces, 

localized to less than 10 cm and, in many cases, to less than 1 cm at all depths through the upper 

crust (principal slipping zones, PSZs) [Caine et al., 1991; Sibson, 1993]. Disposition of damage 

zone and fault core is often asymmetric: it is quite common to find a PSZ localized close to one of 

the boundaries. The PSZs are generally contained within, or localized at one or other margin to, 

damage zones with subsidiary cataclastic fracturing and hydrothermal alteration of varying 

intensity. In some instances, localization of a throughgoing PSZ appears to have occurred very 
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early in the evolution of the fault zone [Shipton and Cowie, 2001]. Fault-trace geomorphology 

suggests that individual PSZs show continuance over many kilometers in some instances. 

Faults with large-displacement in poorly lithified sediments may contain a new distinct 

fault-zone architectural element,—the mixed zone—develops between the damage zone and the 

fault core [Mozley and Goodwin, 1995; Heynekamp et al., 1999; Rawling et al., 2001]. This 

mixed zone includes rotated and attenuated beds and areas where disparate sediment types are 

mixed at the grain scale by particulate flow during slip.  

These components are distinct units that reflect the material properties and deformation 

conditions within a fault zone [Caine et al., 1996; Schulz and Evans, 1998, 2000]. The relative 

shapes and sizes of each of these structural components will vary from fault to fault and the 

extreme slip localization reflects a mature internal fault structure [Chester and Logan, 1987; 

Chester et al., 1993; Evans and Chester, 1995; Schulz and Evans, 1998, 2000]. 

 

2.1.7. strike-slip stress fields 

Linear elastic fracture mechanics theory [LEFM, Pollard and Segall, 1987] predicts an 

organization of the static stress field with both extensional and compressive quadrants around fault 

tips (fig. 2.1.23). 

 

Figure 2.1.23. Areal dilatation due to uniform slip on a vertical strike-slip fault with an elliptical slip distribution in a 
plate of uniform thickness. Blue and red shades indicate areal of extension and compression, respectively. (redrawn 
from Bilham and King [1989]) 
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Theoretically, these quadrants can be associated with tensile secondary fracturing (cracks) 

and compressive secondary fracturing (anti-cracks), respectively. The geometries and angular 

relationships of these features with respect to the plane of the fault create a fingerprint for the 

mechanics of fault slip. The calculated principal stress in the vicinity of the tip of the mode II 

rupture are asymmetric on either side of the fault. On the tensional side, cracks will form normal 

to the direction of maximum tension and will typically be at ~70° from the fault (forming the wing 

cracks of horsetail fans), on the compressional side, cracks will form at ~20° from the fault (fig. 

2.1.24). The Authors notice that the stress field pattern depend also on the direction of the rupture 

propagation. An opposite sense of rupture propagation will produce just the opposite symmetry in 

the stress field. Perturbed stress fields at the fault tips are different in orientation according to the 

regional stress that caused the fault to slip. For pure sliding motion (mode II) the angle between 

the junction between the tailcrack and the fault (θ) is about 70°. As the ratio of mode I to mode II 

(KI/KII) loading increases (i.e., as more opening, extension, accompanies slip), the angle (θ) 

decrease up to 52° for KI/KII=1 and 37° for KI/KII=2 (fig. 2.1.24). 

 

Figure 2.1.24. LEFM predictions of tailcrack (blue) and anti-tailcrack (red) geometries at the tip of a right-lateral 
strike-slip fault. Three opening-to-sliding ratio (KI/KII or mode I/mode II) results are shown for the faults. Black 
crosses show stress trajectories. (from Kattenhorn [2004]). 
 

In laboratory [Cox and Sholz, 1988a, b] and in the field [Granier, 1985; Bjarnason et al., 

1993] has been observed that shear and tensile cracks do not grow by simple propagation in their 

planes, but they propagate by a complex breakdown process. Initially, an array of tensile cracks is 
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generated near the crack tips, with orientations consistent with the crack tip stress field as 

predicted from the fracture mechanics. Continued shearing results in the development of a 

complex mesh of fractures concentrated within this brittle process zone which eventually breaks 

down to form a through-going fault. Cowie and Scholz [1992] apply an elastic-plastic fracture 

model which includes a breakdown zone involving inelastic deformation in a region surrounding 

the crack tip to explain the stress singularity at the crack tip. Figure 2.1.25 shows the basic 

features: the displacement distribution differs from the elliptical distribution of the elastic crack 

model in that the displacements taper off gradually toward the crack tips. As result the breakdown 

region is affected by a stress concentration up to σy. 

 

 

Figure 2.1.25. The top and the middle frames show the slip and the stress distribution from the center to the tip of a 
fault. The bottom frame shows a section across the fault with a generalization of the associated structures. (from 
Scholz et al. [1993]). 
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The theoretical stress concentrations between two interacting offset relay faults have been 

examinated by Segall and Pollard [1980]. Computation of principal stresses around fault tips 

indicate that transpressional and, in particular, transtensional overlaps produce effects which 

extends well outside the area of overlaps (fig. 2.1.26). Dilational secondary structures are tensile 

fractures perpendicular to the local σ3 and shear fractures (R and R’-shears-like) oriented at 30° to 

local direction of maximum compression. 

 
 

Figure 2.1.26. Map view of two overlapping strike-slip faults showing the theoretical stress trajectories in an isotropic 
medium; a) transtensional, b) transpressional. (from Segall and Pollard [1980]). 
 

On the basis of elastodynamic stress fields for singular crack and nonsingular 

slipweakening models of propagating rupture some Authors [Poliakov et al., 2002; Kame et al., 

2003; Rice et al., 2005] investigated if the secondary fault locations and orientations, in a 

damaged region bordering a major fault, will be stressed to failure by the main rupture and if 

stresses could initiate rupture on a bend path. 
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Figure 2.1.27. Mode II rupture plots. The τmax/τCoulomb isolines, with coordinates x, y non-dimensionalized by the 
low-speed size R0 of the slip-weakening zone. The secondary faulting area τmax/τCoulomb > 1 is shown in gray. 
Right-lateral failure with τp = 0.6(−σ°yy) and τr = 0.2τp at two pre-stress ratios and different rupture speeds vr. 
Maximum speed shown is 0.90 cs ≈ 0.98cR. The ratio σ o

xx/σ o
yy = 0.8; Smax angle ψ larger than 45°, ψ ≈ 65° for σ 

yx = τr ≈ σ o
yx, ψ ≈ 50° for σ 

yx = τp. (modified from Poliakov et al. [2002]). 
 

The dynamic stress field near the tip of a rapidly propagating rupture plays a major role in 

several phenomena. Strong off-fault stresses may cause extensive local failures near the main 

rupture tip, and may force the rupture to bend or fork and to activates secondary faulting along 

regions within damage zones bordering a major fault. Dynamic stresses around the rupture tip 

increase with rupture velocity at locations off the main fault plane relative to those on it and could 

initiate rupture on a branching fault. Whether branched rupture can be continued to a larger scale 

depends on principal stress directions in the pre-stress state and on rupture velocity (fig. 2.1.27). 

The most favored side for branching rupture occurs primarily on the extensional side and switches 

to the compressional side as angles of the direction of maximum compressive pre-stress with the 

main fault become progressively shallower. 

Such studies suggest that, among other parameters, it will be important to know the pre-

stress state along the fault system and, particularly, principal directions near any branching 

junctions. These stress directions should include not just the regional tectonic stress field but also 

the effects from previous earthquakes on the fault system, which may cause strong local 
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deviations from the larger-scale stress field. Further, the path chosen at such junctions will depend 

also on rupture speed as they are approached, and that is not easily predicted. 

 

 

2.2. Active strike-slip faults  

To define a fault as active, two elements must be documented: 1) the potential or 

probability of future displacements in the present tectonic setting; 2) the time of most recent 

displacement (for unchanged seismo-tectonic regimes). 

Correlations of fault length, displacement, and area with earthquake magnitude are utilized 

to assess earthquake hazards of faults and form the principal data for risk analysis [Wells and 

Coppersmith, 1994]. Estimation of: 1) geological displacement rate data, 2) fault slip models and 

3) earthquake recurrence rates; are the observational basis for physical models of the earthquake 

deformation cycle and provide additional input data to resolve fault activity and, subsequently, to 

complete risk analysis. 

In order to characterize the style of fault activity, but not in function of time, Sieh [1981] 

and Schwartz and Coppersmith [1984] proposed models describing the patterns in which 

displacement may reoccur on faults. In the “variable-slip model”, both the amount of slip in a 

given place and the length of rupture may vary from earthquake to earthquake (i.e., variable 

earthquake size), but the net long-term slip is uniform along the fault (i.e., constant slip rate along 

length). In the “uniform-slip model”, the net long-term slip is uniform along the fault (i.e., 

constant slip rate along length), but the slip at a given point is the same at each earthquake, with 

constant magnitude of large earthquake and more frequent moderate earthquake. In the 

“characteristic-earthquake model”, the fault ruptures in a series of identical earthquakes, with the 

same slip distribution and length. In this case the slip at a given point is observed to vary along the 

fault, implying that also the long-term slip rate varies (fig. 2.2.1). 
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Figure 2.2.1. Diagrammatic representation of three hypothetical models of dislocation recurrence. (redrawn from 
Schwartz and Coppersmith [1984]). 
 

As far as regard the characterization of fault activity over time, four strain release models 

have been proposed. In the simplest strain release model, the elastic strain energy accumulated 

across locked faults is periodically released during earthquakes of relatively uniform slip and 

recurrence interval, each of which releases the strain energy accumulated since the last earthquake 

(fig. 2.2.2a) [Reid, 1910; Savage and Burford, 1973; Scholz, 1990]. Differently, when interseismic 

interval and the size of earthquakes on a particular fault are not perfectly periodic, two models can 

be appropriate: “time-predictable” and “slip-predictable” models [e.g., Shimazaki and Nakata, 

1980]. According to the “time-predictable” model, each event occurs when a critical amount of 

strain energy has accumulated (fig. 2.2.2b). In this model, the slip rate and the size of the last 

earthquake predict the time, but not the size, of the next earthquake. According to the “slip-
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predictable” model, for any given event, all strain energy accumulated since the last earthquake is 

released. In this model, the slip rate and the time since the last earthquake are combined to predict 

the size, but not the time, of the next event (fig. 2.2.2c). All three models assume a constant rate of 

far-field displacement and strain accumulation, and therefore predict that well-constrained slip 

histories, determined over several earthquake cycles, will agree with contemporary interseismic 

measurements of far-field displacement. At different timescales, strain release may occur during 

‘‘clusters’’ of earthquakes, wherein recurrence intervals are as much as an order of magnitude 

shorter than during quiescent periods between clusters [Wallace, 1987; Swan, 1988; Sieh et al., 

1989; McCalpin and Nishenko, 1996; Grant and Sieh, 1994; Marco et al., 1996; Zreda and Noller, 

1998; Rockwell et al., 2000]. Clustering is consistent with the time-predictable and slip-

predictable behavior. However, because slip per event for most well-documented fault segments 

does not appear to be highly variable [e.g., Schwartz and Coppersmith, 1984], these models 

require that strain accumulation would vary markedly, on the same timescale as the clusters. In 

this occurrence, at any given time strain accumulation (from geodesy) and strain release (from 

geology) should be the same. In this case, strain release would bear no relation to either a critical 

level of strain energy required for slip (time-predictable model), nor the amount of strain energy 

accumulated since the previous earthquake (slip-predictable model) (fig. 2.2.2d) [Wallace, 1987]. 
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Figure 2.2.2. Strain release models for earthquakes (Figures a–c are redrawn after Scholz [1990]). (a) Perfectly 
periodic model [Reid, 1910], (b) time-predictable model where the size of the last earthquake predicts the time of the 
next earthquake [Shimazaki and Nakata, 1980], and (c) slip-predictable model where the time since the last 
earthquake predicts the size of the next earthquake [e.g., Shimazaki and Nakata, 1980]. (d) Clustered strain release 
and uniform, low strain accumulation, modified after Wallace [1987]. (from Friedrich et al. [2003]) 
 

2.2.1. Geomorphology of active strike-slip faults 

Faults activity is assessed using geologic, geomorphic, geodetic and seismolologic data. 

The geologist usually provide evidence of the geomorphic, stratigraphic, and structural features of 

surface faulting, tectonic deformation and coseismic landslides that have accumulated through a 

single or many earthquake cycles. 

Rates of activity of strike-slip faults may be learned from the study of geomorphic 

features: faults with high slip rate have abundant and well-developed landforms and steep scarps. 

According to Slemmons and Depolo [1986] the degree of fault activity and its surface expression 

is related to three factors: 1) the time since the last event (historical, Holocene, Quaternary) and 

recurrence interval, 2) fault slip rate, 3) the earthquake magnitude. The figure 2.2.3 shows the 
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general geomorphic expression for each interval of fault slip rate, although factors such as climate, 

time since the last event, variation in fault slip rate can affect the landforms. 

 

 
 

Figure 2.2.3. Geomorphic features related to fault activity (from Slemmons and Depolo [1986]). 
 

Active strike-slip fault zones may produce a variety of landforms such as horsts, grabens, 

small-scale pull-apart basins, various thrusts and folds with a clear fault-related geomorphologic 

expression. Many of these topographic features can be understood in the context of simple shear 

that produces contraction and extension, others are better explained by extension or contraction 

associated with geometrical discontinuities of fault traces (e.g., Sieh and Jahns [1984]). However, 

together with the kinematic peculiarities, also the predominant depositional and erosional 

processes acting on the surface profoundly influence the local manifestation of a strike-slip fault at 

the surface. 

Whatever the case, the change in form of the topography implies a change in the processes 

that formed it. Geomorphologists look for anomalies that might reflect changes in processes and 

observe landform surfaces that have been modified (shaped) by tectonics (i.e., tectonic 

geomorphology).  

 45



Chapter 2 

Over long time intervals, strike-slip faulting typically leads to well-known geomorphologic 

features. Linear features like ridges, streams, and both margins and crest of a fan become offset 

along the fault and can indicate a clear sense of slip directions and may be used to determine fault 

displacements. 

Active strike-slip faulting produces a characteristic assemblage of landforms (fig. 2.2.4) 

including: 

 
 

Figure 2.2.4. Block diagram of geomorphic structures associated with strike-slip faults (from Sylvester [1988]). 
 

1) Fault scarps 

At some places they are due to net vertical component of slip along the fault’s strike. 

Elsewhere they are the result of pure strike-slip, causing juxtapositions of morphologies with 

different relative elevations along strike (fig. 2.2.5). Typically, the scarps alternate along strike 

opposite directions of facing and have been termed scissoring. The lower slope of the scarp is 

much steeper then the upper slope (about 35° vs. about 5°) and the trace of the fault lies very near 

the its base.  
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Figure 2.2.5. Fault scarp and channel offset (~1m) at the Nojima fault, Japan, produced by the 1995 Kobe earthquake 
(M=6.9). (photo by S. Pucci). 

 

2) Linear valleys 

Linear troughs commonly form along the principal displacement zone. These develop 

because continued movement along recent fault traces fractures the affected material, making it 

more vulnerable to erosion (fig. 2.2.6). 

 

 

Figure 2.2.6. Aerial view of linear valley along the Alpine Fault trace (New Zealand). 
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3) Offset drainages 

Stream valleys that cross a principal deformation zone flow parallel to the fault for some 

distance before returning to the original orientation of flow (fig. 2.2.7). This is due to dislocation 

of the watercourse or due to stream piracy. In some cases, beheaded stream valleys may be 

preserved on the downslope side strike-slip faults. These are abandoned valleys that have been 

rafted laterally beyond the course of the stream that formerly flowed through them [Keller et al., 

1982]. On both the upstream and downstream sides of the fault, river terraces may be 

systematically offset. Commonly, streams crossing a strike-slip fault will exit from a mountainous 

terrain into a gentler one. Upstream, their valleys will have been more confined, whereas 

downstream of the fault, they may build asymmetric alluvial fans in the less-confined topography. 

 

 
 

Figure 2.2.7. Aerial view of the San Andreas fault at Wallace Creek (California), showing the offset drainage. (photo 
by K. Hamblin). 
 

4) Pressure ridges 

Are warped areas produced by compression between multiple traces in a fault zone. These 

can be stretched and form long hills or crests of land (linear ridge) (fig. 2.2.8). It is possibly the 

result of fault motion (earthquakes) where there was prior uneven ground. Where a fault 

subsequently breaks through previous pressure ridges, shutter ridges may be formed. 
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Figure 2.2.8. Large, 3 km-long linear ridge bounded on the far side by the San Andreas faul (photo by J.R. 
Arrowsmith) 
 

5) Shutter ridges 

They describes topographic high or ridge that have been translated by strike-slip motion 

athwart drainages, creating an obstacle to their courses. The origin of shutter ridges may have 

involved more than just horizontal translations, it may also be due to a vertical component of 

motion that has incrementally raised the feature while it has moved laterally (fig. 2.2.9). 

 

 
 

Figure 2.2.9. Shutter ridge produced by the 6.0 m left-lateral motion of the 1957 Gobi-Altay earthquake (photo by P. 
Molnar). 
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6) Sag ponds and pondings 

Sag ponds may form in depressions between two strands of the fault zone with typical 

along-fault elongated shape (fig. 2.2.10). Sediments are commonly ponded behind shutter ridges. 

The lateral deflection, produced by faulting, disturbs the longitudinal profile of streams by 

lengthening it with a low-gradient section. Streams flowing into these regions of topographic 

closure lose their carrying capacity and drop their bed load and fill the depression with alluvial 

fans and quit-water silt and clay deposits. Eventually, the streams will cross the shutter ridge, 

enabling incision of the ridge and ponded sediment and the reestablishment of fault-crossing 

drainages. 

 

 
 

Figure 2.2.10. Sag Pond along the Denali fault trace (Alaska). (photo by D. Schwartz). 
 

7) Benches 

Are relatively small, flat elevated surfaces within strike-slip fault zones. These elongated 

surfaces may be slightly warped or tilted and are usually due to overprinting of morphologies 

induced by positive and negative flower structures on the preexisting topography. The bench 

appearance can be produced also by the “scissor faulting” of en-échelon synthetic Riedel shears 

(fig. 2.2.11). 
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Figure 2.2.11. Bench paralleling a slope formed by strike-slip motion of Riedel systems (1-3), a) Aerial view of a 
bench along the 1999 coseismic ruptures of the Düzce fault segment of the North Anatolian Fault Zone (Turkey). 
Green lines indicate scarp base (with arrows) and scarp edge (hatched). (b) Close up of the bench morphology along 
the Riedel system of coseismic ruptures. (photo and sketches by S. Pucci). 
 

The freshness of appearance and type of geomorphic expression of faults is related to the 

age of faulting [Matsuda, 1975; Slemmons, 1982a; Wallace, 1977 and 1978]. Many landforms 

such as depressions and sag ponds, open rifts, and prominent high-angle scarps suggest 

youthfulness and further help to identify the active traces or strands of fault zones. Freshness and 

continuity of geomorphic expression in space strongly suggest a surface rupture created during 

one event or over multiple events closely spaced in time. Faults with high slip rates have abundant 

and well-developed landforms and steep scarps [Hanks et al., 1984]. The older a feature is, more 

agents of erosion or deposition will have opportunity to obscure it, so it must be very large in 

order to preserve as a landform. Thus on a faulted landscape, where many ages are represented by 

various landforms, the larger landforms will usually be older than the smaller ones; the larger 

offsets represent the cumulative offsets of many more earthquakes; the smallest, most ephemeral 
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tectonic features show small offsets. Thus, the difference range in offsets reflects the difference in 

ages of the offset features. 

Remote-sensing methods can be effective in detecting and describing the character of 

active faults and neotectonic features. Satellite remote sensing data obtained by the American 

Landsat Enhanced Thematic Mapper (ETM), the Japanese Advanced Spaceborne Thermal 

Emission and Reflection Radiometer (ASTER), the American IKONOS satellites imagery of 

various wavelength and special low-Sun angle photography can have the advantages of 

appropriate scale, stereographic effects and optimum shadowing to highlight fresh or young fault 

scarps. Such resolutions allow to interpret also the detailed features of the fault zone, although 

field investigations along the rupture zone are needed to verify the geologic and geomorphic 

interpretation of the satellite images (fig. 2.2.12). 

 

Figure 2.2.12. (a) ASTER VNIR image used to detect systematic offsets of streams and geomorphic features of 
alluvial fans along the coseismic surface rupture zone of the 2001 Mw 7.8 Kunlun earthquake, northern Tibet. (b) 
Geomorphological interpretation. (from Fu et al. [2005]). 

 

2.2.2. Coseismic ruptures 

One of the most direct effects of active faulting is displacement or offset of the ground 

surface. Ruptures can occur suddenly during earthquakes. Three main types of fault movements 

associated with a faulting event are primary, secondary, and sympathetic movements. A primary 

rupture occurs along the main fault responsible for the earthquake (i.e., the intersection with the 

ground of the seismogenic fault at depth). This is commonly surveyed in order to estimate its 
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length and maximum displacement. Actual observed effects can be reduced by drag and 

distributed rupture, plastic failure, detachment, and other causes. Secondary ruptures are those that 

occur along branch faults and other faults subordinate to the principal fault trace. These faults 

locally accommodate deformation from the main fault and generally have lesser displacements. 

Sympathetic offsets occur when strain release along the main fault or vibratory ground motion 

disturbs the state of stress of another nearby fault, causing displacement on it (e.g., 1968 Borrego 

Mountain earthquake, [Allen et al., 1972]). 

Numerous field studies have mapped the coseismic surface ruptures along the strike-slip 

faults as the San Andreas, Superstition Hills, Imperial faults (e.g., Brown and Vedder [1967]; 

Allen [1972]; Fuis [1982]; Sieh [1982]; Sieh and Jahns [1984]) and the Gobi-Altay (Mongolia), 

Dasht-e Bayaz (Iran), Selsund Fault (Iceland) (e.g., Florensov and Solenenko [1965]; Tchalenko 

and Ambraseys [1970]; Deng and Zhang [1984]; Kurushin et al. [1998]; Angelier et al. [2004]). 

Slip of as small as 10 cm commonly leads to incipient linking of R-shears by P-shears. When 

lateral slip greater then about one meter occurs, a zone of R-shear, P-shear with appreciable 

components of reverse slip and auxiliary fissures and folds is common. The compressional area 

between two R-shears is responsible of the formation of push-ups (fig. 2.2.13). Larger amount of 

lateral slip promote greater prominence of the push-ups and P-shears due to increasing severity of 

mass-imbalance in the R-shears step-over areas (fig. 2.2.14 and 2.2.15). Viewed as a single entity, 

such strike-slip ruptures, with all their faults, fractures, pull-apart and push-ups, present the 

appearance of a large mole-track. This was the imaginative name given to the fault-rupture zone 

of the 1891 Nobi earthquake by Japanese villagers.  
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Figure 2.2.13. Common features along a right-lateral rupture trace of earthquake in Iceland. (from Angelier et al. 
[2004]). 
 
 

  

Figure 2.2.14. (left) Mole-tracks of the surface rupture of the 1999 Izmit earthquake (Turkey). (photo by USGS). 
(right) Mole-tracks of the surface rupture of November 2001 Kokoxili earthquake (Tibet). (photo by prof. Xu Xiwei)  
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Figure 2.2.15. Push-ups (the closer one are ~5m long) along the surface rupture of the 1905 Bulnay earthquake 
(Mongolia), M 8.3, maximum displacement 11.0 m. (photo by S. Pucci) 
 

Almost without exception, fault rupture associated with a large earthquake occur along a 

preexisting, geologically youthful fault plane. The nature of coseismic deformation mimics that 

recorded in preexisting landforms. 

 

2.2.3. Geologic indicators of active strike-slip faults 

Geological evidence of fault activity is the cross-cutting or non-crosscutting relationship 

with a datable unit. The age of the offset unit and the amount of the offset can be used to estimate 

the fault slip rate and thus the fault activity. The structural aspects of young geologic units cut by 

faults may provide information about kinematics and individual rupture events. The affected units 

may be brecciated and shattered, have open fissures, be tilted or warped, or have secondary effects 

of faulting. 

Since most of the structural and tectonic maps emphasize ancient and inactive tectonic 

features rather than neotectonic structures, a survey for the recognition and detailed mapping of 
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Quaternary faults traces and, when possible, of coseismic, modern or historical, surface faulting 

and is needed in the delineation of active faults. Hence, for a detailed study of a fault, the youthful 

geologic units have to be inevitably described, delineated, and inspected for evidence of young 

tectonic deformation (e.g., Burbank and Pinter [1999]; Pinter [2000]). 

Knowledge of recent history of seismogenic faults, that consist of the date, location and 

fault rupture length (thus earthquake magnitude), assume a fundamental role for seismic hazard 

assessment. To test recurrence models for damaging earthquake, the instrumental records span a 

too short time period and the historical record often provide incomplete information. 

Paleoseismological trenches excavated across the faults provide good exposures of geological 

record evidence of the pre-historical, up to present-day large earthquakes. These provide datable 

stratigraphic units that represent and constrain event horizons: deformed deposits, pre-dating a 

surface rupturing seismic event, covered by undisturbed deposits, that post-date it. In particular, in 

geologic environments where rates of sedimentation are faster than rates of vertical deformation 

and where distinct layering is preserved, these discrete event horizons may be well-preserved. 

Critical in development of this field was the improvement of techniques for the absolute age 

dating of the affected sediments. Through such exploratory trenching method primary (1-4, in the 

following) and secondary features (5-6) have been used to identify individual paleo-earthquakes 

from the trench walls: 1) upper fault termination, an erosionally truncated fault, buried by younger 

and undeformed post-event strata (fig. 2.2.16A); 2) buried sand-blow deposits or injected sand 

dikes resulting from soil liquefaction during heavy shaking (fig. 2.2.16B); 3) intense convolution 

of newly deposited water-laid sediments (sismites) associated with heavy localized shaking; 4) 

fault scarp that was subsequently buried by younger undeformed deposits; 5) surficial fault 

movements (warping, open fissure) that was later filled in by surficial materials (fig. 2.2.16C); 6) 

buried scarp-derived colluvial wedges (fig. 2.2.16D). Evidence for the actual amount of strike-slip 

displacement during individual paleo-earthquakes can sometimes be obtained from fault-parallel 

excavations that contain stream paleochannels or other offset linear features within the displaced 
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strata (e.g., Sieh and Jahns [1984]). In all these paleoseismological techniques, optimal bracketing 

of the time of the earthquake requires dating of 1) the oldest unbroken post-earthquake strata and 

2) the youngest deformed pre-earthquake strata. 

 

 
 

Figure 2.2.16. Sketch diagram of cross sections of geologic relations that might result from individual paleo-
earthquakes. A) upper fault termination; B) liquefaction; C) open fissures; D) colluvial wedge. 
 

 

2.3. Case histories 

In the following examples of studies referred to the most active strike-slip faults 

worldwide are reported. These studies represent an assortment of approaches and methods of 

investigation for the characterization of the fault activity. 

First, a work that focused on the collection of surface data of the coseismic effects 

produced by the 2002, M 7.9 earthquake occurred on the Denali fault, in Alaska.  

Then, two analysis (Southerland et al. [2006] and Van Dissen and Berryman [1996]) of 

short/long-term geomorphic landforms for slip rate and recurrence time interval calculations of the 

southern part of the Alpine fault and of the Wellington fault, in New Zealand. 

Fourth, a reconstruction of a long record of paleo-earthquakes and record intervals 

[Weldon et al., 2002 and 2004] by means of paleoseismological investigations for modeling 

earthquake recurrence of the San Andreas fault in California. 
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2.3.1. The coseismic and short/long-term surface expression: the Denali Fault, Alaska 

This example offers indications on the methodological approach in collecting data of the 

coseismic surface effects induced by the fault movement and introduces to the comparative 

analysis of the coseismic expression of the fault with its evidence of short/long-term deformation, 

providing indications of the persistence in the same location of surface ruptures for more than a 

single earthquake cycle. 

Haeussler et al. [2004] describe the surface rupture and slip distribution of the Denali and 

Totschunda faults, the two primary right-lateral, strike-slip faults that ruptured in the 2002 and 

produced the largest strike-slip earthquake in North America (M 7.9) during the past 150 years 

(fig. 2.3.1). The rupture began with thrust faulting on a 48-km-long break of the Susina Glacier 

thrust fault. Rupture then occurred along 226 km of the Denali fault, where right-lateral slip at the 

surface averaged 4.5–5.1 m and reached a maximum of 8.8 m. Finally, the rupture progressed 

southeasterly another 66 km along the Totschunda fault, where right-lateral surface offsets 

averaged 1.7 m. The Authors reconstructed a set of detailed rupture maps that show the fault 

pattern at the different scales of observation (fig 2.3.2). 

 
 

Figure 2.3.1. Map showing tectonic setting of the Denali and Totschunda faults. Active faults are shown with gray 
lines [Plafker et al., 1994], and the 2002 surface rupture is shown with thick black lines. Locations of the 23 October 
and 3 November 2002 epicenters are shown as stars. The GPS-measured plate motion [Fletcher and Freymueller, 
1999] and the relative motion between the Pacific plate and North America are shown with the black and white 
arrows, respectively [DeMets et al., 1994]. (from Haeussler et al. [2004]). 
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Figure 2.3.2. Detailed maps of the 2002 fault. Kilometer values refer to distance east of the epicenter. (A) Overview 
of surface rupture at the west end of continuous rupture on the Denali fault and at the junction of the Susitna Glacier 
fault and the Denali fault. The junction between the two faults lies within or beneath glacier ice and traces from one 
fault do not cut across the other. (B) Detail of typical 2002 Denali fault trace on land. Note linear trace with common 
left steps. (C) Fault trace through glacier ice along Susitna Glacier. (D) 2002 fault trace in the transfer zone between 
Denali and Totschunda faults. (E) Detailed map of 2002 Totschunda fault surface rupture. (from Haeussler et al. 
[2004]). 
 

On a km-scale, the surface rupture, on land, appears as a single break, without splays or 

parallel traces, is simple, narrow, and continuous. On a smaller scale, the fault trace consists of 

left-stepping right-lateral rupture segments, each typically tens to many hundreds of meters long 

(fig 2.3.3). The spacing between two overlapping segments is typically 5–9 m and up to 21 m. 

Individual rupture segments extended for a few tens of meters to hundreds of meters in length, 

commonly as a narrow-mole-track one to a few meters wide. The zone of rupture broadened and 

was structurally more complex at the step-overs between the individual segments, at changes in 

strike, accompanied by the formation of both pressure ridges and graben, or where it runs through 

thick unconsolidated deposits or glaciers. The Authors utilized different types of features as 

piercing points to measure vertical and lateral offsets. These included stream channels, channel 

banks, channel levees (fig. 2.3.4), channel thalwegs (fig. 2.3.5), terrace risers, debris-flow 
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margins, vegetation lines paralleling stream banks, roads, tree roots, game trails, split cobbles, and 

avalanche chute margins. 

 

 
 

Figure 2.3.3. Aerial view of the mole-track expression of the 2002 Denali fault trace, person as scale (photo by D. 
Schwartz). 
 

 
 

Figure 2.3.4. Measurement of coseismic offset of a channel levee along the 2002 Denali fault trace (photo by D. 
Schwartz). 
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Figure 2.3.5. 5.5 m lateral offset of a stream thalweg. (from Haeussler et al. [2004]). 
 

Most of their measurements were made in spots where the deformation was localized and 

was possible to record the net displacement, in particular where: 1) the fault is a single trace (or 

shows closely spaced traces); 2) the width of the rupture zone is narrow; 3) there is clear 

geomorphic expression of previous rupture; and 4) there is an absence of thick, water-saturated 

fill. The original near-fault geometry of some features was obscured by deformation within the 

fault zone. To account for this, the orientation of a piercing feature was projected to the fault from 

both sides of the offset, typically from a distance of 10 to 20 m. At one of the three man-made 

features crossings the Denali fault rupture, the Trans-Alaska Pipeline, the high-resolution GPS and 

photogrammetric surveys provided estimation of on-fault deformation of about 57% of total 

offset. The Authors reconstructed the coseismic slip distribution along the fault (fig. 2.3.6). They 

identify ten sections of the surface rupture with internally consistent, but distinctly different, 

amounts of slip. This average slip distribution has been then used for comparison with geodetic 

and seismologic models of slip distribution and strong-motion estimates of moment release. 
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Figure 2.3.6. 2002 slip distribution along the Denali and Totschunda faults. Areas of glaciers and the transfer zone 
between the Denali and Totschunda faults are shown in gray. (from Haeussler et al. [2004]) 
 

The 2002 surface rupture on the Denali and Totschunda faults reoccupied pre-existing 

fault scarps (fig. 2.3.7), linear valleys (fig. 2.3.8) and other geomorphic indicators. Large-scale 

right-lateral offsets of moraines and drainages (fig. 2.3.9) on the Denali fault of up to about 180m 

show clearly that coseismic surface faulting occurred at the same location several times in the 

past. The reoccupation of well-developed short/long-term geomorphic features, also in the transfer 

zones between fault sections, shows a self-similar rupture behavior during previous earthquakes. 

 

 
 

Figure 2.3.7. Aerial view of the narrow Denali fault rupture in the Slate Creek area offsetting moraine deposits. (photo 
by D. Schwartz). 
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Figure 2.3.8. Aerial view looking east toward Gillett Pass, tectonic linear valley along the Denali fault rupture. (photo 
by D. Schwartz). 
 

 

 
 

Figure 2.3.9. Aerial view of the 2002 Denali fault trace dislocating drainage system (Photo by D. Schwartz). 
 

2.3.2. The offset of geomorphic markers: the Alpine Fault, New Zealand 

Since, estimation of geological displacement rate provide fundamental input data to 

determine fault activity and, consequently, to assess earthquake hazards, the recognition and 

dating of offset geomorphic markers can be an helpful approach. 
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Figure 2.3.10. Topography of the study region around the southern onshore Alpine fault (derived from NZMS 260 
data) A–H show location of offset features used in Sutherland et al. [2006]. 

 

Sutherland et al. [2006] were able to determine the surface displacement rate based on the 

analysis of offset Quaternary landforms along a 80 km section of the southern end of the onshore 

Alpine fault (fig. 2.3.10). Offset glacial landforms are identified at 12 localities in 9 river valleys 

from stereo aerial photos (fig. 2.3.11). Moraine and till-covered surfaces can be identified by 

hummocky or linear morphology. 1:50,000 digital maps were used to measure offsets of 

landforms. At least three markers were used to determine Alpine fault offset at each locality. Each 

marker had uncertainty in the components of measurement related with the definition of the 

marker and extrapolation of the marker to the fault trace. Where offset hillslopes were used, the 

steepest and least-modified slopes were chosen, and contours were fit with a smooth line through 

regions that have escaped later fluvial or landslide modification. Extrapolation was based upon 

geomorphic interpretation, and correlative markers were assumed to have the same trend at their 

Alpine fault intersection. In some cases, linear markers were identified (e.g., moraine crests at 

Hokuri Creek), but in most cases, offset hillslopes (surfaces) were used. 
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Figure 2.3.11. Locality maps of the Alpine fault at south branch of Hokuri Creek (E), Lake McKerrow (F), Kaipo 
River (G), and John O’Groats River (H). Offset moraines and geomorphic markers are reported. (from Sutherland et 
al., [2006]). 
 

Offset glacial features fall into three groups with offsets of ~430, 1240, and 1850 m. The 

Authors assign age to each offset group by regional correlation since river valleys in the western 

South Island have similar glacial histories. The first offset group (430m) was formed at ca. the end 

of the Last Glacial Maximum, at 17–19 cal. ka, when ice retreated across the Alpine fault and at 

22 ± 2 cal. Ka, the peak of the Last Glacial Maximum. The second offset group (1240m) was 

formed at the end of a major Southern Hemisphere glacial event (58 ± 5 cal. Ka). The third offset 

group (1850m)was formed during the earlier glacial advance (ca. 79 cal. Ka). The mean surface 

displacement rate, from the joint probability, weighted mean, and arithmetic mean of all 

observations, for this section of the Alpine fault is 23.1 mm/yr, with standard error in the range of 

0.7–0.9 mm/yr (fig. 2.3.12). Their surface displacement rate estimate is 3 mm/yr lower and has a 
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confidence interval one-third the size of earlier analyses. The reduction in estimated long-term slip 

rate results in an increase in estimated hazard associated with faulting distributed across the rest of 

the plate boundary. 

 

 
 

Figure 2.3.12. Graph showing age and offset for individual sites with relatives error bars. The constant displacement 
rate line and 95% confidence interval is 23.1 ± 1.7 mm/yr. 
 

2.3.3. The offset of geomorphic markers: The Wellington Fault, New Zealand 

Earthquake recurrence rates and the time of most recent displacement (elapsed time) are 

further fundamental input data to determine fault activity that have been derived by the 

recognition and dating of offset geomorphic markers in a favorable site. 

Van Dissen and Berryman [1996] and Van Dissen et al. [1992] presented data on the 

timing of surface rupture earthquakes in the Wellington region, North Island of New Zealand, 

over the past 1000 years to investigate the temporal relationship of surfaces fault rupture events. 

These data were obtained primary from trenching and geomorphic studies on the active strike-slip 

fault of the region. Well preserved sequence of climatic sequence of Holocene fluvial terraces 

result to be a spectacular geomorphic marker. These flights of fluvial terraces, oriented at high 

angle to a strike-slip fault and displaced by the fault, provided an excellent record of progressive 

offsets of the Wellington fault (fig.2.3.13). 
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Figure 2.3.13. View southeast across the Wellington fault showing displaced fluvial channels and terraces at Te 
Marua. Letters and arrows show offsets of figure 2.3.14. (from Van Dissen and Berryman [1996]; photo by 
D.L.Holmer, Institute of Geological and Nuclear Sciences). 
 

Van Dissen et al. [1992] correlated terrace flights and risers using as guide the height of 

risers between terraces, as permitted by the small dip-slip component of the displacement. The 

offset of formerly continuous risers is measured across the fault for each terrace level. The 

Authors noted that the amount of offset of the risers increases systematically with each older 

terrace, recording lateral movements associated with up to the last five rupture events (fig. 2.3.14). 

The first terrace (T1) above river level is not displaced and must have formed after the latest 

faulting event. Two channels on the T2 terrace are right-laterally offset by about 4 m. The riser 

(R2) to the next terrace (T3) is laterally offset by about 7 m, and probably represent a two-event 

offset. Three earlier events affected the oldest risers R3 and R4, producing ~18 m of dislocation. 

Nearby dating of comparable flight of terraces, by means of tephra stratigraphy, permitted to 
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reconstruct the history of cumulative offset and the slip rates through time of the fault. This study 

provided a constant slip rate of 6.0-7.6 mm/yr [Berryman, 1990] and an average fault rupture 

recurrence interval of 635 years, from the not displaced lowest terrace, date at <250 yr. 

 

 
 
Figure 2.3.14. Perspective drawing of Holocene fluvial channels and terraces displaced by the Wellington fault. (from 
Van Dissen et al. [1992]). 
 

 

2.3.4. Paleoseismological investigations: the San Andreas Fault, California 

Long record of paleo-earthquakes and of their intervals permit to produce a reliable 

earthquake recurrence model for a given fault. Also, a large distribution of the punctual 

paleoseismological investigations are essential to have a long record of paleo-earthquake, that is 

required to model the patterns in which displacement may reoccur on faults and to distinguish 

fault boundaries. 

Weldon et al. [2002 and 2004] investigated the San Andreas Fault at Wrightwood, 

California (fig. 2.3.15), to generate a long series of earthquake intervals and offsets. They have 

conducted paleoseismic investigations, excavating 45 trenches over 18 years, in order to provide 

some answers to basic questions about recurrence behavior of large earthquakes. In order to reveal 

the structure and the stratigraphy of a syn-tectonical flower structure between a main and a 
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secondary fault zone, they excavated thirty-eight trenches and natural exposures. The secondary 

fault zone presents bends that produce both releasing and restraining zones that are also testified 

by the depth of a prominent stratigraphic marker (peat 100, fig 2.3.16), and is responsible for the 

sedimentation pattern across the site. 

 

 
 

Figure 2.3.15. The San Andreas fault (red). The last rupture (1857, bold red line) included 300 km of the 530 km of 
fault southeast of Parkfield. Black bars across the fault are sites with paleoseismic or slip rate data. (from Weldon et 
al. [2004]). 
 

The main trace and the secondary structure disrupt groundwater flow from the tributary 

drainages and produce wet environment. The combination of a high water table, a ridge along the 

main fault zone forming a sediment trap, and rapid sedimentation by debris flows at the distal ends 

of a fan, provide ideal environment for preserving evidence for past earthquakes. The large 

number of excavations show the main fault that approaches the surface in a combination of classic 

transtensive and transpressive flower structures, associated with a fault-parallel pressure ridge (fig. 

2.3.17). 
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Figure 2.3.16. The Wrightwood paleoseismic site is a flake or half-flower structure that was incised and drained by 
Swarthout Creek in the late nineteenth century. The colored map portrays the ground surface at the time of a key 
marker bed at the base of our “Upper Section.” Contours show the reconstructed shape of this surface and colors 
indicate how much the surface has been deformed since 400 A.D. A combination of north-side-up slip across the 
northern trace, transtension across the southwest portion of the southern trace, and transpression across the southeast 
portion of the southern trace creates a closed depression that was continuously and rapidly filled with peat and debris 
flows from Government Canyon (a steep canyon southwest of the mapped area). (from Weldon et al. [2004]). 
 

 
 

Figure 2.3.17. Cartoon of the flake model explaining structures and geomorphology at the Wrightwood site. (A) Slip 
on the San Andreas fault (SAF) grabs or entrains a flake of the alluvial fan. (C) A shutter ridge along the northeast 
side of the fault helps to pond sediment, extends sedimentation to the southeast, and may provide additional traction 
to the flake. Strike and dip symbols represent dip of layers in fan. (from Weldon et al. [2002]). 
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The Authors characterized at least 30 prehistoric earthquakes in a 6000-yr-long record, 

complete for the past 1500 yr and for the interval 3000–1500 B.C. For the past 1500 yr, the mean 

recurrence interval is 105 yr (31–165 yr for individual intervals) and the mean slip is 3.2 m (0.7–7 

m per event). Most of the trenches revealed upper fault terminations, fissures, liquefaction features 

(fig. 2.3.18) and a folding event (fig. 2.3.19). In addition, the facies contact and a coseismic fold 

dug on both fault blocks suggests displacement of 6-10 m, for the past three event. 

 

 
 

Figure 2.3.18. Photos of three earthquakes evidence from (A) Upper and (B) Deep Section at Wrightwood. Red lines 
indicate faults and fissures, black lines mark stratigraphic contacts. (A) A fissure formed during the historic 1812 
A.D. rupture. At this location, debris flow 141 was in place before the event, subsequently capped by unit 143. (B) 
Exposure of two closely timed paleoearthquakes. The older event created the U-shaped fissure in the center of the 
photo during growth of peat 590, which continued to grow after the earthquake on the southwest side of the fissure. 
The younger event is represented by a liquefaction feature, a pipe (left) that broke through layers 592 and older. (from 
Weldon et al. [2004]). 
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Figure 2.3.19. (A) Photomosaic and (B) schematic drawing of oblique reverse faulting on the southeastern edge of the 
trench site. Black layers (A) are peats, and lighter colored units are distal facies of debris flows. In B, red lines are 
faults, black lines are contacts, white and colored areas are related depositional units, and gray are burrows. Units 
colored blue show no evidence of growth relationship to the faulting, whereas progressively deformed wedge-shaped 
sections above the purple unit provide evidence for multiple-slip events on this structure. Evidence in this trench for 
earlier events to the northwest and the most recent events to the southeast suggest progressive migration of 
deformation to the southeast. (from Weldon et al. [2002]). 

 

The recognized earthquake series is slightly more ordered than random and has a notable 

cluster of events, during which strain was released at 3 times the long-term average rate. 

Furthermore, they inferred the extent of paleoearthquake ruptures by correlating event ages 

between different sites along the San Andreas fault (fig. 2.3.20). Wrightwood and other nearby 

sites experience rupture that could be attributed to overlap of relatively independent segments that 

each behave in a more regular manner. However, the data are equally consistent with a model in 

which the irregular behavior seen at Wrightwood typifies the entire southern San Andreas fault. 
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Figure 2.3.20. Two possible rupture sequences on the southern San Andreas fault. Vertical colored bars are ranges in 
age for earthquakes at the sites listed at the lower margin and horizontal bars are rupture lengths. Open boxes 
represent multiple event age ranges; the individual event ages are unknown. Grey shading indicates regions and times 
with no data. (A) In this model, the data are interpreted in terms of north and south ruptures with substantial overlap 
and the 1812 event is anomalous. (B) A random distribution of event timing and rupture lengths also appears to fit the 
data, suggesting the variability seen in the central part could be characteristic of the fault. Site abbreviations: PK—
Parkfield; LY—Las Yeguas; CP—Carrizo Plain; FM—Frasier Mountain; 3P—Three Points; LR—Littlerock; PC—
Pallett Creek; WW—Wrightwood; CC—Cajon Creek; PT—Pitman Canyon; PL—Plunge Creek; BF—Burro Flats; 
TP—Thousand Palms Oasis; IO—Indio; SC—Salt Creek. (from Weldon et al. [2004]). 
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