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In this paper we present GPS observations of crustal deformation in the Africa-Arabia-Eurasia zone of 

plate interaction, and use these observations to constrain broad-scale tectonic processes within the collision 

zone of the Arabian and Eurasian plates. Within this plate tectonics context, we examine deformation of the 

Caucasus system (Lesser and Greater Caucasus and intervening Caucasian Isthmus) and show that most crus-

tal shortening in the collision zone is accommodated by the Greater Caucasus Fold-and-Thrust Belt (GCFTB) 

along the southern edge of the Greater Caucasus Mountains. The eastern GCFTB appears to bifurcate west of 

Baku, with one branch following the accurate geometry of the Greater Caucasus, turning towards the south 

and traversing the Neftchala Peninsula. A second branch (or branches) may extend directly into the Caspian 

Sea south of Baku, likely connecting to the Central Caspian Seismic Zone (CCSZ). We model deformation in 

terms of a locked thrust fault that coincides in general with the main surface trace of the GCFTB. We consid-

er two end-member models, each of which tests the likelihood of one or other of the branches being the dom-

inant cause of observed deformation. Our models indicate that strain is actively accumulating on the fault 

along the ~200 km segment of the fault west of Baku (approximately between longitudes 47-49°E). Parts of 

this segment of the fault broke in major earthquakes historically (1191, 1859, 1902) suggesting that signifi-

cant future earthquakes (M~6-7) are likely on the central and western segment of the fault. We observe a sim-

ilar deformation pattern across the eastern end of the GCFTB along a profile crossing the Kur Depression and 

Greater Caucasus Mountains in the vicinity of Baku. Along this eastern segment, a branch of the fault chang-

es from a NW-SE striking thrust to an ~ N-S oriented strike-slip fault (or in multiple splays). The similar de-

formation pattern along the eastern and central GCFTB segments raises the possibility that major earthquakes 

may also occur in eastern Azerbaijan. However, the eastern segment of the GCFTB has no record of large his-

toric earthquakes, and is characterized by thick, highly saturated and over-pressured sediments within the Kur 

Depression and adjacent Caspian Basin that may inhibit elastic strain accumulation in favour of fault creep, 

and/or distributed faulting and folding. Thus, while our analyses suggest that large earthquakes are likely in 

central and western Azerbaijan, it is still uncertain whether significant earthquakes are also likely along the 

eastern segment, and on which structure. Ongoing and future focused studies of active deformation promise 

to shed further light on the tectonics and earthquake hazards in this highly populated and developed part of 

Azerbaijan. 

 
Introduction and Background 

 

The Geology and Geophysics Institute of 

the Azerbaijan National Academy of Sciences 

and the Department of Earth, Atmospheric, and 

Planetary Sciences at Massachusetts Institute of 

Technology have been using the Global Position-

ing System (GPS) to monitor crustal deformation 

in the territory of Azerbaijan since 1998 (Kadirov 

et al., 2008). These studies, coordinated and inte-

grated with GPS studies in neighboring parts of 

the Arabia-Eurasia collision zone, provide new 

constraints on the fundamental geodynamic pro-

cesses that are actively deforming the collision 

zone (e.g. Reilinger et al., 2006; Kadirov et al., 

2012; Forte et al., 2012). These geodynamic pro-

cesses produced and maintain the high elevation 

of the Turkish-Iranian Plateau (Figure 1) and are 

the cause of the volcanic and earthquake activity 

that characterize this region.  

The question of earthquake hazards has 

played a central role in our research because of the 

increasing vulnerability of the growing population 

and rapid infrastructure development in Azerbai-

jan, particularly in the Baku-Absheron region. 

Azerbaijan has suffered earthquakes historically, 
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including highly destructive earthquakes in 1191, 

1859 and 1902 in the Shamakhi region. The 1191 

and 1859 earthquakes devastated the then capital 

city of Shirvan, instigating a relocation of the capi-

tal to its present location in Baku (Mushketov, Or-

lov, 1893; Kondorskaya, Shebalin, 1982). Our 

GPS studies are part of the Geology and Geophys-

ics Institute’s mission that includes understanding 

the hazards associated with earthquakes: where 

they are most likely to occur, their expected maxi-

mum magnitude, and their likelihood of occurrence. 

This information is necessary in order to take ap-

propriate preparedness and mitigation measures to 

reduce the risk to the population and infrastructure, 

including the vulnerable facilities associated with 

the petroleum industry that are critical to the econ-

omy of Azerbaijan. 

In this paper we use GPS observations to 

constrain Arabia-Eurasia relative plate motions, and 

the character of inter-plate deformations in the Ara-

bia-Eurasia collision zone. Within this broader con-

text, we focus on earthquake hazards in the Azer-

baijan Caucasus and SW Caspian Basin. 

 

Tectonic setting of the Caucasus Mountains 

 

In the broadest context, the Lesser and Greater 

Caucasus Mountains lie within the zone of plate in-

teraction where the African and Arabian plates are 

actively converging with the Eurasian Plate (Figure 

1). McKenzie et al. (1970), McKenzie (1970, 1972), 

and Jackson and McKenzie (1984, 1988) provided a 

plate tectonic description of the region, recognizing 

active continental collision in eastern Turkey, the 

Caucasus, and the Zagros; lateral transport of Anato-

lia (Turkey) towards the west; subduction of African 

oceanic lithosphere (i.e., Neotethys) along the Hel-

lenic and Cyprus trenches; N-S extension in the Ae-

gean and western Turkey; and ocean rifting along the 

Red Sea and Gulf of Aden. Convergence of Arabia 

and Africa with Eurasia has been occurring for > 100 

Ma as the intervening Neotethys Ocean lithosphere 

has been subducting beneath Eurasia. While ocean 

subduction continues at present along the Hellenic 

and Cyprus trenches, complete ocean closure north 

of the Arabian plate occurred ~27 Ma (e.g., McQuar-

rie, van Hindsbergan, 2013). 

  

 

 
 

 

Figure 1. Tectonic overview of the Arabia-Eurasia Collision Zone. Yellow dots are earthquakes from the EHB cat-

alogue (Engdahl et al., 1998) and updates thereof to 2008, plus ISC locations from 2009 onwards. Major plate 

boundaries are from Bird (2003) 
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Subsequent seismological, geophysical and 

geological studies added important refinements to 

this plate tectonic characterization, including the 

westward “extrusion” of Anatolia accommodated 

by the North and East Anatolian faults (Sengor et 

al., 1985), partitioning of crustal deformation in the 

eastern Turkey/Caucasus continental collision zone 

(Jackson, 1992; Allen et al., 2004; Copley and Jack-

son, 2006), the influence of slab detachment on up-

lift and volcanism of the Turkish Iranian Plateau 

(e.g., Sengor et al., 2004; Barazangi et al., 2006), 

and early subduction of the S Caspian oceanic basin 

beneath the N Caspian Eurasian continental litho-

sphere along the central Caspian Seismic Zone (e.g., 

Jackson et al., 2002). 

The Greater Caucasus Mountains are thought 

to have formed by tectonic inversion of a former 

back-arc ocean that opened during north-dipping 

subduction of the Neotethys (e.g. Zonenshain and 

Le Pichon, 1986; Forte et al., 2012), where the east-

ern Black Sea, Kur Depression in Azerbaijan and 

southern Caspian Sea are the remaining remnants of 

the back-arc basin. Both the timing and spatial evo-

lution of shortening and exhumation remain uncer-

tain with preferred estimates of the timing being 

Late Miocene to Early Pliocene (e.g. Kopp and 

Shcherba, 1985; Philip et al., 1989; Vincent et al., 

2007). Total shortening across the Greater Caucasus 

is also uncertain with estimates ranging from 150-

400 km (e.g., McQuarrie and van Hindbergen, 

2013), and an increase in total shortening from west 

to east (e.g., Král and Gurbanov, 1996; Avdeev, 

Niemi, 2008; Forte et al., 2012). 

 

Global Positioning System  

 

During the past ~20 years, the active tectonics 

of the Africa-Arabia-Eurasia plate system have been 

measured directly by geodetic observations, most 

importantly the Global Positioning System (GPS) 

(Hager et al., 1991; Dixon, 1991). GPS consists of a 

system of 32 satellites 20000 km above the earth’s 

surface that complete 2 orbits of the earth each 24 hrs 

(http://tycho.usno.navy.mil/gpscurr.html). The satel-

lites are operated by the US Department of Defence in 

cooperation with the Interagency GPS Executive 

Board. Other Global Navigation Satellite Systems 

(GNSS) have been developed by Russia (GLONASS), 

a European consortium (Galileo), Japan (QZSS), 

and China (Beidou), but these systems are not used 

in the results we report.  

There are three components to using the GPS 

system for precise positioning, the satellite constel-

lation, a global network of GPS tracking stations 

(Mueller, Beutler, 1992), and data processing in-

volving applying physical models and parameter 

estimation. Most important for this chapter, posi-

tions are determined with an accuracy of ~2 mm in 

horizontal coordinates and 3-10 mm in heights by 

recording data over a 24-hour period. These preci-

sions are possible because of highly accurate timing 

provided by atomic clocks on the GPS satellites, 

precise orbital positions for the satellites provided 

by the International GNSS Service (http://igs.org/) 

(determined from the global network of observing 

stations) and processing software that uses ad-

vanced mathematical models to account for the 

Earth’s rotation, solid-Earth and ocean tides, and 

the ionospheric and atmospheric delays of the GPS 

signal, among other factors that influence position 

estimates (e.g. Herring et al., 2010). 

 

Estimating surface motions from  

GPS observations 

 

The GPS measurements presented in this 

chapter include recording stations (cGPS) that re-

main in place indefinitely (Figure 2A), and survey-

mode (sGPS) observations where the GPS antenna is 

positioned temporarily over a survey marker (Figure 

2B). By repeating these GPS measurements episodi-

cally, we are able to estimate how the position has 

changed during the observation period. cGPS obser-

vations allow estimation of position on a daily basis, 

or more frequently. However, reliable estimates of 

long-term, secular site velocities require a minimum 

of 2.5 years of observations even for continuously 

recording stations because annual and semi-annual 

systematic errors can bias estimates of steady state 

motion (Blewitt, Lavellee, 2002).  

While the precision of our site velocities var-

ies with observation period, the GPS horizontal ve-

locities we determine using the GAMIT-GLOBK 

processing software (Herring et al., 2010) have 

1-sigma uncertainties in the range of 0.2-0.9 mm/yr, 

with most sites <0.5 mm/yr. Because deformation 

rates across the Greater Caucasus Mountains vary 

from 2-14 mm/yr from northwest to southeast, these 

precisions allow us to investigate details of the 

mountain building processes and associated earth-

quake hazards.  

Velocity estimates are determined in a global 

reference frame; that is, with respect to the global 

network of tracking stations. The reference frame is 

determined and maintained (updated) by the Inter-

national Terrestrial Reference Frame (ITRF) Ser-



F.A.Kadirov, M.Floyd, R.Reilinger, Ak.A.Alizadeh, I.S.Guliyev, S.G.Mammadov, R.T.Safarov 

XƏBƏRLƏR  YER ELMLƏRİ ■ ИЗВЕСТИЯ  НАУКИ О ЗЕМЛЕ ■ PROCEEDINGS  THE SCIENCES OF EARTH 

6 

vice (Altamimi et al., 2007) using well-positioned 

stations, with a long history of well-behaved obser-

vations, located around the globe and accounting for 

motions of the Earth’s tectonic plates. We deter-

mine site velocities within the ITRF (2008), but we 

present them in a reference frame fixed to the Eura-

sian Plate. It is important to bear in mind that the 

relative motion between measurement sites (i.e., 

deformation or strain rate) is invariant to changes in 

reference frame. 

 

 
 

 
 

Figure 2. A – GPS continuously recording station located in Sheki, Azerbaijan. B – GPS survey site in the 

Greater Caucasus. The antenna is precisely located above the mark that is cemented into the bedrock 
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Present-day Arabia-Eurasia continental 

collision 

 

Figure 3 shows the velocities of GPS sites in 

the zone of interaction of the African, Arabian, and 

Eurasian plates (Reilinger et al., 2006 and updates 

thereof for sites in Azerbaijan). Virtually all major 

active tectonic processes are well resolved and 

quantified by the GPS observations, including the 

northward motion and counter clockwise (CCW) 

rotation of the Arabian Plate and active opening of 

the Red Sea (e.g. ArRajehi et al., 2010), crustal 

shortening of the Zagros fold and thrust zone in Iran 

(e.g., Djamour et al., 2010), the CCW rotation of 

the Turkish region accommodated by the North An-

atolian Fault (McClusky et al., 2000; Reilinger et 

al., 2006), northwest motion of the African Plate 

with respect to Eurasia (McClusky et al., 2003), and 

the change from NNW motion of Arabia to NNE 

motion of the Caucasus system (Reilinger et al., 

2006; Vernant and Chery, 2006).  

Reilinger et al. (2006) used the GPS velocity 

field to estimate how AR-EU convergence is parti-

tioned between lateral “extrusion” of crustal blocks 

and crustal shortening. They found that a large ma-

jority (~70%) of the convergence is accommodated 

by lateral transport and ~15% by shortening along 

the GCFTB, with the remainder being accommo-

dated by other structures or distributed strain. The 

only slightly thickened crust in the Lesser Cauca-

sus-E Turkey Plateau (Gok et al., 2003; Barazangi 

et al., 2006), in spite of 150-400 km of continental 

convergence (McQuarrie, van Hindbergen, 2013), 

indicates that the geodetic results reflect long-

term, tectonic deformation processes in the colli-

sion zone (i.e., if not for lateral transport, the crust 

would be expected to be much thicker). The utility 

of geodetic studies for constraining long-term geo-

dynamic processes finds further support from 

comparison between present-day, geodetically de-

rived Arabia-Eurasia convergence rates and long-

er-term plate convergence rates derived from plate 

tectonic reconstructions (e.g., McQuarrie et al., 

2003) that indicate that these plate motions have 

been remarkably constant (±10-15%) since the on-

set of continental collision in the Early Miocene 

(e.g., ArRajehi et al., 2010). 

 

 

 
 

Figure 3. GPS velocities and 95% confidence ellipses with respect to Eurasia (according to Altamimi et al., 2012) 

within the Eastern Mediterranean from Reilinger et al. (2006), with updated velocities in Azerbaijan for the period 

1994.0-2013.5. Major plate boundaries are from Bird (2003), as in Figure 1 
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Deformation of the Greater and Lesser 

Caucasus 
 

Figure 4 shows a close-up of the GPS velocity 

field around the Greater and Lesser Caucasus, 

providing a quantitative basis to estimate the loca-

tions and slip rates and directions on the major struc-

tures that accommodate deformation. As is clear 

from Figure 4, the main shortening in the Arabia-

Eurasia collision zone occurs along the southern 

boundary of the Greater Caucasus near the seismical-

ly active Greater Caucasus Fold-and-Thrust Belt 

(GCFTB). This is well illustrated in the series of ve-

locity profiles in Figure 5, which show the rate of 

motion versus distance along profiles parallel to (5A) 

and traversing (5B-E) the Caucasus system (profile 

locations on Figure 4). Figure 5A shows the compo-

nent of velocity perpendicular to the direction of the 

profile; Figures 5B-E show the component along the 

direction of the profile (i.e. shortening or lengthen-

ing).The plot in Figure 5A for the profile aligned 

along strike of the Greater Caucasus demonstrates 

the progressive increase in convergence rate with 

Eurasia from west to east, from 1-2 mm/yr near the 

eastern end of the Black Sea, to 13-14 mm/yr south 

of Baku, Azerbaijan. The absence of any consistent 

change in rates in the direction of the profile travers-

ing the Lesser Caucasus (i.e., Figures 5B, 5D and 5E) 

constrains active shortening in the Lesser Caucasus 

to < 2 mm/yr. These observations, and the low level 

of significant seismicity in the Lesser Caucasus (Fig-

ure 1; the M6.8, 1988, Spitak, Armenia Earthquake 

being a notable exception), suggest that, within the 

resolution of our GPS observations, the Lesser Cau-

casus behaves like a coherent block rotating in a 

counter clockwise sense with respect to Eurasia, 

around a pole near the eastern end of the Black Sea 

(e.g. Lawrence, 2003; Reilinger et al., 2006; Copley, 

Jackson, 2006). Rotation may be related to the clo-

sure of an inter-continental back-arc basin separating 

the Lesser and Greater Caucasus with the Caucasian 

Isthmus (Kur Depression in Azerbaijan) being the 

last remnants currently undergoing the final stages of 

subduction/closure (e.g., Cowgill et al., 2012). 

 

Geometry of the eastern GCFTB 
 

The nature of the eastern GCFTB remains an 

outstanding question in Caucasus tectonics with 

implications for earthquake hazards in the greater 

Baku region (Kadirov et al., 2012). Specifically, the 

physical connection (i.e., faults or zones of defor-

mation) connecting the GCFTB and the Central 

Caspian Seismic Zone (CCSZ) (Figure 1) remains 

uncertain. While both structures accommodate con-

vergence with Eurasia, along the CCSZ it is mani-

fest in moderately deep (~40 km) earthquakes with 

focal mechanisms indicative of deformation within 

the subducting plate rather than on the plate inter-

face (Jackson et al., 2002), while the GCFTB has 

broken historically in shallow (~15-20 km) conti-

nental thrust events (e.g., Triep et al., 1995). It is 

possible that this differences due to differences in 

the nature of the crust and lithosphere (i.e., rheo-

logy) at the junction of the GCFTB and CCSZ, con-

tinental for the Kur Depression and oceanic (with 

very thick and consolidated sediments) in the S 

Caspian Basin (Knapp et al., 2004, Kadirov, Gadi-

rov, 2014). It is also possible, perhaps likely, that 

the different modes of accommodating shortening at 

the plate interface reflect different dynamics, sub-

duction in the CCSZ and continental collision along 

the GCFTB (e.g., Reilinger et al., 2006;Vernant, 

Chery, 2006; Copley, Jackson, 2006).  

New GPS observations on the Absheron and 

Neftchala peninsulas, and on the southern edge of the 

Caspian Basin in Iran make it clear that a branch (or 

multiple branches) of the GCFTB follows the curved 

topographic break between the Kur Depression and 

Greater Caucasus/Absheron Peninsula, having a SSE 

orientation south of Baku (Figures 4 and 6b). Struc-

tures accommodating deformation may merge off-

shore with the thick, folded sediments south of the 

Absheron Peninsula. This offshore geometry is sup-

ported by GPS velocities in the SW corner of the 

Caspian Basin in Iran (Djamour et al., 2010) that in-

dicate northerly motion with rates similar to those in 

the adjacent Lesser Caucasus to the west. 

On the other hand, the set of velocity vectors 

from ~ 50 km SW of Baku (SHIK) to the eastern 

end of the Absheron Peninsula (GURK) indicate 

shortening at ~6 mm/yr perpendicular to the eas-

ternmost Caucasus (Figure 6a). We interpret these 

GPS observations to imply that crustal shortening 

accommodated by the GCFTB is partitioned be-

tween NE-SW shortening across the Absheron Pe-

ninsula and right-lateral, transpressive deformation 

S of Baku that joins the system of folded sediments 

in the SW Caspian Basin (Figure 4, 6a and 6b). 

 

Implications for earthquake hazards  

in Azerbaijan 

 

Earthquake hazard analysis includes esti-

mating the most likely locations, magnitudes, and 

time of future earthquakes. We emphasize that it is 
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not possible at present to determine these parame-

ters precisely (e.g., Jordon, 2014). However, with 

auxiliary information from geology (paleoseismo-

logy, geomorphology; e.g., Forte et al., 2012), and 

seismology (instrumental and historic; e.g., Ambra-

seys, Melville, 1982; Philip et al., 2001; Jackson et 

al., 2002), it is possible to make estimates of loca-

tion and, to a lesser extent, magnitude and time of 

anticipated events. 

Our approach involves identifying zones 

of rapid, spatially systematic changes in site veloc-

ities that we observe occur almost exclusively 

across known faults (e.g., McClusky et al., 2000; 

Vernant et al., 2014). To the extent that the velo-

city changes across the faults are due to strain ac-

cumulation, the velocity field provides direct evi-

dence for the likely locations of future earth-

quakes. Some caution is needed since earthquakes 

are known to occur in areas of very low strain 

rates, including the 1988 Spitak, Armenia earth-

quake. While it is difficult to quantify hazards in 

such cases, we expect very long repeat times for 

similar earthquakes (e.g., Westaway, 1990), mak-

ing their occurrence less likely than earthquakes on 

faults that are rapidly accumulating strain. 

 

 

 

 
 

Figure 4. GPS velocities and 95% confidence ellipses w.r.t. (with respect to) Eurasia for the eastern AR-EU collision 

zone. Orange star shows 1902, M6.9 Shamakha earthquake epicenter. Yellow triangles represent mud volcanoes. Veloci-

ty profiles A-E are shown in Figure 5. Their origins are marked by black dots which, for profiles B-E, coincide approxi-

mately with the surface expression of the GCFTB 
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Figure 5. Plots of transverse (A) and parallel (B-E) components of velocities versus distance along the profiles 

shown in Figure 4. Red curves are velocity profiles from the model shown in Figure 6a, blue curves are velocity pro-

files from the model shown in Figure 6b (see main text for descriptions). The approximate location of the surface 

trace of the GCFTB is shown by the vertical line at the origin (see black dots in Figure 4). Note different scales 

 
The magnitude of an earthquake is directly 

related to the total earthquake offset (co-seismic 

fault slip) and the surface area of the fault break 

(Aki, Richards, 2002; Wells, Coppersmith, 1994). 

Some idea of the possible size of pending earth-

quakes can be garnered from the historic earthquake 

record, and/or geological observations of surface 

faults (e.g., Weldon et al., 2004). With an estimate 

of the expected magnitude of an anticipated earth-

quake, we can use the time since the prior event, 

and the rate of offset accumulation across the fault 

to estimate the time until the next earthquake (i.e., 

when the offset accumulation equals the observed 

co-seismic offset in prior earthquakes). 

This simple approach assumes (1) rate differ-

ences across the fault are due entirely to strain accu-

mulation for the full time period since the prior 

earthquake and not permanent deformation or a-

seismic slip on the fault (i.e., the fault is fully cou-

pled or locked, and the crust adjacent to the fault is 

not deforming an elastically); (2) the GPS-

determined rate of strain accumulation is constant 

throughout the period since the prior earthquake; and 

(3) the fault will fail in an earthquake of similar 

magnitude to the prior event(s) (i.e., “characteristic 

earthquake” model; Swartz and Coppersmith, 1984). 

Each of these assumptions requires considera-

tion for each individual fault being analyzed (e.g., 

WGCEP, 2007). Some faults are known to fail 

aseismically via fault creep up to the surface, either 

in steady-state or by episodic creep events. Sections 

of the San Andreas and North Anatolian strike-slip 

faults are well-studied examples (e.g., Lyons, Sand-

well, 2003; Cetin et al., 2014). In fact, below depths 

of a few 10s of km (i.e., fault locking depths), faults 

of all types accommodate relative motion aseismical-

ly (we exclude discussion of deep earthquakes in the 

subducting lithosphere). However, we are not aware 

of evidence for shallow, aseismic slip on continental 

thrust faults such as those within the GCFTB (e.g., 

Bird, Kagan, 2004).On the other hand, the eastern-

most segment of the GCFTB may curve to the south 

taking on a predominantly strike-slip geometry (Fig-

ure 6b). To our knowledge, this segment, located 

south of Baku, has not experienced strike-slip earth-

quakes during the instrumental period (Jackson et al., 

2002). However, whether this segment is creeping 

aseismically or accumulating strain without generat-

ing seismicity (the case for the southern San Andreas 

Fault; Bennett et al., 1996; Fialko, 2006) remains 

conjectural. 

GPS observations can help address the nature 

of fault coupling since the spatial pattern of defor-

mation adjacent to a fault has a characteristic strain 

pattern for a locked fault (e.g., Okada, 1985), and a 

step-function offset for a freely slipping fault; di-

rectly identifiable “end member” cases. Further-

more, the gradient of the velocity near the fault is 

directly related to the fault locking depth (i.e., be-

low this depth the fault creeps aseismically). Be-

sides directly identifying locked fault segments (i.e., 

those capable of generating earthquakes), constrain-

ing the locking depth is important for estimating 

fault area, and thus anticipated earthquake magni-

tude (e.g., Aki, Richards, 2002). 

Because the time between moderate to large 

earthquakes is long compared to the length of time 

precise fault monitoring observations have been 
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made (beginning in the 1970s with ground-based 

observations; e.g. Prescott, Savage, 1976), it isn’t 

possible to directly determine the extent to which 

the rate and spatial geometry of strain accumulation 

remains constant through the period between earth-

quakes. While long-term slip rates estimated from 

offset features and topography agree well (±10%) 

with present-day GPS slip rates (e.g. Reilinger et 

al., 2006), rates of strain accumulation on faults are 

known to vary between earthquakes. An important, 

well observed case is the period of rapid surface 

deformation that occurs following earthquakes 

(postseismic period) (e.g. Nur, Mavko, 1974). Post-

seismic deformation is thought to be due in part to 

slip on the fault below the seismogenic depth (at 

temperatures and pressures where the crust no lon-

ger behaves elastically) as it responds to the instan-

taneous stress transferred by the earthquake (e.g., 

Pollitz, 1992). As the lower aseismic part of the 

fault relaxes the coseismic induced stress, it reloads 

the shallow, seismic segments. This mechanism can 

either drive after slip on the fault (in essence adding 

to the total coseismic slip, i.e. total earthquake slip 

prior to re-locking) or reload the fault, thereby ad-

vancing the fault in time towards the next earth-

quake. Available evidence indicates that all fault 

types experience postseismic deformation of some 

kind that impacts the nature of strain accumulation 

on the earthquake fault. 

For the few earthquakes studied in some de-

tail, the postseismic period of rapid strain accumula-

tion or release is short relative to the time between 

earthquakes (< 5%) (e.g., Lyzenga et al., 2000; Pod-

gorski et al., 2007; Ergintav et al., 2009) and any in-

crease in strain accumulation is to some extent offset 

by after slip (i.e. after slip releases strain and stress). 

Although insufficient case studies are available to 

determine the degree to which postseismic effects 

bias estimates of earthquake repeat times quantita-

tively, for the most part we assume this uncertainty is 

small compared to uncertainties due to deviations 

from the characteristic earthquake model. 

The assumption that faults fail in “characteris-

tic earthquakes” is the most critical and the most un-

certain assumption necessary for any earthquake 

forecast (WGCEP, 2007). Again we are hampered by 

the long time between earthquakes compared to the 

instrumental and historic records. Paleoseismic ob-

servations help fill this deficit, but the information on 

prior earthquakes becomes less precise with age. 

From the scant constraints we have, it is clear that 

even for faults that adhere to the characteristic earth-

quake model in a general way, appearing to behave 

quasi-periodically as evidenced by long historic rec-

ords, variations in repeat times are high, introducing 

large uncertainties in timing and magnitude estimates 

(e.g., Weldon et al., 2004). In spite of this variability, 

repeating patterns have been reported when suffi-

ciently long histories are available (e.g., Ambraseys, 

2002; Zoller et al., 2007; Meghraoui et al., 2012), 

and the notion that quasi-steady strain build up (as 

evidenced by geodetic observations) will “periodical-

ly” overcome fault friction and lead to an earthquake 

is physically appealing. 

Because of these outstanding uncertainties, 

rather than making estimates of future earthquake 

occurrences, we present general hypotheses that we 

hope will help focus ongoing studies to constrain 

better active geodynamic processes, present-day 

fault behavior (locked vs. creeping), and paleoseis-

mic and historic earthquake studies, all of which are 

needed to reduce forecast uncertainties. Further-

more, our identification of faults that are potentially 

accumulating strain in Azerbaijan contributes to the 

development of earthquake scenarios for estimating 

seismic ground motion, and focusing earthquake 

preparations and responses (e.g., Jones et al., 2008). 

 

Deformation and possible strain accumula-

tion along the Main Caucasus thrust fault 
 

In Figures 5B, 5C and5D we compare the re-

sults of simple, elastic models of strain accumulation 

for the wide profiles crossing eastern and west-

central Azerbaijan (Figure 4). We consider two mod-

els; the surface outcrop of both are shown in Figures 

6a and 6b, and model parameters (fault locking depth 

and dip) are given in the caption for Figure 6. Both 

models include thrusting along the segment of the 

GCFTB west of the Absheron Peninsula, where the 

fault dips northward at 30°. Model A has this same 

fault geometry extending to the east, south of Baku 

and connecting with the Central Caspian Seismic 

Zone. Model B has the modeled fault following the 

topographic break of the GCFTB west of Baku, turn-

ing to the south and extending through the Neftchala 

Peninsula. In this latter model, the fault dip gradually 

increases with the change in strike to become vertical 

along the Neftchala Peninsula. The models show the 

deformation predicted by a fault that is locked to a 

certain depth and freely slipping below that depth 

following the formulation of Okada (1985). Figure 6 

shows the residual (observed minus estimated) GPS 

velocities for each model. 

Profile D crosses the GCFTB approximately 

70 km WNW of the 1902, M6.9, Shamakha Earth-
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quake epicenter. For perspective, a M6.9 thrust earth-

quake is expected to have a surface rupture length of 

~40-70km (Wells and Coppersmith, 1994). The 

model results for the profile shown in Figure 5D are 

almost identical for the 2 models considered; both 

models involve thrust faulting on a 30°dipping fault 

that is roughly coincident with the GCFTB in west-

central Azerbaijan (Figure 6). The width of the zone 

of shortening is consistent with a fault locked to a 

depth of at least12 km (measured vertically from the 

surface) accumulating offset deficit at a rate of 10-12 

mm/yr (i.e., offset deficit is the missing slip on the 

fault that is expected to be released in an earthquake). 

Figure 5C shows the shorter and sparser pro-

file crossing the GCFTB at the location of the 1902 

Shamakha Earthquake (Figure 4). The Shamakha 

region experienced earlier, devastating earthquakes 

in 1191, and 1859. As mentioned earlier, these 

events were so severe that they instigated the popu-

lation to move the Azerbaijan capital from Shirvan 

to the present location of Baku. The total amplitude 

(~ 11 mm/yr) and distribution of shortening (~ 70-

100 km) along this short profile that crosses a seg-

ment of the fault system known to generate M~7 

earthquakes, is very similar to that for Profile D. In 

addition, the overall kinematics and morphology of 

the GCFTB is generally similar along this segment 

of the range. However, this is approximately the 

location at which the major GCFTB begins to bifur-

cate into several potentially active structures. The 

relatively sparse GPS data along Profile C makes 

these end-member structures, as previously de-

scribed and shown by the red and blue curves, indis-

tinguishable. Nevertheless, these observations sug-

gest that the entire GCFTB in Azerbaijan west of 

the Shamakha earthquake region is likely to experi-

ence earthquakes in the future, possibly similar to 

the historic events near Shamakha. 

Profile B (Figure 5b) crosses the Kur Depres-

sion, eastern Greater Caucasus, and Absheron Penin-

sula near Baku (Figure 4). As described earlier, the 

new GPS observations presented here reveal that the 

trend and complexity of the eastern most GCFTB 

near Baku aid us in placing physical constraints on 

potentially active structures in an area that remains 

poorly understood. However, large misfits to both 

models confirm that there is likely to be deformation 

accommodated both on structures that continue east 

into the Central Caspian Sea and others that strike 

southward towards the Neftchala Peninsula. Figures 

5B and 6 show that neither end-member model alone 

satisfactorily explain the observations. Neither model 

is significantly better than the other: the weighted 

root-mean-square (WRMS) residual to the model 

shown in Figure 6a is 2.04 mm/yr and the WRMS for 

the  model shown in Figure 6b  is 1.96 mm/yr, which  

 

 

 

 
Figure 6. Map showing GPS residual velocities for the two fault models: (a) with continuation of the GCFTB eastwards 

towards the CCSZ, and (b) with change in strike of the GCFTB southwards along the west coast of the Caspian Sea. The 

common fault (west of 49.5°E) is a thrust fault dipping north at 30°. In (a), the continuation of the GCTFB is also mod-

eled as a thrust fault dipping north at 30°; in (b) the southward change in strike of the fault is accompanied by a gradual 

change in dip such that the fault is vertical along the Neftchala Peninsula. All segments of the faults are locked to 12 km 

depth. Model fault slip rates shown along the fault traces, where the upper number is the strike-slip rate (positive is right-

lateral) and the lower number in italics is the dip-slip rate (positive is extension) in mm/yr 
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is not a statistically significant difference. We do not 

consider complex models that include multiple 

branches of the GCFTB here since we have insuffi-

cient density of data and lack constraints on motion 

of the S Caspian Basin southeast of the Absheron 

Peninsula. We emphasize that these are highly ideal-

ized models that do not include variations in elastic 

properties of the crust, or complexities in the geome-

try of the eastern GCFTB. More realistic models will 

require better geodetic constraints on the spatial dis-

tribution of motions around the eastern segment. 

As indicated in Figures 5 and 6, both these 

models do provide a good fit to the observed veloci-

ties in western Azerbaijan, the Kur Depression, and 

near Baku and the Absheron region. This gives us 

confidence about the magnitude of convergent strain 

rate that must be accommodated by some active 

structure or structures as we move from western 

Azerbaijan (convergence at ~ 8 mm/yr) to east (con-

vergence at ~ 12–13 mm/yr). However, significant 

residual velocities in either one direction or the other 

exist in the area immediately south-west of the Ab-

sheron Peninsula along the coast of the Caspian Sea 

(Figure 6a compared to Figure 6b) indicating that the 

exact location and nature of these structures require 

further investigation. It is likely that a combination of 

the two modeled faults, possibly along with some 

other hybrid of intervening structures, is responsible 

for the observed deformation in this area. 

In addition to its arcuate shape and the transi-

tion from a shallow dipping thrust fault in the west to 

a steeply dipping strike-slip fault south of Baku, the 

easternmost segment of the GCFTB is different in a 

number of ways from the central thrust segment. For 

example, the sedimentary section in the southern 

Caspian Sea south of the Absheron Peninsula reaches 

thicknesses of > 15 km, roughly twice the thickness 

of that in the eastern Kur Basin. The Caspian Basin is 

underlain by ocean crust as opposed to the continen-

tal crust below the Lesser Caucasus and Kur depres-

sion (e.g., Neprochnov, 1968; Kadinsky-Cade et al., 

1981; Jackson et al., 2002). Furthermore, the ubiqui-

tous nature of mud volcanoes in the E Kur Depres-

sion (Aliyev et al., 2009) attests to the importance of 

hydrothermal processes in the crust not present along 

the GCFTB to the west. How these differences may 

affect seismogenic structures and earthquake activity 

is presently unknown.  

In spite of these uncertainties, the pattern of 

deformation across the E branch of the GCFTB 

(Figure 5B) is very similar to that across the central 

fault segment (Figures 5C and 5D) that is known to 

generate significant earthquakes. In addition, the 

discrepancies between the model fits for our two 

end-member models (Figures 5B and 6) appear to 

“bracket” the observations SW of Baku, suggesting 

that a hybrid-model for strain accumulation is more 

representative of the actual fault configuration; in 

this sense, the GPS observations are at least con-

sistent with active strain accumulation. On the other 

hand, the broad distribution of shortening (Figure 

5B) may be due to distributed, aseismic deformation 

associated with multiple, creeping fault branches, 

rather than strain accumulation on specific, major 

faults. Aseismic deformation within the thick, wa-

ter-saturated sediments of the E Kur Depression 

seems plausible. We caution however, that the 

2011, M9, Fukushima, Japan Earthquake unexpect-

edly ruptured through the thick, partially consoli-

dated sediments offshore of Japan, producing a sub-

stantially larger earthquake than was estimated for 

the fault, and the accompanying destructive tsunami 

(e.g., Lay et al., 2011).  

 

Conclusions 

 

Azerbaijan has experienced large (M~7) and 

highly destructive earthquakes in the past and al-

most certainly will suffer earthquakes in the future. 

The geodetic observations presented in this chapter 

demonstrate that strain is accumulating on the 200 

km long segment of the Greater Caucasus Fold-and-

Thrust Belt from the Shamakha region (~70 km 

west of Baku) to the Azerbaijan-Georgian border. 

Based on the historic earthquake record (destructive 

earthquakes in 1191, 1859, and 1902) and the geo-

detic evidence we present for active strain accumu-

lation, M7 thrust earthquakes are likely along this 

entire segment.  

Geodetic observations across the Kur Depres-

sion and Absheron Peninsula in the densely popu-

lated and highly developed easternmost part of 

Azerbaijan show a similar deformation pattern 

across the GCFTB as the observations crossing the 

central and eastern segments of the fault. While this 

may indicate active strain accumulation that could 

generate earthquakes, the absence of large historic 

earthquakes, the change in strike of the fault west of 

Baku, and the thick highly saturated sediments in 

the eastern Kur Depression and south Caspian Basin 

may preclude large events like those known to oc-

cur on the fault further east. However, given the 

rapid increase in the population and the extensive 

infrastructural development in this part of Azerbai-

jan, and the likelihood of gaining new insights from 

additional geodetic observations and complex fault 
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models, it is essential that further studies be focused 

on the possibility and effects of damaging earth-

quakes along the eastern segment of the GCFTB. In 

particular, densifying GPS coverage along and 

across the eastern Caucasus, Kur Basin, and Greater 

Caucasus, constraining the subsurface geometry of 

the GCFTB and it’s extension into the Caspian Sea 

with seismic studies, and investigating the historic 

earthquake record and paleoseismic observations to 

extend the earthquake record will provide the con-

straints needed to clarify better earthquake hazards 

in Azerbaijan. 
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