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Abstract 
 
b-Value Variations Preceding the Devastating, 1999 Earthquake, near Izmit, Turkey 
Sara Andersson 
 
The potential of temporal b-value variations as an intermediate-term (weeks to months) earth-
quake precursor was investigated in the western portion of the North Anatolian Fault Zone 
(NAFZ), between January 1982 to December 2004. The focus of the study is on the devastating, 
1999 earthquake, near Izmit. Lists of events were provided from two teleseismic catalogues, 
ISC and NEIC, which are complete for threshold magnitude 3.7, comprising 287 and 224 
events, respectively. To determine b-values, a technique of sliding overlapping time-windows 
was applied, using a fixed number of events in each window. Deduced b-values reveal large 
temporal variations in a broad range, 0.75-1.7 (ISC) and 0.5-1.6 (NEIC). There are statistically 
significant drops in b-value observed for both catalogues, preceding the occurrence of the Izmit 
earthquake. Also, present results reveal promising b(t)-characteristics of another large earth-
quake that occurred in the vicinity of Duzce, about 3 months after the Izmit shock. The stability 
of results is examined using different threshold magnitudes, different window sizes and step 
increments, declustering and a test through magnitude conversion. Observed correlation 
between low b and the occurrence of large earthquakes suggests that b(t) has a potential to act 
as an intermediate-term precursor in earthquake predictions. 
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North Anatolian Fault Zone 
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Populärvetenskaplig sammanfattning 
 
Variationer i b-värde föregående det förödande skalvet vid Izmit 1999, Turkiet 
Sara Andersson 
 
Potentialen av temporala variationer i b-värde som en indikator och förelöpare till jordbävningar har 
undersökts i västra delen av den Norra Anatoliska förkastningen, under perioden januari 1982 till 
december 2004. Studien fokuserar på den förödande jordbävningen som ägde rum i närheten av Izmit 
den 17 augusti 1999. Data för undersökningen har tillhandahållits från två teleseismiska kataloger, ISC 
och NEIC, som är kompletta för en tröskelmagnitud 3.7 och omfattar 287 och 224 skalv, respektive. För 
att beräkna b-värde som en funktion av tid har en teknik av glidande överlappande tidsfönster tillämpats, 
baserat på ett fixt antal skalv i varje fönster (40 skalv) som successivt flyttas i steg om 4 skalv. Resultaten 
visar stora temporala variationer i b-värdet som är jämförbara mellan de två katalogerna, 0.75-1.7 (ISC) 
och 0.5-1.6 (NEIC), och påvisar att en signifikant minskning av b-värdet äger rum innan Izmit 
jordbävningen sker. Erhållna resultat visar också lovande b(t)-egenskaper för ytterligare ett stort skalv 
som ägde rum i närheten av Duzce, omkring 3 månader efter Izmit jordbävningen. Stabiliteten av resultat 
har undersökts med hjälp av olika tröskelmagnituder, olika fönsterstorlekar och tidssteg, elimination av 
potentiella efterskalv samt genom ett test med magnitudomvandling. Denna studie påvisar att temporala 
förändringar i b-värde har potential att andvändas för jordskalvsförutsägelser och ger indikationer på 
veckor upp till månader för stora skalv (M >7). 
 
Nyckelord: b-värde, Gutenberg-Richter relationen, förelöpare till jordbävningar, temporala varia-
tioner, Norra Anatoliska förkastningen 
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1. Introduction 
Earthquakes represent a serious hazard in many parts of the world. During the 20th century 

about 2 million people perished due to injuries related to seismic events (Nichols and Beavers, 

2008). Usually, earthquakes strike without a warning, the shock is sudden, intense and 

difficult to predict. This is what makes earthquakes so dangerous. On average, there are about 

500 000 (USGS, Earthquake Facts) detectable earthquakes in the world every year, of which 

about 18 are of magnitude 7 or larger (Kulhánek et al., 2004). However, the majority of 

seismic events are too small to be felt (USGS, Earthquake Facts). Earthquakes of magnitude 7 

and larger cause the worst damage. These events, though less frequent, represent the dominant 

portion of the Earth’s total seismic energy release (Kulhánek et al., 2004). The extent of 

earthquake disasters is partly a factor of magnitude, distance and focal depth, but even more 

important is the time and place of the event and the socio-economic conditions in the 

epicentral area. Most destructive events occur close to plate boundaries, in densely populated 

areas with less developed infrastructure (Stein and Wysession, 2003). Continuing growth of 

large cities in vulnerable regions has raised concerns regarding the increased risk if an event 

were to take place there.  

Search for reliable earthquake precursors has been a debated topic for many decades. 

Despite the increased general knowledge, today seismologists still do not have enough 

understanding to make reliable predictions even though many attempts have been made, some 

with promising results. A wide range of premonitory indicators have been investigated as 

possible earthquake precursors. Research is focused on evaluating variations or anomalies of 

various physical and/or chemical properties in the crust and their possible relation to 

impending earthquakes (Kulhánek et al., 2004). For example, Aggarwal et al. (1973) 

documented large changes in the ratio of seismic P- and S-wave velocity (Vp/Vs) prior to 

earthquakes at Blue Mountain Lake, New York. Observations correlated well with the time of 

occurrence and the size of the events. In Japan, Gohberg et al. (1982) performed 

measurements of electromagnetic radiation and observed short-term (days to weeks) 

variations. Recorded data showed an anomalous amplitude increase in emission about half an 

hour prior to a magnitude 7 earthquake. In a recent publication by Skelton et al. (2014), 

geochemical variations in the groundwater in two boreholes in northern Iceland were 

described. The changes occurred a few months before two M>5 earthquakes occurred. In the 

present work, the investigation is focused on the potential of variations in the b-value to act as 

an earthquake precursor in a given area. 
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The b-value, which is a measure of the relative number of smaller to larger earthquakes, 

is usually in the range from 0.5 to 1.5, depending on the tectonic setting (Båth, 1979). b is 

often set to 1, which has been shown to be a good first approximation for large areas and long 

time periods (Lay and Wallace, 1995). However, over limited space and time intervals, b 

exhibits both temporal and spatial variations, which have been confirmed in numerous works 

e.g. in Smith (1981), Main et al. (1989), Nuannin et al. (2005), or Chan et al. (2012). The 

number of factors that may influence the b-value are presumably many. Several papers have 

been published, describing different mechanisms. For example, Scholz (1968) and Wyss 

(1973) found that fluctuations in b can be related to changes in stress before and after an 

earthquake. Making use of laboratory models, they revealed that a decrease in b can be 

interpreted as stress increase before an earthquake. In the same way, an increase in b can be 

associated with the stress decrease after a seismic event. This negative correlation between the 

two parameters has been observed in various parts of the world (Nuannin et al., 2012b). Other 

studies show that b-variations may be related to changes in thermal gradients (Warren and 

Latham, 1970) or to changes of mechanical properties of the medium, where an increase in 

material heterogeneity results in higher b (Mogi, 1962). By investigating aftershock 

sequences, Wiemer and Katsumata (1999) showed that variations in b can also be observed in 

the vicinity of volcanic areas, creeping sections, in depth in strike-slip faults and as an effect 

of asperities and changes in pore pressure. 

I have applied the method of varying b to data observed along the North Anatolian Fault 

Zone (NAFZ) during a time interval of 23 years, including the Mw 7.5 Izmit earthquake in 

1999. To expect that a short time interval (months or years) would exhibit temporal b(t)-

fluctuations as a response to thermal gradients and/or heterogeneity changes is rather unlikely 

and excluded here (Nuannin et al., 2005). In the present work I have followed the 

interpretation by Scholz (1968) and Wyss (1973).   

2. Prerequisites 
2.1 Stress build up 
In agreement with one of the important statements in elasticity theory and seismology there 

are three requirements for an earthquake to occur, namely relative motion in the Earth, stress 

generation and stress release (Båth, 1979). This is known as the elastic rebound theory, first 

presented in 1910 by H.F. Reid (Reid, 1910) after a study of the great San Francisco 

earthquake that took place on the San Andreas Fault in 1906. This is still the general theory 
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used for tectonic earthquakes (Båth, 1979). According to the theory, which is partly empirical, 

partly intuitive, an earthquake is the result of a sudden relaxation of shear strain on the fault 

(Lay and Wallace, 1995). Over geological time scales, relative motions in the Earth forces 

strain to accumulate in or near the vicinity of weak zones. When the shear stress overcomes 

the friction at the weakest point, a sudden slip occurs and the strain energy releases, i.e. an 

earthquake occurs. After the rupture, the fault is again locked by friction and a new cycle 

begins (Lay and Wallace, 1995). 

2.2 Earthquake hazard 
Most often, earthquakes occur along plate boundaries as a direct effect of relative plate 

motions. They occur down to depths of approximately 700 km but are most frequent in the 

upper 20-30 km of the crust (Kulhánek et al., 2004). The limited focal depth is a consequence 

of temperature and confining pressure, i.e. earthquakes can only take place in a brittle 

environment. This is where the rock is rigid and exhibits elastic behaviour. At further depth, 

no elastic strain can be stored, and no earthquakes generated. Thus, in this environment 

exceeded rock strength results in ductile deformation (Tarbuck and Lutgens, 2008). 

An earthquake prediction means to estimate simultaneously, to a near certainty, the 

location, size and time of occurrence of a future event. The methods applied can be 

subdivided into short-term (hours to days), intermediate-term (weeks to months) and long-

term (years to decades) predictions (Scholz, 1990). The usage varies depending on the 

circumstances. Long-term predictions, mainly based on Reid’s elastic rebound theory, assume 

earthquakes to be repetitive or cyclical. Focus is on investigating historical records and 

establishing probability of recurrence (Tarbuck and Lutgens, 2008). In general, geographical 

seismicity gaps over fault segments are considered as highly probable regions for future 

shocks. Short-term and intermediate-term predictions are frequently based on earthquake 

precursors, which indicate that the loading cycle has reached a critical state. Even though 

short-term prediction is the goal, longer time-scale predictions are also of great importance. 

They provide valuable information used for society preparations and planning, e.g. 

developing emergency plans (intermediate-term), retrofitting selected existing constructions 

or defining and implementing building codes (long-term).  

When investigating earthquake predictions, we distinguish between earthquake hazard 

and earthquake risk. Earthquake hazard in a region is the probability of occurrence of ground 

shaking, fault rupture and possible soil liquid faction due to an earthquake. It cannot be 

prevented. Earthquake risk, is the expected damage generated by an earthquake, which can to 
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some extent be controlled through various precaution measures (Kulhánek et al., 2004). A 

major cause of loss of lives is the failure of buildings. Thus, structural safety is a crucial step 

in the mitigation of the death toll, physical damage and financial impact (Brumbaugh, 2010). 

Improvements can be done by strengthening old buildings and by ensuring that new buildings 

adhere to earthquake resistant building codes (Atakan, 2000).  

2.3 Tectonic setting 
Turkey is one of the most earthquake-prone countries in the world (Bayrak et al., 2011). The 

tectonic environment is complex and involves the interaction between several tectonic plates, 

(Fig. 1). Most of the Turkish landmass is situated on the Anatolian plate and it is pushed from 

the east by the Arabian plate towards Eurasia in the north (Sahin and Tari, 2000). The 

Eurasian plate is relatively stable and blocks the north going motion which results in 

compression, crustal shortening and thickening (Taymaz et al., 2004). In the south, the 

Anatolian plate is bounded by the converging African plate. The collision causes extension in 

the overlying crust in the western part of Turkey. 

The tectonic environment of Turkey has given rise to its characteristic transform fault 

system, which originates from the Karliova triple junction in the east, where the Anatolian, 

Eurasian and Arabian plates meet (Fichtner et al., 2013). From this point the fault system 

splits into two main branches that bound the Anatolian plate. One of them is the east-west 

striking North Anatolian Fault Zone (NAFZ). It is a dextral transform fault, situated in 

northern Turkey, which defines the boundary between the Eurasian and Anatolian plates. It is 

an intracontinental fault, approximately 1500 km long, and is considered to be one of the 

world’s most seismically active transform faults (Bayrak et al., 2011; Fichtner et al., 2013; 

Sahin and Tari, 2000). The NAFZ started as a broad shear zone, 11-5 Ma ago, as a result of 

the collision between the Eurasian and Arabian plates (Fichtner et al., 2013). Strain was built 

up in the east and gradually migrated westward, thereby forming a well-defined, arc-shaped 

fault trace, which reached the Marmara Sea approximately 200 ka ago (Fichtner et al., 2013). 

The fault zone is wide and consists of crushed and broken rock in several subparallel and 

anastomosing segments (Sengör, 1979). As the North Anatolian Fault (NAF) enters the 

eastern Marmara Sea, it splits into a complex network of minor faults (Fig. 1). The area is part 

of a transtensional regime, with geological constitution dominated by a large pull-apart basin 

of negative flower structure, with complicated internal structure (Aksu et al., 2000). Slip rates 

along the fault zone are estimated to 2-3 cm per year, assuming that the NAFZ accommodates 

all of the relative motion between the Eurasian and Anatolian plates (King et al., 2001). The 
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western part is more complex. Recent GPS measurements suggest that the accommodated 

motion there is 1.8-2 cm per year of right-lateral slip and 0.8 cm per year of extension 

(Bayrak et al., 2011). 

The NAF emerges similar to the well-known San Andreas Fault (SAF) in California, 

which is another major transform fault system. Their resemblance in age, length, slip rate and 

straightness is highly notable (Stein et al., 1997). Similar to SAF, NAF has during the 20th 

century produced several earthquakes of large (Ms ≥7.0) magnitudes, which has made it one of 

the most investigated fault systems in the world (Stein et al., 1997; EQE International, 1999). 

Figure 1. Tectonic setting of the eastern Mediterranean region. The combination of compression and crustal 
thickening in the east with the tectonic extension in the west squeezes the Anatolian plate to the west, creating a 
counter clockwise rotation (Barka and Reilinger, 1997). Arrows show horizontal velocities based on GPS 
measurements and their 95% confidence ellipses, in an Eurasia-fixed reference frame. The NAFZ is marked in 
red. Figure modified from McClusky et al. (2000) and Taymaz et al. (2004). 

2.4 The Izmit earthquake 
The westward tectonic escape of the Anatolian plate has made the recurrence of large 

magnitude earthquakes inevitable in the area (Aksu et al., 2000). Throughout its history the 

NAFZ has produced many devastating earthquakes, which have cost the country many 

thousands of human lives, infrastructural damage and economic loss (Bayrak et al., 2011). On 
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August 17th 1999, a magnitude Mw 7.5 earthquake struck the north western Turkey close to 

Izmit, 110 km east of Istanbul (Sahin and Tari, 2000). It occurred at 00:01:39 UTC with its 

epicentre, 40.76 °N and 29.96 °E, located at the Gulf of Izmit in the eastern end of the 

Marmara Sea (Toksöz et al., 1999). The source depth was 17 km (ISC, 2001a). Despite the 

complex geology and tectonic environment the focal mechanism of the Izmit earthquake was 

fairly simple (Fig. 2); pure dextral strike-slip in east-west direction and a fault plane that was 

nearly vertical (Toksöz et al., 1999). The slip duration was about one second in the 

hypocentral area and 2-4 seconds elsewhere on the fault (Bouchon et al., 2002). Strong 

ground shaking lasted for 37 seconds and generated up to 5 m right-lateral strike-slip 

displacement (ISC, 2001a). 

The Izmit earthquake ruptured a 150 km long section, of four fault segments (Fig.2), 

which was previously identified as a seismic gap (Toksöz et al., 1979). In 1997, Stein et al. 

(1997) studied the probability and potential risk of a future large earthquake in this area. 

Despite available information, the Izmit earthquake took the country by surprise and the 

results were devastating. More than 17 000 people perished in the event, nearly 50 000 were 

injured, about half a million were left homeless and thousands were reported missing (USGS, 

Historic Earthquakes). The event affected seven provinces (JICA-IMM, 2002), including the 

megalopolis Istanbul where about 1000 people perished (Özel et al., 2002). The extensive 

damage was partly due to the poor infrastructure and the local geology (Toksöz et al., 1999), 

and the economic impact was significant with estimated losses between 5 and 14 billion U.S. 

dollars (Atakan et al., 2002). It has been discussed whether or not the earthquake was 

triggered by stress perturbations caused by a previous event in 1967, a Ms 7.1 earthquake, near 

the Mudurnu Valley that ruptured 80 km of the NAF (Fig. 3). The theory has been 

strengthened by work of e.g. Muller et al. (2003), given certain rupture constraints.  

Investigation of fault segments from the Izmit shock shows that the rupture propagated 

at velocities of 3 km/s towards the west and 4.8 km/s towards the east (Bouchon et al., 2002). 

The latter value is unusually high. Shown by Burridge (1973), among others, shear cracks 

propagate either at the sub-Rayleigh velocity (𝑉𝑉 < 𝑉𝑉𝑟𝑟) or at the intersonic velocity �𝑉𝑉𝑠𝑠 < 𝑉𝑉 <

𝑉𝑉𝑝𝑝�, where 𝑉𝑉𝑟𝑟 is the Rayleigh wave velocity, 𝑉𝑉𝑠𝑠 is the S-wave velocity and 𝑉𝑉𝑝𝑝 is the P-wave 

velocity. However, crack growth at the intersonic velocity is unstable unless 𝑉𝑉 = √2𝑉𝑉𝑠𝑠 in a 

homogeneous isotropic elastic media, as presented by Freund (1979). Whether earthquake 

ruptures can reach such high propagation velocities or not is still under debate. For further 

details, the reader is referred to e.g. Xia et al. (2004) or Dunham et al. (2003). It is interesting 



7 
 

to note that the velocity of 4.8 km/s, observed in the Izmit earthquake, falls within the 

uncertainties of the theoretically predicted (√2𝑉𝑉𝑠𝑠) supershear speed. According to Bouchon et 

al. (2002), the Izmit event provides the first observation which confirms that rock fracture can 

occur at a speed which exceeds the shear-wave velocity. A fact that previously has only 

theoretically been defined and successfully determined in a few laboratory tests, e.g. Rosakis 

et al. (1999). Even though the surface rupture is well established onshore, the western 

termination of the Izmit earthquake remains uncertain. The fault scarps continue under the 

Sea of Marmara, where the geology is complex and field observations are difficult to perform 

(Uçarkuş et al., 2011). The uncertainties raise the fear that the next large earthquake may 

occur on this part of the NAFZ. Source parameters of the Izmit event are summarized in  

Table 1. 

2.5 The Duzce earthquake  
Less than three months after the Izmit earthquake, on November 12, a magnitude Mw 7.1 

earthquake struck about 110 km east of the city Izmit. Previous works, (King et al. 2001; 

Uçarkuş et al.2011), show that the rupture associated with the Izmit mainshock on August 17 

was bilateral and loaded faults in both east and west directions. Thus, this second event was 

most likely triggered by stress perturbations from Izmit. The earthquake took place at 

16:57:20 UTC, at 10 km depth and could be felt in both Ankara and Istanbul (ISC, 2001b). 

The shock lasted 20 seconds and occurred as two fault segments ruptured simultaneously 

(Atakan et al., 2002). It had an overlap of about 9 km (Akyuz et al., 2002) with the Izmit 

rupture and extended the fault rupture 45 km to the east (Sahin and Tari, 2000). Focal 

mechanism solutions (Fig. 2) were mainly dextral strike-slip, with a small component of 

normal slip (Bouin et al., 2004). Field observations revealed 4 m vertical displacement and    

5 m horizontal displacement with an average of 3 m (King et al., 2001). The largest strike-slip 

displacement was found in the central part of the rupture and it sharply decreased towards 

both ends (Sahin and Tari, 2000). The epicentre was located southeast of Duzce, at 40.81°N 

and 31.19 °E (ISC, 2001b), about 170 km northwest of Ankara. The outcome was less 

devastating when compared to Izmit but still, about 900 people perished and 5000 were 

injured (ISC, 2001b). The numbers reflect mainly the difference in population density 

between the two cities. Together, the two shocks of 1999 affected an area where almost one 

third of Turkey’s population lives, i.e. 20 million, and approximately half of the country’s 

financial infrastructure is sited (Sahin and Tari, 2000). Source parameters of the Duzce event 

are summarized in Table 1.  
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Figure 2. Surface rupture segments and focal mechanisms of the Izmit and Duzce earthquakes. 

Table 1. Source parameters of the Izmit and Duzce earthquakes (ISC catalogue). 

Event Date 
DaMoYr 

Origin 
time, UTC 
HrMnSec 

Lat 
°N 

Lon 
°E 

Focal 
Depth 

km 

Magnitude 
 

Mw            Ms            mb 

Surface 
rupture 

km 

People 
perished 

Izmit 170899 00:01:39 40.76 29.96 17 7.5 
 

7.7 
7.6 (NEIC) 

6.1 150 17000 

Duzce 121199 16:57:20 40.81 31.19 10 7.1 7.4 
7.2 (NEIC) 

6.2 55 900 

2.6 Earthquake triggering  
NAFZ has a well-established history of seismicity (Toksöz et al., 1979). One of its most cited 

events occurred on December 26, 1939, when a magnitude Ms 7.9 earthquake struck the 

province of Erzincan in eastern Turkey. It ruptured a fault segment of about 350 km (Bayrak 

et al., 2011), caused 32 700 deaths (USGS, World Deaths) and is, so far, the largest event 

during the instrumental time to occur on the NAFZ (Toksöz et al., 1979). It is likely that this 

event was the trigger of a pronounced westward earthquake migration that during the 20th 

century, between 1939 and 1999, almost ruptured the whole NAF, successively, by seven 

large (Ms ≥7) earthquakes (EQE International, 1999; Armijo et al., 2005). This makes it the 
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world’s most spectacular example of earthquake migration (Fig. 3). Some argue that it is the 

simple geometry of the fault that enables the stress transfer and trigger the earthquakes like 

falling dominoes (Stein et al., 1997). However, the westward migration observed in 

instrumental time, between 1939 and 1999, appears to be unique and cannot be discerned in 

historical records (Atakan et al., 2002).  

Figure 3. Westward migration of earthquake epicentres along the NAFZ, 1939-1999. All events are of 
magnitude Ms ≥7.0 (ISC catalogue). 

The shock on August 17, 1999, was the largest and most destructive event since 1939 

(Toksöz et al., 1999) and also, it was the last earthquake in the sequence to progress to the 

west. The following event in Duzce, struck east of Izmit, and thus broke the persistent pattern. 

This highlights the complexity with earthquake faulting and the difficulties in predicting 

future events (Atakan et al., 2002). The western termination of the magnitude Mw 7.5 Izmit 

earthquake rupture is still a mystery. The region exhibits poorly defined fault geometry and 

has accumulated stress for over 230 years (Hubert-Ferrari et al., 2000). It is Turkey’s most 

populated area and the fear that a major earthquake will struck close to Istanbul remains 

(Atakan, 2000). The city, with over 13.6 million inhabitants (Landguiden, 2012), would suffer 

severe damage if it experiences a misfortune similar to that of Izmit. The increased concern 

has initiated many investigations in the Sea of Marmara. In 2004, Parsons (2004) performed 
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earthquake probability calculations on fault segments in the Marmara Sea. He provided a 30-

year forecast of a 41% probability of an equal or larger than magnitude seven earthquake to 

affect Istanbul. Istanbul, however, is not located on the fault itself. It is grounded on hard rock 

(Atakan, 2000), about 20 km north of the fault, which gives it several advantages relative to 

Izmit. However, a prominent issue is the poor construction quality of buildings which 

significantly increases the risk (Hyndman and Hyndman, 2013).    

3. The Method 
The complex tectonic setting has formed the characteristic landscape of Turkey, with all its 

structural variations. NAFZ can, however, be distinguished as a separate segment (Toksöz et 

al., 1979). The present work is constrained to the western portion of the NAFZ, i.e. to the area 

39.8-42 °N and 28-32 °E. The region of interest starts approximately 70 km west of Ankara 

and extends to the west to the middle of the Sea of Marmara. The region includes the city of 

Izmit roughly located in the centre and part of the NAFZ (Fig. 4).  

 

Figure 4. Seismicity map of the north western part of Turkey. The framed area defines the site of the present 
investigation. Stars mark the two shocks of 1999, Izmit (west) mb=6.1 and Duzce (east) mb=6.2. Altogether 405 
events are plotted (ISC catalogue).  



11 
 

The frequency-magnitude earthquake distribution, FMD, also known as the Gutenberg 

and Richter relation (Gutenberg and Richter, 1944),  

         log𝑁𝑁 = 𝑎𝑎 − 𝑏𝑏𝑏𝑏                                                                     (1) 

                                                                         𝑁𝑁 = 10𝑎𝑎−𝑏𝑏𝑏𝑏 

correlates the cumulative number of earthquakes with magnitude. When applied to a certain 

region and time period, this relationship defines the total number of events, 𝑁𝑁, with a 

magnitude equal to or larger than 𝑏𝑏. a and b are positive constants. The parameter a describes 

the seismicity of the region and is constrained to the time and size of the windows applied 

(Ashtari Jafari, 2008). b is a tectonic parameter and represents the slope of the FMD curve, 

given by equation (1). It is a measure of the earthquake size distribution and describes the 

relative abundance of strong to weaker shocks (Nuannin et al., 2012a). The empirical 

Gutenberg and Richter relation is a well-known and reliable formula in seismology. It is a 

power law relation and shows how a decrease in magnitude is associated with a rapid increase 

in the number of earthquakes. 

The method employed here is a technique of sliding overlapping time-windows. To 

investigate b as a function of time, a fixed number of events was applied in each window. In 

this study, a window size of 40 events has been used. It was chosen as a result of several tests 

and recommendations presented in other works (Nuannin et al., 2005; Bellalem et al., 2008; 

Mallika et al., 2012). The window is moved in steps of time, here by increments 

corresponding to 10% of the event counts within the window, i.e. 4 events. I have chosen to 

compute the values of b for a fixed number of events, rather than in windows of constant 

time-width. Hence, there is no risk that a change in sample size (40 events) will influence b(t) 

and affect the analysis (Nuannin et al., 2005). This approach is preferred to ensure that all 

calculations of b are made with a similar statistical significance.  

The method used has a trade-off between time resolution and smoothing effects. This is 

reflected in the number of events applied in each window. A small number will give higher 

resolution and large temporal fluctuations in b but lower statistical significance, while a large 

number of events i.e. broad windows, will smooth the b(t) curve. The best representative 

value for each catalogue was found by applying a trial-and-error technique. As will be 

presented in the Results and Discussion section below, the time span for each window applied 

will vary in a wide range, from weeks to years. This is one of the side effects by using a 

constant number of data in each window sample. Undesired smoothing effects might show up 
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as a direct effect of large time windows, during time periods of low seismicity (Kulhánek, 

2005).  

In each time window, the b-value was calculated by applying a least-squares (LS) 

method. In a logarithmic scale, the power law relation is linear (eq. 1). Thus, a linear model,  

y = a + bx, was approximated to fit the data. The equation cannot be satisfied for every 

observation since the problem is overdetermined, i.e. there are more data points than model 

parameters. The LS method seeks the best fit of model parameters, i.e. constants a and b, that 

approximately solve the problem by minimizing the sum of the squares of the errors (𝐸𝐸2) i.e. 

the data misfit (eq. 2) (Miller, 2006). 

𝐸𝐸2(𝑎𝑎, 𝑏𝑏) = �[𝑦𝑦𝑖𝑖 − (𝑎𝑎 + 𝑏𝑏𝑥𝑥𝑖𝑖)]2
𝑛𝑛

𝑖𝑖=1

                                           (2) 

The slope of the line of the best LS-model is the estimated b-value. Here with 𝑦𝑦 equal to the 

logarithmic value of the cumulative number of earthquakes (log𝑁𝑁) and 𝑥𝑥 as the magnitude 

(𝑏𝑏), as presented in eq. (1). n is the number of events. I prefer the LS method over a 

maximum likelihood method which emphasises the smallest events in the catalogue (Chen et 

al., 2003).  

A b-value was computed for each window. Using expression (1), it was possible to 

estimate the FMD for each window sample, in this case containing 40 events. After sliding 

through the whole catalogue, all b-values were assembled in a final diagram, with the 

variation of b presented as a function of time. Each analysis resulted in two diagrams, one 

with the b-value as a function of time and one with the b-value as a function of window 

number. Incorporated in the diagrams of b(t) are also lines, representing ± one standard 

deviation of the estimated b-value.  

4. Data and Analysis 
Data was compiled from two different teleseismic catalogues, one of the International 

Seismological Centre (ISC) (ISC bulletin, 1982-2004) and the other of the National 

Earthquake Information Centre (NEIC) (NEIC bulletin, 1982-2004), covering the time period 

1982-2004 and the limited geographical area, previously defined (Fig. 4). The use of two 

different catalogues provides an opportunity to examine the robustness of results. The 

earthquake catalogues provide information about epicentre location, magnitude size and type, 

and time of occurrence of shocks considered. All data is available online and can be 
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downloaded in CVS format, for further studies. The catalogues consist of different number of 

events and make use of different magnitude scales. Thus, most important prior to any 

analysis, homogeneity and completeness of the catalogues must be assured. 

4.1 Magnitude homogeneity 
The homogenization, with respect to magnitude type, could be done immediately as an 

additional option in the downloading process of the ISC bulletin, whereas it had to be done 

manually, in Matlab (Matlab, 2014), for the NEIC catalogue. A quick overview of the initial 

catalogue contents revealed that there were limitations in the available data. Events with 

reported body-wave magnitude, mb, were dominating, followed by a limited number of events 

with surface-wave magnitude, Ms, reports and only occasionally moment magnitude, Mw, was 

given. In an early stage, of my study, some efforts were made to develop and apply 

conversion formulas to convert all magnitudes to one magnitude type, e.g. to Ms. However, 

this attempt was not applicable here and the processing scheme was not used. Further 

comments and more details about the approach and its outcome can be found in the Results 

and Discussion section below. Concluding, throughout this study body-wave magnitudes, mb, 

have been employed. The homogenized catalogues consist of 405 (ISC) and 243 (NEIC) 

events. All shocks are shallow events, with focal depth ≤ 70 km. 

4.2 Completeness of catalogues 
When mapping b-values, estimates are deduced only from events with magnitudes exceeding 

the magnitude of completeness of the employed catalogue, called the threshold magnitude, Mc 

(Nuannin et al., 2005). This is the magnitude where the FMD curve starts to deviate from the 

expected linear power-law relation, because of missing smaller earthquakes due to limited 

sensitivities of recording systems (Wiemer and Wyss, 2002). A FMD graph for each 

catalogue was computed in Matlab (Matlab, 2014) (Fig. 5). The least-squares approach (eq. 2) 

was used to find the best fit of equation (1), and the final threshold value was picked by visual 

inspections of the curve. Threshold magnitudes of Mc 3.6 and Mc 3.7 were derived for ISC 

and NEIC, respectively. The value Mc 3.7 was accepted for both catalogues. Estimating the 

threshold magnitude is a crucial step as all events with magnitude below the threshold value, 

in this case 3.7, are deleted (Fig. 6). The final homogeneous and complete catalogues 

comprised 287 (ISC) and 224 (NEIC) events. This means that 29% respectively 8% of the 

total data was lost in this culling. The completeness of our data is of good quality (Fig. 5), 

which is an essential requirement for reliable results. The homogeneity of an earthquake 

catalogue can always be discussed. Data gathering and analysis methods can change through 



14 
 

time which means that earthquakes are not reported homogeneously (Wiemer and Wyss, 

2002). However, in this study, the time interval is relatively short and the risk presumably 

low. The complete catalogues cover a 23 year period, from the 1st of January 1982 to the 31st 

of December 2004, and the magnitude range (mb) of 3.7 to 6.2 (ISC and NEIC). All events are 

shallow, as shown in Figure 7. As part of the processing steps, several tests have been carried 

out with different time spans, magnitude types, window lengths and threshold magnitudes to 

seek the possible dependence of input parameters on b-value determination. The analysis is 

performed on non-declustered data. The reason and further comments on the topic e.g. 

possible effects on results achieved can be found under the Results and Discussion section 

below.   

 

Figure 5. Frequency-magnitude distribution of events recorded along the NAFZ in the period 1982-2004, based 
on catalogue data from ISC (left) and NEIC (right). The straight line represents the best fit to the observations, 
using a least-squares approach. The slope of the line represents the b-value and arrows show the estimated 
threshold magnitude, Mc=3.6 (ISC) and Mc=3.7 (NEIC). N is the number of events. The overall b-value with 
standard deviation is 1.20 ± 0.05, for both catalogues.  
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Figure 6. Seismicity map of the study area, showing original data (left) with 405 events and complete data 
(right) with 287 events plotted (ISC catalogue). The framed area defines the site of investigation. Stars mark the 
two shocks of 1999, Izmit (west) and Duzce (east). 

 

 

Figure 7. Focal depths for the complete catalogue (ISC). Frequency-depth distribution (left) and graphical 
visualization in 3D (right). Coloured dots mark the two shocks of 1999, Izmit (red) and Duzce (green). 
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5. Results and Discussion 
Diagrams in Figure 8 and Figure 9 show calculated b-values as function of time for the ISC 

(287 events) and NEIC (224 events) catalogues, respectively, using a window size of 40 

events. The time length of each window varies with seismicity rate in order to cover the 

predefined number of events. Each calculation results in a b-value, with position in the b(t)-

diagrams corresponding to the date of the last event included. Thus, because of limitations in 

data amount in the beginning of the catalogues, the time scale begins near year 1993. As can 

be seen in Figures 8 and 9, the overall appearance of the results is similar. Both catalogues 

show significant temporal fluctuations in b with an overall value of 1.20, derived from 405 

(ISC) and 243 (NEIC) shocks (Fig. 5). Consecutive relative minima and maxima are easily 

discernible by visual inspection (Fig. 8 and Fig. 9). The most pronounced features in the 

diagrams occur towards the end of 1999. It consists of two dominant peaks, which correlate 

well with the occurrence of the Izmit (August) and Duzce (November) earthquakes. It is 

interesting to note that there are two distinct drops in b-value preceding the spikes. In Figure 

8, the b-value remains close to 1 until late 1998. The curve is relatively smooth due to lack of 

data. In the beginning of 1999 there is a distinct drop in b of several standard deviations. In 

agreement with the theory by Scholz (1968) and Wyss (1973), this is an indication of stress 

increase in the studied area. The b-value reaches a local minimum of 0.9 in August 1999. This 

is the time of the Izmit earthquake. Almost instantly after its occurrence there is a rapid 

increase in b, to a value of 1.6, correlating well with the stress release at that time. Presented 

in Figure 10, there is a close up of the two spikes found in Figure 8. 

There are similarities between results obtained from the two catalogues, however, 

results are less distinct for the NEIC catalogue (Fig. 9). Lack of data increases the smoothness 

of the curve, regardless of window size applied. Although the limited amount of data is 

profound in the result, there is a discernible drop in b prior to the occurrence of the Izmit 

earthquake (Fig. 9). The b-value drops from 1.4 to 1.0 within a time period of 1.5 year, from 

the beginning of 1998 to August 1999. In agreement with the results obtained from the ISC 

catalogue, the shock is followed by a distinct rise in b associated with a stress release. A 

maximum b-value of 1.6 is reached within a short time period of a few weeks after the Izmit 

earthquake. Presented in Figure 11, there is a close up of the two spikes obtained in Figure 9. 

Bottom diagrams in Figures 8 and 9 show b-values as a function of window number 

instead of time. In this case, such presentation provides a clearer and more detailed picture of 

the fluctuations since the b-values are equally spaced. The diagrams reveal that 62 and 47     
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b-values were calculated from the ISC and NEIC catalogues, respectively. Coloured circles 

mark the approximate occurrence of the Izmit (red) and Duzce (green) earthquakes. Since 

each b-value is calculated in a window comprising 40 events that slides in steps of 4 events, 

each event in the catalogue will be included in several windows. Thus, the circles mark the 

first window when the Izmit and Duzce earthquakes enter the analysis. Common for both 

catalogues is the concentration of data around 1999; approximately 68% (ISC) and 67% 

(NEIC) of the catalogue content are observations obtained during this time. It is notable in 

both upper and bottom diagrams of Figure 8 and Figure 9. The gain in data during this time 

provides higher resolution, with large fluctuations in b observed over short time periods. On 

the other hand, estimated b-values prior to 1999 are sparse. Only 4 and 2 b-values were 

obtained, respectively, for the ISC and NEIC catalogues during the mentioned time interval. 

The low amount of data available here affects strongly the results and makes the curve very 

smooth. 

Izmit and Duzce events occurred fairly close in time, only 3 months apart. It was not 

expected that these two events could be distinguished from each other in the present b(t)-

curves. Perhaps more interesting is the fact that temporal fluctuations in b, related to the 

Duzce earthquake, exhibit a similar pattern as found in the Izmit case. Figure 8 shows how the 

maximum b of 1.6, reached in August 1999, is followed by a sharp decrease to a minimum b 

near 0.75. This is best visualized in the bottom diagram in Figure 8. It should be noted that 

this decrease in b occurs during a time period of about 3 months. In November, the second 

shock took place. There is a large increase in b(t) to a value near 1.7 immediately after its 

occurrence, correlating well with the stress release. A similar pattern can be observed in the 

results obtained from the NEIC catalogue (Fig. 9). The NEIC catalogue provides less data and 

consequently lower resolution when compared with ISC. However, it follows from the results 

(Fig. 9) that the resolution, around 1999, is good enough to discern anomalies related to both 

Izmit and Duzce events. Initiated at a value of 1.6 in August 1999, b falls within 3 months to 

0.5 just prior to the Duzce earthquake. This is the most distinct drop observed in the present 

study. The b-value decreases by 1.1, corresponding to several standard deviations. 

Immediately after the occurrence of the Duzce event, there is a sharp increase in b. It 

corresponds with the expected stress release triggered by the shock. It brings the b-value to 

approximately 1.5, followed by a regression in b (stress increase) that stabilizes around the 

overall mean (b = 1.20). The overall mean b-value is reached about 1-2 months after the 

Duzce earthquake, in the beginning of 2000. The similarities in results obtained for both 

catalogues indicate robustness of the results achieved. 
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Figure 8. Variation of b-values for the studied region during the time period from January 1982 to December 
2004. b-values were obtained using mb-magnitudes from the ISC catalogue, 287 events. The graphs were 
calculated using sliding time windows comprising 40 events shifted by steps of 4 events. Dashed lines indicate 
the standard deviation and arrows mark times of occurrence of the two shocks in 1999, Izmit (August) and 
Duzce (November). Top diagram shows variation of b with time and bottom diagram reveals b as a function of 
window number. Coloured circles show window number corresponding to the occurrence of the Izmit (red) and 
Duzce (green) earthquakes. 

 

 
Figure 9. Variation of b-values for the studied region during the time period from January 1982 to December 
2004. b-values were obtained using mb-magnitudes from the NEIC catalogue, 224 events. Conventions same as 
for Figure 8. 
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Figure 10. Detailed view of results displayed in Figure 8, showing the time period 1998-2001 (ISC data). 
Dashed lines indicate the standard deviation and arrows mark times of occurrence of the 1999, Izmit (August) 
and Duzce (November) shocks. 

 

 

Figure 11. Detailed view of results displayed in Figure 9, showing the time period 1996-2004 (NEIC data). 
Conventions same as for Figure 10.  
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Results were obtained through repeated processing, using different techniques and 

different input parameters. Various threshold magnitudes were examined, using both higher 

and lower values than the finally chosen Mc 3.7. Higher threshold magnitude revealed larger 

smoothing effects due to reduction of the total number of events employed, which required 

longer time windows. In a similar way, a decrease in Mc below 3.7, caused errors as numbers 

of smaller incomplete events were entering the analysis (Fig. 5). Calculations were performed 

using windows of different sizes. Best results were obtained with windows comprising 30 and 

40 events, the former providing less discernible b(t)-characteristics. Results derived from the 

NEIC catalogue with a sliding time window of 30 events showed no trough in b(t) preceding 

the Izmit shock. However, it is interesting to mention that the b-value was low, b = 0.9, at the 

time of the occurrence of the Izmit shock. Beside this exception, there are no major 

differences between results obtained with windows comprising 30 or 40 events. A window 

size of 40 events was applied. The window was moved using step increments corresponding 

to 10% of the event counts within the window. It was deduced by visual inspection of the 

results and from experience gained from similar works (Nuannin et al., 2005; Mallika et al., 

2012). A recurring issue throughout the processing was the limited amount of available data 

listed in the ISC and NEIC catalogues, which consequently constrained the power of the 

employed method.  

5.1 Declustering 
Shallow earthquakes of magnitude about seven or larger occurring in populated areas have a 

major negative impact around the epicentre. Stress concentrations arise in the vicinity of the 

hypocentre, on the rupture plane and on neighbouring fault segments. The cumulated energy 

is released through a rupture of the mainshock and of numerous aftershocks until stress 

equilibrium is reached (Nuannin et al., 2012a). Usually, before any seismic hazard assessment 

or in earthquake prediction analysis, the used earthquake catalogue is declustered. This means 

that dependent events, like aftershocks, are removed from the catalogue. The method relies on 

the idea that seismic events are stochastic phenomena in nature, described by a Poisson 

distribution (Vere-Jones, 1970). Aftershocks, which are not random events in time, do not fit 

a Poisson model and are excluded. After declustering, remaining catalogue consists of 

independent events only. In this study, results (Figs. 8-11) were derived without declustering 

the catalogues before the analysis. Whether or not declustering is required for b-value analysis 

is under debate. Some, e.g. Amorèse et al. (2010) or Öncel and Alptekin (1999), favour 
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declustering while others, e.g. Mallika et al. (2012) or Wiemer et al. (2005), perform b-value 

studies on the complete catalogue. 

To support achieved results (Figs. 8-11), and to meet comments from workers who 

favour declustering, it could be interesting to discuss how the initial choice not to decluster 

the data affects the final results. Presented in Figure 12a, there is a diagram of the cumulative 

number of events as function of time, derived from a homogenized and complete catalogue. 

There is a profound increase in seismicity rate close to the end of 1999 and the beginning of 

2000. It is associated with the occurrence of the two large Izmit and Duzce earthquakes and 

following aftershocks. The distinct increase in seismic activity suggests that there is an 

affluent amount of aftershocks in the data. It is generally understood that a large shallow 

shock is followed by aftershocks. However, the definition of an aftershock is somewhat vague 

and ambiguous (Nuannin et al., 2012a; Liu and Stein, 2011). Aftershocks usually occur within 

one fault length from the location of the mainshock. According to Båth’s law, magnitude of 

the largest aftershock is of the order of 1.2 units lower than the magnitude of the mainshock 

(Båth, 1979). Aftershocks excel as seismic activity above the background level, which 

according to the modified Omori law (Utsu, 1961), declines in frequency nearly 

hyperbolically with time. However, the level of background seismicity can be difficult to 

define (Liu and Stein, 2011). There is no standard approach for aftershock removal. Thus, 

several techniques have been tested. The threshold magnitude was increased from 3.7 to 4.0, 

in an attempt to remove weak dependent events. A reduction in seismicity rate was observed 

in the end of 1999 and the beginning of 2000 (Fig. 12b). However, the seismicity rate 

remained large and other declustering techniques were considered.  

Figure 12. Cumulative number of events as function of time for all events with magnitude equal or larger than  
a) 3.7 and b) 4.0, during the time interval between January 1st, 1982 and December 31st, 2004 (ISC catalogue). 
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Earthquake declustering is a difficult task. There is no physical difference known to exist, 

which distinguishes an aftershock from any other shock (Christophersen et al., 2011). 

Different methods provide different results and the success of declustering depends on the 

criteria used to define an aftershock (Öncel and Alptekin, 1999). Often a spatio-temporal 

analysis is required to discern cluster of aftershock activity (van Stiphout et al., 2012). 

Earthquakes cluster in time and space (Barenblatt et al., 1981) and clustering is most profound 

in aftershock sequences (Knopoff, 2000). I adopted a similar declustering approach as used by 

e.g. Mori and Abercrombie (1997) or Amorèse et al. (2010). It consists in, graphically, 

separating out the aftershock sequences following large earthquakes of magnitude about 6.0 

and above. Mori and Abercrombie (1997) removed events for one year, whereas Amorèse et 

al. (2010) removed events for 12 days following the occurrence of each large shock. In the 

present study, a time interval of 87 days has been considered. It is the number of days 

between the two shocks, Izmit and Duzce. It was selected under the assumption, in agreement 

with Båth’s law (Båth, 1979), that the Duzce shock is not an aftershock to the Izmit 

earthquake. Hence, all events located in time between Izmit and Duzce are potential candidate 

aftershocks to the Izmit earthquake. The ESRI’s ArcGIS software (ESRI, 2013) was used to 

graphically discern aftershocks in the study area, based on the ISC catalogue (287 events). 

The selected time interval of 87 days, following the occurrence of the Izmit shock, includes 

121 events. As follows from Figure 13, most of these events cluster along fault segments  

(Fig. 2) that ruptured during the Izmit earthquake. Results (Fig. 13), support the assumption 

about potential aftershocks. 

The method was also tested to locate aftershocks of the Duzce earthquake. A time 

interval of the same size, 87 days after the earthquake occurrence, was analysed. The selected 

time interval covers 78 events (ISC catalogue), which graphically cluster in the vicinity of the 

Duzce city (Fig. 13). Shown in Figure 13 (left) are two clusters (purple and yellow) which 

can, to some extent, graphically be separated from each other. They can be associated with the 

aftershock sequences of the Izmit and Duzce earthquakes. Following the method by Mori and 

Abercrombie (1997) and Amorèse et al. (2010) the catalogue was declustered with respect to 

these potential aftershocks (Fig. 13). All events within the following 87 days after the Izmit 

earthquake respectively 87 days after the Duzce earthquake were deleted. In total, 199 events 

were removed from the catalogue and only 88 events remained. Presented in Figure 14a, there 

is the seismicity rate deduced from the declustered catalogue. The seismicity rate remains 

nearly constant with time, suggesting most aftershocks have been removed. Unfortunately, 88 

events is not enough data for a b-value analysis.   
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Potential aftershocks appear to be abundant in the complete catalogue. Hence, it is of 

interest to perform an additional b-value analysis on declustered data, to evaluate the 

influence of aftershocks on the results (Fig. 8 and Fig. 9). As also follows from Figure 13 

(right), most aftershocks occurred within 24 hours after the two shocks, 133 events. These, 

133 events, could be removed from the catalogue without reducing the data size too far for a 

future b-value analysis. The declustering was not ideal, but a substantial portion of 

aftershocks was removed (Fig. 14b). All events within 24 hours following the Izmit shock and 

within 24 hours following the Duzce shock were removed, corresponding to a 39% (ISC) 

reduction of the total catalogue content (Fig. 15). Presented in Figure 16, there are results 

deduced from this declustered catalogue, 174 events. Poor data forced the method to reduce 

the window size to 30 events with step increments of 3 events. Results derived from the 

declustered catalogue (Fig. 16) show all the essential features as presented in Figure 8. The 

distinctive peaks around August and November, 1999, are there as well as the "sharp" drops 

prior to the two shocks of Izmit and Duzce. It should be noticed that these results were 

obtained from only 174 events. However, even such a limited amount of data still can 

generate results corresponding to those exhibited in Figures 7 and 8.  
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Figure 13. Epicentral maps of potential aftershocks in the study area, showing seismic activity of 199 events 
within 87 days (left) and 113 events within 24 hours (right) after the Izmit and Duzce shocks (ISC catalogue). 
The aftershock sequences of Izmit (purple) and Duzce (yellow) are to some extent graphically separated from 
each other. The framed area defines the site of investigation. 
 

Figure 14. Cumulative number of events as function of time for declustered data, during the time interval 
between January 1st, 1982 and December 31st, 2004 (ISC catalogue). Aftershocks were removed corresponding 
to a) 87 days and b) 24 hours after the Izmit and Duzce shocks, respectively. 
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Figure 15. Seismicity map of the study area, showing complete data (left) with 287 events and declustered data 
(right) with 174 events plotted (ISC catalogue). The framed area defines the site of investigation. Stars mark the 
two shocks of 1999, Izmit (west) and Duzce (east). 

Figure 16. Variation of b-values for the studied region during the time period January 1982 to December 2004. 
The graphs were derived from a declustered catalogue, using sliding time windows comprising 30 events, shifted 
by steps of 3 events. b-values were obtained using mb-magnitudes from the ISC catalogue, 174 events. 
Conventions same as for Figure 8. 
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5.2 Magnitude conversion 
To avoid the effect of saturation, studies on earthquake occurrence are usually not performed 

on body-wave magnitudes. Often, if data is scarce, the catalogue is homogenized with help of 

conversion formulas to a preferred magnitude type, e.g. Ms. In the present study, an attempt 

was made to derive an empirical regression model for magnitude conversion. The aim was to 

convert all body-wave magnitudes into surface-wave magnitudes, since data of mb-type was 

more abundant. Regression analysis was performed both on the incomplete and the complete 

data sets, using a LS method (eq. 2). To emphasize the events of interest, Izmit and Duzce, 

and to improve the linear approximation, it was preferred to perform the regression analysis 

on complete data. Elimination of smaller events have influence on the regression constants 

(Deniz and Yucemen, 2010). Linear regression attempts to model the correlation between two 

variables by fitting a linear equation to the observed data. Thus, only events in which both mb 

and Ms were given for the same events could be used in the derivation. Among the total 287 

(ISC) events, there were 169 events reported with both mb and Ms, in the complete catalogue. 

Presented in Figure 17, there is a scatter diagram of the selected data in mb- and Ms-scales 

with the associated empirical relation (eq. 3). For each of the observed data point (mb,obs, 

Ms,obs), the corresponding point on the estimated regression line is to be determined as the 

predicted Ms for a fixed mb-value (Das et al., 2012). The raw earthquake catalogue, 405 events 

(ISC), was homogenized by applying the proposed equation, 

𝑏𝑏𝑠𝑠 = 1.58 ∙ 𝑚𝑚𝑏𝑏 − 2.99                                                      (3) 

derived from the available 169 doublets. 
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Figure 17. Ordinary LS regression for 169 couples of events. The equation represents the best linear fit of 
observations. 

Events given in both mb- and Ms-scales (Fig. 17) were allowed to keep their original Ms-

values and were not converted. Magnitude of completeness (Mc= 2.5) was derived from the 

converted catalogue (Fig. 18) and all events of smaller magnitude were removed. The 

homogenized and complete catalogue consists of 318 (ISC) events, of which 149 events are 

converted. Presented in Figure 19, there are results obtained from b-value analysis using this 

unified and complete catalogue with 318 events. Results are similar to those previously 

achieved (Fig. 8 and Fig. 9). Izmit and Duzce events are easily discernible by visual 

inspection. However, there is no visible drop in b-value just prior the Izmit earthquake and the 

increase in b-value instantly following the Duzce earthquake are less pronounced compared to 

Figures 8 and 9. Values along the y-axis remain smaller than found in previous results but 

more important, the graph shows similar b(t)-characteristics as those found above (Figs. 8 and 

9). It is interesting to note that anomalies in b-values persist, independent of method used 

(Fig. 8, Fig. 16, and Fig. 19). This indicates the robustness of the results achieved. 
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Figure 18. Frequency-magnitude distribution 
of events recorded along the NAFZ in the 
period 1982-2004, based on magnitude-
converted catalogue data from ISC. The 
straight line represents the best fit to the 
observations, using a least-squares approach. 
The slope of the line represents the b-value 
and arrows show estimated threshold 
magnitude, Mc= 2.5. N is the number of 
events. The overall b-value with standard 
deviation is 0.66 ± 0.12. 

 

 

Figure 19. Variation of b-values for the studied region during the time period January 1982 to December 2004. 
The graphs were derived from a magnitude-converted catalogue, using sliding time windows comprising 40 
events, shifted by steps of 4 events. b-values were obtained using Ms-magnitudes from the ISC catalogue, 318 
events. Conventions same as for Figure 8. 

Conversion equations should be used with care. Empirical relationships derived through 

the ordinary LS regression method can introduce significant errors (Castellaro et al., 2006). In 

this study, about one half (149 events) of the employed catalogue content was converted while 

the rest (169 events) maintained its original value. Magnitude conversion through the LS 

method can make the FMD graph (Fig. 18) biased (Castellaro et al., 2006). Thus, uncertainties 

in the regression model might be reflected in the results and the method was here rejected. 
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Although LS is the more frequently used method in regression analysis, it is not always 

the most suited one (Castellaro et al., 2006). The ordinary LS regression method does not 

account for the effects of measurement error in both variables. It assumes that the error of the 

independent variable (mb) is negligible with respect to that of the dependent variable (Ms) 

(Das et al., 2012). Such an assumption is not fully appropriate for magnitude data and results 

might be misleading. Many researchers (Das et al., 2012; Deniz and Yucemen, 2010; 

Castellaro et al., 2006) prefer the general orthogonal regression (GOR) analysis, when 

converting magnitudes from one type into another. This method takes into consideration the 

errors in both the independent and the dependent variables. However, the GOR analysis 

requires the variance of the error of both variables to be known (Deniz and Yucemen, 2010). 

This method was not considered here. 

A variety of processing techniques have been applied in this study and comparable 

results are achieved (Figs. 8, 9, 16 and 19). On the other hand, I do not wish to postulate that 

all local minima in b(t) will be followed by a large earthquake. Nevertheless, presented results 

suggest that a statistically significant drop in b(t) has the potential to herald them. The 

incentive of this research was to examine, retrospectively, the potential of varying b(t) to be 

used as an intermediate-term earthquake precursor. The investigation was focused on the 

devastating, 1999 earthquake, near Izmit. However, achieved results show, a prognostic drop 

in b(t)-anomaly is more profound in relation with the Duzce earthquake than with the Izmit 

event. It reflects the importance of rich data sets for a meaningful analysis. In this study, 

sensitivity in b(t) was good enough to separate the Izmit and Duzce events. It also shows the 

potential of the method to function as a precursor to large aftershocks in the affected area. 

Nuannin et al. (2012a) performed, with some promising results, b-value analysis on 

aftershock sequences of two great earthquakes off coast of NW Sumatra. Their approach is of 

the same character as in the present work, however, data availability was less limited in their 

study. Aftershocks generated by a large event may imply additional seismic hazard to the 

affected region. For example, an earthquake of magnitude about 8 or above may generate one 

or several successive strong events of magnitude 7 (Nuannin et al. 2012a). It can cause further 

damage, particularly to vulnerable, already damaged structures and pursue rescue efforts. In 

earthquake prone countries, like Turkey, where the infrastructure is less developed, hazard 

assessments and prevention measures are of crucial importance.  

There are numerous papers on the essential characteristics of b-values and their 

applicability in earthquake prediction. Temporal variations of b have, in earlier studies, been 

investigated in different tectonic settings, in different parts of the world. For example, 
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Nuannin et al. (2012b) studied variations of b in the Andaman-Sumatra subduction zone 

between 2000 and 2010. Results revealed that the 15 largest earthquakes (Mw ≥7) were all 

preceded by a significant drop in b(t). Also, correspondence was found spatially between 

stress concentrations and areas of low b. In southern Iran, Sorbi et al. (2012) analysed 

seismicity patterns associated with the 2008 Qeshm earthquake. Among other results, they 

found significant drops in b(t) prior the occurrence of two large (Mw ≥6) earthquakes, one 

being the Qeshm event. There are also researchers (Parsons, 2007; Zhao and Wu, 2008) who 

received less promising results. It is not easy to assess whether an earthquake prediction 

method is statistically successful or not (Nuannin, 2006). One of the crucial problems is data 

availability, which is very limited in many areas. The recurrence time of large earthquakes, 

within a small geographical region, can be very long. There is a definite danger of “selection 

bias”, which restricts research to retrospective analysis of data. To enhance robustness of the 

results achieved, it is always recommended, whenever possible, to combine any method of 

prediction character with other prediction techniques. 

6. Conclusions and Future work 
6.1 Conclusions 
Temporal variation in b-value was investigated in the western portion of NAFZ during the 

time period from January 1982 to December 2004. A method of b-value estimation in sliding 

time windows was applied and data was provided from two different teleseismic catalogues, 

ISC and NEIC. Complete catalogues of 287 (ISC) and 224 (NEIC) events were obtained, 

using a threshold magnitude of Mc 3.7. Calculated b-values achieved from body-wave 

magnitudes show large temporal variations in a broad range, 0.75-1.7 (ISC) and 0.5-1.6 

(NEIC). The employed method was constrained by low seismicity, especially in the beginning 

of the reviewed time period, which resulted in long sample periods prior to 1999. Two large 

(Ms >7) earthquakes on August 17 (Izmit) and November 12 (Duzce), 1999, both occurred 

when the b-value was significantly lower than the overall mean, b =1.20. This observation can 

be associated with a stress increase in the study area, as postulated by Scholz (1968) and 

Wyss (1973). In the same way, the increase in b-value following the occurrence of a large 

shock is interpreted as stress decrease through numerous aftershocks. It was found that a 

prognostic drop in b(t)-anomaly was more profound in relation with the Duzce earthquake 

than with the Izmit event. Presumably, it reflects mainly the difference in data amount 

available before each shock. Different threshold magnitudes, different window sizes and step 
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increments, declustering and homogenization through magnitude conversion have been tested. 

Despite constrained amount of data, different techniques show comparable results and 

increase the confidence that achieved results are real and robust. As presented in the results, 

the employed method has shown precursory potential which could contribute to an 

intermediate-term (weeks to months) earthquake prediction.  

6.2 Future work 
The method, as described in this thesis, has been successfully tested on subduction zones as 

presented in previous works (Nuannin et al., 2005; 2012b). In the present work, the proposed 

method shows potential also to work in an area dominated by a strike-slip fault (NAFZ). To 

further strengthen validity of results achieved, it would be interesting to test the method on 

other strike-slip faults, e.g. the San Andreas Fault in California, to see if results of the same 

character can be reproduced. 
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