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The long-term Precursory Scale Increase (Ψ) phenomenon is used to relate minor
seismicity to major shallow earthquakes in Zagros. This phenomenon involves an
increase in the magnitude and rate of occurrence of minor earthquakes in an area
near to the location of a major event. By the modeling of long-term seismogenesis as
a three-stage faulting process, the Precursory Scale Increase (Ψ) phenomenon can
be inferred. Scaling characterizes the parameters of space, time and magnitude that
relate the precursory seismicity to the mainshock and aftershocks. Seismogenesis
starts with the formation of a major crack, culminates in the corresponding major
fracture and earthquake, and ends with healing. Showing high seismicity in south-
west of Iran, Zagros mountain accommodate major part of convergence between
Arabia and Eurasia. From 1970 to 2009, 29 earthquakes in this region demon-
strated a sudden increase in the scale of seismicity, which can be inferred as a
long-term precursor. Range of magnitudes of these earthquakes was from 5.6 to 6.7.
Precursory time (TP ) interval between onset of the scale increase and occurrence
of the earthquake, and the precursory space (AP ) that involved space-time is opti-
mized respectively to scale increase. By scaling relations, predictive regressions are
found between the magnitude level of the precursory seismicity (MP ) versus TP ,
AP and the main earthquake magnitude separately. As these relations show high
goodness of fit for Zagros, the method could be used in long-range forecasting of the
place, time and magnitude of major earthquakes in Zagros region.
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1. Introduction

The most frequently reported precursory phe-
nomena involve patterns of seismicity. Various
seismicity patterns before and after major earth-
quakes have been reported in literature, and there-
fore several earthquake likelihood models have been
published [1]. The seismic cycle is accompanied by
the seismic gap hypothesis, first pointed out by Fedotov
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[2] and then developed by Mogi [3-4]. In a related
model, based directly on statistical mechanics, the
earthquake is preceded by an accelerating moment
release (AMR), which occurs out to radii of several
hundred kilometers, and emerges at a highly variable
time before the earthquake [5]. Still larger prepara-
tion areas are identified by the M 8 method [6].
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On the other hand, many studies, have suggested that
seismogenesis is a long-term process, and that the
duration of seismicity scales with earthquake magni-
tude [7]. According to Evison and Rhoades [8],
major shallow earthquakes are preceded in the long
term by an abrupt scale increase in minor seismicity;
this is called the Precursory Scale Increase (Ψ)
phenomenon. Compared to M8, the area occupied in
each case is small, and the duration of the increase is
long. For M 8, prediction is made separately for
each overlapping circles which cover the target
territory. The radius of the circles for earthquakes
with M = 7 is 280 km so the investigation area for
prediction is about 246,300 km2 [9].  In this method,
the investigation area is chosen according to
aftershocks area and is not the same for different
regions, but in average it is less than 35,000 km2

for earthquakes with M = 7 [8]. Existence of the Ψ
phenomenon is an inference from a three-stage
model of faulting [10-11], in which the formation of a
major crack induces the formation of minor cracks
around it. The fracture of the minor cracks prior to
that of the major cracks produces the precursory
increase in seismicity. From many such examples
[12-14], precursory scaling relations were derived,
in the form of linear regressions of mainshock
magnitude Mm, logarithm of precursor time log TP,
and logarithm of precursory area log AP on precursor
magnitude MP. These relations form the basis of
the EEPAS model, in which every earthquake is
regarded as a precursor, according to scale of larger
earthquakes to follow it in the long term. In fact,
this study is a retrospective approach to calibrate a
set of equations for the intermediate range prediction
of earthquakes in Zagros area.

In the Zagros mountain belt, about 50% of
the total convergence between Arabia and Eurasia
is accommodated [15-16] and is marked by a zone
of high seismicity so it could be a good region for
testing seismicity scales. The seismicity of earth-
quakes in Zagros region is studied in this study
from 1965 to 2009. For all earthquakes with magni-
tude more than or equal to 5.5 from 1970 to 2008 (86
earthquakes), Ψ phenomenon is examined, and as a
result, 29 out of 86 cases in Zagros show a precur-
sory increase of seismicity or increase of Ψ.

2. Precursory Seismicity

Rising observations show that in subduction

regions, there are relations between location, magni-
tude and time of swarms of minor earthquakes and
mainshock [12-14]. Furthermore, observations
confirm the similarity of scale between swarms and
aftershocks [10-11]. Crack formation before main
fracture has been extensively studied in the labora-
tory [17]. This phenomenon is produced by the
growth of a macrocrack and by associated micro-
cracking [18]. The model of this phenomenon was
presented by the following way: The possibility of
the maincrack and aftercracks generation, increased
microearthquake activity at a time preceding the
mainshock by years or decades, depending on mag-
nitude. Two elements introduce the length of time
interval between crack formation and mainshock
caused by cracking. On the one hand the strength is
increased with reducing fluid pressure, but on the other
hand, the stress-field becomes non-uniform across
the major crack and the major crack will not occur
until the stress uniformity is obtained [19]. This
model can be explained by three-stage faulting:
cracking, fracturing, and healing. In this model, both
the time before crack formation and the time between
crack formation and the major earthquake, is used.
Then the phenomenon of the Precursory Scale
Increase (Ψ) is introduced, of which the precursory
swarm is a special case [8]. The model is quantified
by Ψ phenomenon with three parameters: space,
time and magnitude. In this respect, the basic ele-
ment for quantification is the similarity of seismicity
increasing before and after mainshock in a given area.

First of all, the precursory area is chosen accord-
ing to aftershocks and mainshock epicenters, Figure
(1a). Second, increasing in seismicity scale is
measured by two methods: increasing in magnitude
level and increasing in the average rate of seismicity.
In this way, the ratio of the average rate of seismicity
in the precursory period to the average rate in the
prior is measured. For calculating the average rate
of seismicity, )(tC  is defined as the cumulative
magnitude anomaly, Figure (1b), by:

)()1.0()( scittits ttkMMtC −−+−= ∑ <<

where                                                               (1)

)/()1.0( sfcitftits ttMMk −+−= ∑ << (1)

where iM  and it  are the magnitude and the time of
the ith earthquake, respectively. cM  is the threshold
magnitude, and k is the average rate of magnitude
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accumulation between the starting time st  and the
finishing time ft  [11]. A sharp minimum in the )(tC
graph is related to a major upward jump in seismicity
rate; the low point is taken as the onset of the Ψ
anomaly, and the date of the low point marks the
start of the precursor time PT  [8].

Third, the increase of seismicity before mainshock
(increasing the magnitude level or scale), is calcu-
lated by the average of the three largest magnitudes
in the set which is named precursory earthquakes,

,PM  Figure (1c). The same procedure is done for
the magnitude level prior to the scale increase ).( aM

There are three main parameters for the Ψ
phenomenon, Figure (1): the magnitude PM  as
mentioned above, the time PT  between the start of
the precursor and the mainshock, and the area PA
occupied by the precursor, mainshock and aftershocks

Figure 1. The Ψ phenomenon example shows the following: (a) Epicenters of precursory earthquakes, mainshock and
aftershocks. Pink line encloses precursor area AP. (b) Magnitudes vs time of prior and precursory earthquakes,
also mainshock and aftershocks. Dashed lines show precursory increase in magnitude level. Mm is mainshock
magnitude; MP is precursor magnitude. (c) Cumag vs time.

all scale with mainshock magnitude .PM  Hence
PM  could in principle be used to predict the major

earthquake via linear regressions of ,mM  PT log  and
PAlog  on PM  [20]. These regressions could be

presented like:

Pmmm MbaM  +=                                              (2)

PTTP MbaT     +=log                                             (3)

PAAP MbaA     +=log                                           (4)

where PT  is measured in days, PA  in km2, and
logarithms are to base 10. Evison and Rhoades [8]
calculated the precursory relations on 47 examples
of the Ψ phenomenon using the earthquake catalogs
of California and northern Mexico, Japan, Greece,
and New Zealand.
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3. Application to Earthquakes in Zagros, Iran

In Zagros region, for all earthquakes with
magnitude equal or more than Mw = 5.5 (because of
having enough aftershocks), the (Ψ) Phenomenon
has been investigated. The seismicity of Zagros
region (1965-2009) is shown in Figure (2).

In this region, 29 earthquakes from 86 earth-
quakes with magnitude ≥ 5.5 from 1970 to 2008
have been found with (Ψ) phenomenon, Figure (3)

Figure 2. The Zagros region and the seismicity of this
region (1965-2009, IIEES catalog) with  magnitude
≥ Mw 5.5.

Figure 3. The Areas that show (Ψ) phenomenon (AP) in
Zagros region.

and Aappendix (1). It means, from all of the earth-
quakes in Zagros region (1970-2008), 29 earthquakes
has an increase in both rate and level of seismicity
for precursory earthquakes. For all of 86 earthquakes,
the precursory area AP has been plotted according
to the prior seismicity and aftershock of these main
shocks. Unlike the Evison and Rhodes [8], in this
study, the area by trend of faults and seismicity of
that region is chosen (not a simple NS-EW rectangle).
Then the cumulative magnitude anomaly (cumag)
C(t) has been tested for all earthquakes, and areas
with an increase in the level and rate of seismicity
have been chosen for (Ψ) phenomenon. Therefore,
we found MP  , TP and AP for these earthquakes.
After that, the prediction relations for long-range
forecasting have been calculated by weighted regres-
sion. Accordingly, three parameters are chosen for
weighting.
1. Weighting with regards to Mm (w1).
2. Weighting as for the increase of the scale of

magnitude (w2).
3. Weighting as for the whole time (Tf ) of the test

(w3).
The normality assumption is at the core of a

majority of standard statistical procedures, and it is
important to be able to test this assumption. Among
the many procedures used to test this assumption,
one of the most well-known procedures is a modifi-
cation of the Kolmogorov-Smirnov test of goodness
of fit, generally referred to as the Lilliefors test for
normality [21]. Furthermore, the Durbin-Watson
statistic is a test statistic used to detect the presence
of autocorrelation (a relationship between values
separated from each other by a given time lag) in
the residuals (prediction errors) from a regression
analysis [22-23]. Durbin and Watson [22-23] applied
this statistic to the residuals from least squares
regressions, and developed bounds tests for the null
hypothesis that the errors are serially independent
(not auto correlated) against the alternative that
they follow a first order autoregressive process. All
of these procedures are done for the seismicity data
of Zagros and is shown in Appendix (2).

The relations are in these forms, Figures (4) to
(6):

%5812.112.0 2 =+= R       M M Pm                      (5)

%472

08.125.1211.34log 2

=

+−=
2

PPP

R

M-M T    

                   (6)
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%64269.007.3log =+−= 2
PP R    M A                   (7)

In this research, we used nonlinear regression
for PP MT −  relation (the second order polynomial)
to achieve a better goodness of fit.

4. Discussion and Conclusion

In Zagros region, checking the precursory scale

Figure 6. Predictive relation between precursor time AP and precursor magnitude MP, for 29 major earthquakes in Zagros,
Dotted lines indicate 95% tolerance limits, Eq. (7).

Figure 5. Predictive relation between precursor time TP and precursor magnitude MP, for 29 major earthquakes in Zagros,
Dotted lines indicate 95% tolerance limits, Eq. (6).

Figure 4. Predictive relation between mainshock magnitude Mm and precursor magnitude MP, for 29 major earthquakes in Zagros,
Dotted lines indicate 95% tolerance limits, Eq. (5).

increase in seismicity (the Ψ Phenomenon) by
means of space-time envelope has shown a strong
correlation between the size of the envelope and
the earthquake magnitude. Furthermore, by follow-
ing  the trend of faults for precursory areas, better
correlation has been achieved compared to previous
studies. Despite the calculated relations by Evison
and Rhodes [8] in this article the precursory relations
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are related for local earthquakes (Zagros, Iran),
and these relations could be used for earthquake
prediction models as a new function especially in
Zagros, Iran.
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Appendix I

Appendix II

Table 1. Earthquakes showing (Ψ) phenomenon in Zagros from 1970 to 2008.

Table 2. The results of different regression and the analysis of the regression for the Zagros seismicity precursory relations.

  Y= a + bx + Cx2      

Parameters Regression type a b c R^2 
(%) h* d** Comments 

Mm - Mp Simple 2.46 0.66 0 38 0 1.79  

Mm - Mp Weighted- Sum/Max: (w1+w2+w3)/Max 1.82 0.79 0 44 0 1.64  

Mm - Mp Weighted- Sum/Max: (w1+w3)/Max 2.13 0.73 0 42 0 1.45  

Mm - Mp Weighted- Sum/Max: (w1+w2)/Max 1.60 0.83 0 45 0 1.81  

 

 Year Month Day Mm M Mp Tp (Day) Ap (Km2) Tf (Year) 

1 1970 2 28 5.7 4.8 5.1 2098 3942 10 

2 1971 11 8 5.9 5.09 5.1 2863 2545 10 
3 1971 12 9 5.8 5 5.4 1374 7193 12 
4 1972 4 3 5.7 4.4 5.3 3198 4698 12 
5 1972 4 10 6.7 4.4 5.7 3205 8244 12 
6 1972 7 2 5.6 4.8 5.2 367 1594 4 
7 1976 4 22 6 4.9 5.0 2212 4665 13 
8 1977 3 21 6.7 5.3 5.9 2636 12279 17 
9 1977 4 6 6 5 5.3 1376 4670 17 

10 1977 5 19 5.8 4.9 5.2 1539 2273 17 
11 1977 6 5 6.1 4.8 5.1 1650 4243 13 
12 1978 12 14 6.2 5 5.2 2169 3076 14 
13 1982 7 11 5.5 4.3 5.1 1986 783 9 
14 1983 3 5 5.7 5 5.3 3715 3954 19 
15 1983 5 28 5.8 5.4 5.6 1428 6069 19.5 
16 1983 7 12 6 5.3 5.7 3082 3635 19.5 
17 1985 8 7 5.6 5.2 5.4 4932 4520 24 
18 1988 3 30 5.9 4.7 4.8 700 1465 23 

19 1988 8 11 6.1 5.6 5.7 1226 4856 11 
20 1989 4 2 5.7 5 5.1 1952 5692 29 
21 1994 3 1 6.1 5.1 5.3 3346 5748 20 
22 1994 7 31 5.6 4.79 4.8 2191 1167 2 
23 1997 10 20 5.7 4.7 4.9 230 2283 24 
24 1999 3 4 6.6 5.3 5.6 4384 5637 34 
25 1999 5 6 6.3 5.2 5.3 2471 4040 29 
26 2000 3 5 5.6 4.5 4.6 1590 759 12 
27 2002 9 25 5.6 4.89 4.9 2700 842 37 
28 2006 2 28 5.9 4.99 5.0 2583 1662 18 
29 2008 9 10 6.2 4.8 5.2 1017 4897 3 
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  Y= a + bx + Cx2      

Parameters Regression type a b c R^2 
(%) h* d** Comments 

Mm - Mp Weighted- Sum/Max: (w2+w3)/Max 1.62 0.82 0 45 0 1.74  

Mm - Mp Weighted- Sum: (w1+w2+w3) 2.25 0.70 0 40 0 1.48  

Mm - Mp Weighted- Sum: (w1+w3) 2.28 0.70 0 39 0 1.47  

Mm - Mp Weighted- Sum: (w1+w2) 1.50 0.85 0 46 0 1.87  

Mm - Mp Weighted- Sum: (w2+w3) 2.26 0.70 0 40 0 1.48  

Mm - Mp Weighted- Multiple: (w1.*w2.*w3) 0.28 1.09 0 57 1 1.77  

Mm - Mp Weighted- Multiple: (w1.*w3) 1.91 0.79 0 45 0 1.23  

Mm - Mp Weighted- Multiple: (w1.*w2) 0.12 1.12 0 58 1 2.12 chosen 

Mm - Mp Weighted- Multiple: (w2.*w3) 0.34 1.06 0 54 0 1.75  

Mm - Mp w1 2.11 0.75 0 43 0 1.50  

Mm - Mp w2 -0.04 1.13 0 56 0 2.23  

Mm - Mp w3 2.30 0.70 0 39 0 1.48  

    0     

TP - Mp Simple -1.36 0.31 0 10.5 1 2.42  

TP - Mp Weighted- Sum/Max: (w1+w2+w3)/Max -1.78 0.39 0 18 1 2.39  

TP - Mp Weighted- Sum/Max: (w1+w3)/Max -1.70 0.38 0 17 1 2.36  

TP - Mp Weighted- Sum/Max: (w1+w2)/Max -1.76 0.38 0 19 1 2.39  

TP - Mp Weighted- Sum/Max: (w2 +w3)/Max -1.96 0.43 0 19 0 2.34  

TP - Mp Weighted- Sum: (w1+w2+w3) -1.93 0.42 0 18 0 2.28  

TP - Mp Weighted- Sum: (w1 +w3) -1.92 0.42 0 18 0 2.28  

TP - Mp Weighted- Sum: (w1+w2) -1.80 0.39 0 19 1 2.39  

TP - Mp Weighted- Sum: (w2+w3) -1.94 0.43 0 19 0 2.28  

TP - Mp Weighted- Multiple: (w1.*w2.*w3) -2.24 0.48 0 32 1 2.38  

TP - Mp Weighted- Multiple: (w1.*w3) -2.08 0.45 0 25 0 2.35  

TP - Mp Weighted- Multiple: (w1.*w2) -2.26 0.47 0 32 1 2.02  

TP - Mp Weighted- Multiple: (w2.*w3) -2.45 0.52 0 29 1 2.44  

TP - Mp w1 -1.58 0.35 0 17 1 2.33  

TP - Mp w2 -2.31 0.49 0 24 1 2.20  

TP - Mp w3 -1.94 0.43 0 18 0 2.27  

TP - Mp Simple -4.89 1.66 -0.13 11 1 2.42  

TP - Mp Weighted- Sum/Max: (w1+w2+w3)/Max -12.86 4.57 -0.39 20 1 2.39  

TP - Mp Weighted- Sum/Max: (w1 +w3)/Max -13.69 4.91 -0.42 20 0 2.36  

TP - Mp Weighted- Sum/Max: (w1 +w2)/Max -11.61 4.07 -0.34 20 1 2.45  

TP - Mp Weighted- Sum/Max: (w2 +w3)/Max -13.48 4.78 -041 22 1 2.30  

TP - Mp Weighted- Sum: (w1+w2+w3) -15.87 5.72 -0.50 22 0 2.22  

TP - Mp Weighted- Sum: (w1 +w3) -16.04 5.80 -0.51 22 0 2.22  

TP - Mp Weighted- Sum: (w1 +w2) -11.95 4.16 -0.35 22 1 2.43  

TP - Mp Weighted- Sum: (w2 +w3) -15.94 5.75 -0.50 22 0 2.22  

TP - Mp Weighted- Multiple: (w1.*w2.*w3) -34.11 12.25 -1.08 47 1 2.57 chosen 

TP - Mp Weighted- Multiple: (w1.*w3) -23.15 8.38 -0.74 33 1 2.49  

TP - Mp Weighted- Multiple: (w1.*w2) -22.88 8.08 -0.70 38 1 2.07  

TP - Mp Weighted- Multiple: (w2.*w3) -28.73 10.31 -0.91 40 1 2.50  

TP - Mp w1 -11.72 4.16 -0.36 19 1 2.38  

TP - Mp w2 -14.67 5.08 -0.43 26 1 2.25  

TP - Mp w3 -16.11 5.81 -0.51 22 0 2.21  

Table 2. Continue.
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  Y= a + bx + Cx2      

Parameters Regression type a b c R^2 
(%) h* d** Comments 

TP - Mp Simple -3.59 0.78 0 59 0 2.11  

AP - Mp Weighted- Sum/Max: (w1+w2+w3)/Max -3.4 0.75 0 60 0 1.92  

AP - Mp Weighted- Sum/Max: (w1 +w3)/Max -3.32 0.73 0 61 0 1.84  

AP - Mp Weighted- Sum/Max: (w1 +w2)/Max -3.27 0.73 0 58 0 2.01  

AP - Mp Weighted- Sum/Max: (w2 +w3)/Max -3.66 0.79 0 59 0 1.93  

AP - Mp Weighted- Sum: (w1+w2+w3) -3.57 0.78 0 60 1 1.78  

AP - Mp Weighted- Sum: (w1+w3) -3.56 0.78 0 60 1 1.77  

AP - Mp Weighted- Sum: (w1+w2) -3.31 0.73 0 58 0 2.00  

AP - Mp Weighted- Sum: (w2+w3) -3.57 0.78 0 60 1 1.78  

AP - Mp Weighted- Multiple: (w1.*w2.*w3) -3.04 0.69 0 65 1 1.81  

AP - Mp Weighted- Multiple: (w1.*w3) -3.07 0.69 0 64 0 1.71 Chosen 

AP - Mp Weighted- Multiple: (w1.*w2) -3.17 0.71 0 62 1 1.76  

AP - Mp Weighted- Multiple: (w2.*w3) -3.39 0.74 0 57 1 1.92  

AP - Mp w1 -3.06 0.69 0 61 0 2.01  

AP - Mp w2 -3.94 0.85 0 56 1 1.97  

AP - Mp w3 -3.57 0.78 0 60 1 1.77  

 

Table 2. Continue.


