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ABSTRACT

Empirical relationships for magnitude scales and fault parameters were
produced using 436 Iranian intraplate earthquakes of recently regional
databases since the continental events represent a large portion of total
seismicity of Iran. The relations between different source parameters of
the earthquakes were derived using input information which has usefully
been provided from the databases after 1900. Suggested equations for mag-
nitude scales relate the body-wave, surface-wave as well as local magni-
tude scales to scalar moment of the earthquakes. Also, dependence of
source parameters as surface and subsurface rupture length and maxi-
mum sutface displacement on the moment magnitude for some well doc-
umented earthquakes was investigated. For meeting this aim, ordinary
linear regression procedures were employed for all relations. Our evalua-
tions reveal a fair agreement between obtained relations and equations
described in other worldwide and regional works in literature. The M-
my and M -Mg equations are correlated well to the worldwide relations.
Also, both M -Mg and M -M, relations have a good agreement with re-
gional studies in Taiwan. The equations derived from this study mainly
confirm the results of the global investigations about rupture length of
historical and instrumental events. However, some relations like My -M
and M-M,; which are remarkably unlike to available regional works

(e.g., American and Canadian) were also found.

1. Introduction

Relationships between source parameters of large
earthquakes in the world have broadly been under-
stood [e.g., Fuller 1987, Stromeyer et al. 2004, Bormann
et al. 2007, Krystek and Anton 2007, Griinthal et al.
2009, Ristau 2009, Deniz and Yucemen 2010, Bethmann
etal. 2011, Das etal. 2011, Baruah et al. 2012, Das et al.
2012, Gasperini et al. 2012, Griinthal and Wahlstrom
2012, Gasperini et al. 2013a, Gasperini et al. 2013b].
Magnitude is globally considered as the most efficient,
measurable and a simple parameter for calculating the
size of an earthquake. For the first time in the history
of seismology Richter [1935] defined local magnitude
scale for earthquakes. Many researchers [e.g., Sonley

and Atkinson 2005, Chen et al. 2007, Yenier et al. 2008,
Karimiparidari et al. 2013, Zare et al. 2014] have pro-
duced specific empirical relationships which convert
various reported magnitude scales to My, in some re-
gions including Iranian territory. A significant reason
for these conversions is that various seismological agen-
cies report different magnitude scales for the earth-
quakes. Conversion of various magnitude scales to the
main and authentic magnitude scale of My;, for most of
the seismological catalogues is necessary (m;, Mg, M;
as well as M (=Log, (Amplitude/ 4m)+1.166Log, ,(Epi-
central Distance) — 0.1; Nuttli [1973]). Because the m,,
Mg, M, and also M) scales are independently calculated
using maximum amplitude of body wave, surface wave,
and shear wave of an earthquake in appropriate specific
frequency ranges, respectively. Therefore, they cannot
represent all source process energy of an earthquake;
because the frequencies at which the above mentioned
scales are calculated do not cover the whole rupture
process. Also, a reliable earthquake catalogue, which
usually contains homogeneous magnitude estima-
tions for all events, is highly desirable. Homogeneous
catalogues are applied in many seismic studies such as
seismic hazard assessment, ground-motion prediction,
long-term seismic strain rate assessment and also nu-
clear activity verification [Yenier et al. 2008].
Moreover, Shoja-Taheri et al. [2007] have used a
large amount of strong-motion data recorded by Na-
tional Strong Motion Network of Iran (BHRC) to de-
velop relations for routine determination of M; and
My, from digital horizontal components of the strong-
motion records. Also, Shahvar et al. [2013] have pre-
sented a unified and homogeneous catalogue for the
[ranian plateau (M, 24.0), created by merging data
from two local catalogues and seven international agen-
cies. Since, this operation requires the conversion of dif-
ferent magnitudes used by single agencies to a common
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type. In this attempt to convert different magnitude
scales to M, regression relations that take into account
errors on both variables are used.

Also, global empirical relationships between the
basic source parameters (e.g., length, width and slip of
a coseismic fault) and the moment magnitude [Hanks
and Kanamori 1979, Kanamori 1979] of the correspon-
ding earthquake have essentially been calculated [e.g.,
Kanamori and Anderson 1975, Bonilla et al. 1984, Wes-
nousky 1986, Wells and Coppersmith 1994, Papazachos
and Papazachou 2003, Smith and Stock 2004]. Relations
between earthquake parameters (e.g., scalar moment,
fault length, faulted area, fault slip) and the magnitude
of the corresponding earthquake are important issues
for practical purposes. These relations can estimate the
magnitude of an earthquake when such parameters are
roughly known by either geological or seismological
investigations. Ambraseys and Jackson [1998] summa-
rized surface faulting cases in historical and recent
earthquakes in the eastern Mediterranean region and
in the Middle East (including Iran). They also derived
relationships between magnitude, rupture length, sur-
face displacements and mechanism, using the above
mentioned dataset. Such empirical relations are also sig-
nificant for theoretical reasons because they can physi-
cally test whether the models of the seismic rupture are
valid [e.g., Utsu and Seki 1954, Tocher 1958, Nuttli
1983a, Nuttli 1983b, Ambraseys 1988, Wang and Ou
1998, Smith and Stock 2000, Papazachos et al. 2004,
Karakaisis et al. 2010].

2. Data and error analysis

The database used in this study was gathered from
various seismic catalogues. We used catalogues of the
International Seismological Center (ISC as a main
structure), the International Institute of Earthquake
Engineering and Seismology of Iran (IIEES), the Insti-
tute of Geophysics of the University of Tehran IGUT),
the Engdahl relocated catalogue for 1900-2014 and
many early to recent researches which have been car-
ried out in Iran for the earthquakes after 1974. Appen-
dix 1 shows the earthquake database used in this study.
These earthquakes have occurred in response to the
Arabian-Touran plates convergence (Figure 1a).

The parameters of M, and M,;, are basically calcu-
lated by the Centroid Moment Tensor (CMT) solution
of the Harvard University catalogue [2014]; the loca-
tion, depth, m; and M, were adopted from the ISC cat-
alogue [2014]; M, was adopted from the IGUT catalogue
[2014] and also M; magnitudes of the events from the
[IEES catalogue [2014]. SRL, SSRL and MSD, the sur-
face rupture length, subsurface rupture length and
maximum surface displacement for coseismic faults of

the Persiaan earthquakes were adopted from well docu-
mented papers. This data was gathered from the sources
introduced in the reference column in the table of Ap-
pendix 1, according to the fact that ISC reported depths
are usually good for general classification as many of
them are fixed depth mainly at 15 km. Several studies
have shown that some of them could be wrong as much
as several kilometers [e.g., Maggi et al. 2000].

Reported M; and M), for the earthquakes in Ap-
pendix 1 were adopted from IIEES and IGUT cata-
logues, respectively. Most of My, Mg and m, as well as
all of M, values were achieved from Harvard catalogue
considering that the Global CMT catalogue adopts Mg
and m, values from the other reliable sources. SRL,
SSRL and MSD for the earthquakes were adopted from
geological surveys accomplished and published mainly
by Geological Survey of Iran (GSI) (Appendix 1).

Separating the earthquake data with respect to
their seismotectonic provinces, neither provides statis-
tically different results nor improves statistical significance
for the magnitude relations [e.g., Wells and Coppersmith
1994]. The Iranian earthquakes have mainly intra-plate
behaviors and also Persian seismotectonic provinces are
roughly associated with the same characteristics; al-
though, Zafarani and Soghrat [2012] and Shoja-Taheri
et al. [2007] have emphasized on the partial difference
between Zagros and Alborz-Central Iran. Since, num-
ber of the events in each area (diagram) decreases, di-
viding the study area with respect to the seismotectonic
provinces makes the results uncertain. This is the main
reason of merging the data of all Iranian provinces ex-
cept that of Makran and north of Alborz regions. Ac-
cording to these facts, we only excluded data of the
plate-margin earthquakes from the database. This sep-
aration was necessary because of the significant differ-
ences between the plate-margin and the mid-plate
earthquakes of a same seismic moment. A large plate-
margin earthquake has bigger rupture length, rupture
area, average fault displacement, smaller rupture width
as well as smaller static stress drop in comparison to a
mid-plate event. Plots of m, versus M, m, versus M,, as
well as M versus M, for plate-margin earthquakes
show greater amounts of scatter in comparison to mid-
plate earthquakes [Nuttli 1983a].

Karimiparidari et al. [2013] disregarded all after-
shock and foreshocks in their newly compiled catalogue
based on the procedure described by Gardner and
Knopoft [1974]. Accordingly, the aftershocks and fore-
shocks are therefore excluded from our database based
on their origin times, relative location to the mainshock
and also over than 1 magnitude unit difference with the
mainshock magnitude. Considering longer durations of
aftershocks and foreshocks for larger earthquakes, no
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constant durations were considered for the aftershocks
and foreshocks. Nemati [2014] has introduced equations
for both the ISC and IGUT databases for spatially sepa-
rating the aftershocks from the background seismicity
in Iran. We also took advantage from Nemati [2014] re-
lations (Log, ,(A) =0.45M+ 0.23) as a general guide for
separating the aftershocks which situate in an equiva-
lent circular area of A(km?) centered by the mainshock
location.

The basic need for any earthquake catalogue is ho-
mogeneity in the magnitude and also data complete-

Figure 1. (a) Fault map of Iran with the epicentral distribution of
436 earthquakes investigated in this study. Faults were adopted from
the active fault map of Iran [Hessami et al. 2003]. (b) M, determi-
nation for our database.

ness. Concept of the completeness is that the data must
include all earthquakes occur in a tectonical region dur-
ing a specific time interval with magnitude larger than
a certain value (magnitude of completeness (M,.). There-
fore assessment of M_,, usually estimated from bending
of the Gutenberg-Richter diagram [Gutenberg and
Richter 1956], is a significant issue. This is the smallest
magnitude above which the catalogue is considered to
be fully reported. In 1964-2014 period in ISC (after 1964),
IIEES (after 2002) and IGUT (after 1996) catalogues
(each reports seismic data with a global and regional
seismological networks, respectively) this magnitude
could optimistically be assumed to be 4.3 with a reli-
able and confident tolerance (Figure 1b, M. for ISC cat-
alogue after 1964).

m, is obtained by using the waveform amplitude
of the first 5 s of short period P waves recorded by short
period sensors. My is generally calculated from surface
wave amplitudes with 20s period. It can truly be used
well for shallow earthquakes [Gutenberg and Richter
1956, Nuttli 1983a, Nuttli 1983b]. The original M, is
based on recordings of a typical Wood Anderson (W-A)
seismograph. If such recordings are not available, then
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we produce them by converting digital recordings of
well calibrated sensors to synthetic W-A ones. Then M,
is also determined from the peak amplitudes of the syn-
thetic seismographs.

We examined the relationships between M, and
m,, Mg and M; magnitude scales because My, could di-
rectly be calculated from M, for most of the earth-
quakes. M, could be easily obtained from the standard
equation of M, =2/3(Log, (M) — 16.1) [IASPEI 2005].
Therefore, we calculated dependence of the magnitude
scales with M. For pre-instrumental earthquakes Mg was
calculated from the maximum intensity (I5) by the for-
mula My=0.771,— 0.07 [Ambraseys and Melville 1982].

IGUT short period seismic stations are equipped
with SS1 seismometers, medium-bands are equipped
with Trillium-40s seismometers and broad-bands are
equipped with CMG-3ESP-120s, CMG-3'T-360s and also
Trillium-240s seismometers. The IIEES seismometers
are mainly broad-band of CMG-3T-360s type.

M), scale is basically introduced by Nuttli [1973]
which defines the size of an earthquake by using the
formula M= Log, ,(A/KT) + 1.166Log, ,(R) — 0.1, where
A, K, T and R are displacement amplitude (nm), ampli-
fication of the seismograph, natural period (s) of the
seismograph and epicentral distance of the earthquake
(km), respectively. The magnitude of an earthquake re-
leased by IGUT is in the corrected Nuttli [1973] mag-
nitude scale; M= Log, ,(4)+ 1.66Log, ,(R)— 0.1 for R
(epicentral distance)<106 km and My, = Log, ,(4) +
2.5Log, (R) — 1.8 for 106 km<R < 600 km and 4 (nm/s)
is maximum velocity amplitude for Iranian earthquakes
recorded with velocity meters [Rezapour 2005].

Figure 1la displays the epicentral distribution of
436 earthquakes of Appendix 1 on the fault map of
Iran. A unified magnitude is necessary for depiction of
the epicenters in the map (Figure 1a) regarding that the
earthquakes symbols are displayed with respect to their
magnitudes. For unifying the magnitude scale of the
earthquakes, we applied widely used and available re-
lationships based on very wide data sets (M, = 0.804m,
+1.25 and M,;,=0.74M+1.81 for 3.5<M¢<6.1 and
My, =0.83M¢+ 1.25 for 6.1<M¢<7.5 [Scordilis 2006] for
calculating M,,, for some earthquakes (M (Cal.) col-
umn) in Appendix 1).

For evaluating the reliability of the equations, cal-
culating a standard deviation as well as depicting a
residual diagram for each equation is essential. Resid-
ual diagrams show how the difference between the cal-
culated and observed dependent parameter versus the
independent parameter, varies. If the fitted line to the
residual plots closes to the horizontal state, the calcu-
lation is reliable [Yenier et al. 2008]. Deviation from
horizontal slope for the fitted line dedicates uncertain-

ties in the estimated parameter for an earthquake by
our relation.

In this study, ordinary linear fit technique is used to
compute the relationships between the magnitude scales
and other source parameters. In the diagrams, symbols
of some events may cover the others. All regressions for
the diagrams were performed using the Origin software
and map of Figure 1a and also all the diagrams were pro-
duced by GMT software [Wessel and Smith 1998].

3. Seismic relations

For the first time, Aki [1966, 1967] measured the
value of seismic moment, M,, for the 1964 Niigata
Japanese earthquake and intelligently comprehended
that the amplitude of a long period wave is propor-
tional to M, of the corresponding earthquake.

The moment magnitude scale is roughly preferred
by the majority of researchers for many applications,
as it is more representative of the real size of an earth-
quake. We did not include scalar moments for pre-1976
events because only available M, with an independent
method is appropriate for producing the relations. But,
for post-1976 earthquakes the scalar moments of the
Iranian earthquakes have appropriately been calculated
with an independent method of Centriod Moment
Tensor (CMT) solution by the Harvard University.

Large earthquakes (M>5.0, cut-off magnitude) are
the only target of this study. In other words, we ex-
cluded small earthquakes from processing because the
global and regional databases could not record and
therefore report all small earthquakes. Also, the smaller
events may be covered by larger events in waveforms
recorded with the worldwide global and regional seis-
mological networks. Hence, small cut-off magnitude
make the global and regional catalogues incomplete.

Linear fit suggests the equations according to the
model of Y=(A+a)X+(B*b), where: Y and X are de-
pendent and independent parameters, respectively; A
and B are linear coefficients; and also a and b are toler-
ance errors for A and B, respectively (Table 1).

The error analysis was suggested evaluating the
empirical relations obtained by the linear regression
method and makes them satisfactory and reliable. A
residual diagram presents the data scattering for each
regression. Again, a linear trend was also fitted to each
residual diagram determining whether the estimation
is biased towards an independent parameter. Deviation
from zero slope in this plot indicates biased estimation
for the functional model. A dip less than 0.1 indicates
a closer result to the average. In other words, a robust
relation has a near zero slope for the fitted line to the
corresponding residual diagram. Residuals for the de-
pendent variables (e.g., M,, M;,, M, and SRL) which
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Number Slop
Dependent Independent of Relation (Y=(A+a)X+(B+h)) Stal.ldi.lrd for. the Resemblance
parameter (Y)  parameter (X) earth- deviation residual
quakes diagram
LOglO(MO) my 150 LoglO(MO) :(1.564i0.137)mb+<16.128i0.759) 0.540 1.374 Nuttli [1983b]
Nuttli [1983b],
= + +
Log,,(M,) Mg 137 Log, ,(M,) = (1.033£0.04)M+(19.044£0.254) 0.327 0081 (4o eral. 2007]
Log,,(M,) L 44 Log, ,(M,) = (1.472£0.142)M, +(16.195+0.803) 0.356 -0.133  Chen et al. [2007]
MW MN 45 MW:(0.863i0.1IO)MN+(0.818i0.615) 0.308 -0.030
M M 48 M,,=(0.915+0.074)M, +(0.4921+0.411) 0.197 -0.005 Karimipaﬂdaﬂ
N L N L etal. [2013]
LOglO(MSD) MW 30 LOglO(MSD) :(0.491i0.238)MW* (1.458+1.442) 0.717 5.943
Papazachos
= + — + -
Log, ,(MSD) My, 22 Log, (MSD)=(0.525%0.164)M,— (1.701%1.084) 0.361 3.388 et al. [2004]
Wells and
= + - + -
LOgm(SRL) MW 22 LOglO(SRL) (04751,0.129)Mw (3.58610.841) 0.296 0.008 Coppersmith [1994]
Log. (SSRL) M 17 Log, (SSRL)=(0.587+0.096)M,, — (2.291+0.634) 0.183 -0.012 Wells and
810 w E10 T wo A ' ' Coppersmith [1994]
11
SRL/SSRL My, 11 SRL/SSRL=(0.284+0.145)M,,— (1.166+0.960) 0.241 Wells and
Coppersmith [1994]
Log, ,(SRL) Log,,(SSRL) 11 Log, (SRL)=(0.1.299+0.185)Log, ,(SSRL) — (0.657£0.294) 0.191
Log, ,(MSD) Log,,(SRL) 26 Log, ,(MSD)=(0.413%0.232)Log, (SRL)+(1.333£0.321) 0.614 -0.003

Table 1. Relationships and number of earthquakes used for each empirical equation.

contains differences between the observed and calcu-
lated (produced by our relation) variables were drawn
versus their independent variables.

We compared Iranian relations obtained in this
study with that of the global and regional equations
like Taiwan, America and also Canada. Regarding to
lack of the earthquake data (11 events) for Log, (SRL)-
Log, ,(SSRL) and SRL/SSRL-M, relations, the residual
diagrams for both plots seems to be unnecessary.

3.1. Scalar moment and magnitude

For magnitude relations, some researchers sepa-
rated the earthquakes with respect to their seismotec-
tonic provinces (Karimiparidari et al. [2013] separated
the data for M¢-m, relation for a wide range of magni-
tude), magnitudes (Nuttli [1983a, 1983b] for a wide
range of magnitude), depths (Nuttli [1983a] for plate
margin earthquakes) and mechanisms [Karakaisis et al.
2010]. We did not separate the earthquakes with respect
to their seismotectonic provinces because separating
the data according to extensional and compressional
tectonic environments, neither provides statistically dif-
ferent results nor improves the statistical significance of
the regressions [Wells and Coppersmith 1994]. We did
not also separate the earthquakes with respect to their
magnitudes and depths because the events situate in a
relatively narrow magnitude (5.0-7.4) and depth (conti-

nental events) ranges.

Regarding to the fact that M, directly depends on
M, and is calculated from M,, calculating either M, or
My, values as the dependent parameter in the relations
concludes the same results. The equations for magni-
tude scales were derived from specific magnitude ranges,
considering that they meet the saturation values for each
magnitude scale.

Chen et al. [2007] developed the seismic relations
between four source parameters (M,, Mg, m, and M,)
using 201 Taiwan earthquakes during a 30 year period.
They obtained results using the earthquakes with m,
between 4.8 and 6.6. Surprisingly, their relations do not
depart from Nuttli’s [1983a] worldwide result. It is no-
ticeable that neither Nuttli [1983a] nor Chen et al.
[2007] separated their data with respect to the tectoni-
cal regimes.

3.1.1. Log, ,(M,)-m,

Chen et al. [2007] has produced relations using 201
shallow earthquakes in Taiwan (Log, ,(M,)=1.73m,+
15.09 and also M= 1.46m, —2.52 for 4.8<m, <6.6). For
global mid-plate earthquakes, M -Mg, M -m, and M¢-m,
relationships were inferred by Nuttli [1983a, 1983b]
(e.g., Log,,(M,)=2.0m,+13.75; 4.5<my, ). Scordilis [2006]
also presented a global relation for M-m, (Log, ,(M,) =
1.20m; +17.90). In this study, we derived a relation be-
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Figure 2. (a) Log, (M) versus m, and related regression line. The black
line is for this study. Green and blue lines given by Chen et al. [2007] and
Nuttli [1983], respectively. (b) Residual diagram for Figure 2a.

tween Log, (M,) and m, using 150 continental earth-
quakes in Persian Plateau with 4.8<m, <6.4 (Figure 2a).
Figure 2b shows the Log, (M) residuals, which is the
difference between the observed parameter from the
Harvard catalogue and the calculated parameter in this
study. This diagram dedicates to the deviation of the
calculated Log, (M) from the observed values of the
earthquakes with m, greater than 5.8. Therefore, the
produced relation could not reliably be used for the
earthquakes with this range of m,. According to Figure
2a it is obvious that our achieved result (Log, (M) =
1.6m, +16.1) with a relatively high standard deviation
(0.54) has more accordance with the Nuttli [1983a]
worldwide equation than that of Chen et al. [2007] re-
lation. Our results deviate from Scordilis [2006] in great
magnitudes. The distribution deviates from linearity for
big magnitude values in the residual diagram of Fig-
ure 2b which is, basically due to m, saturation affects.

a
—— This study:Log(M0)=1.03Ms+19.04 ( )
30{ —— Chenetal., 2007:Log(M0)=1.07Ms+18.72
— Nuttli, 1983:Log(M0)=1.23Ms+17.79
291 —— Scordilis, 2006:
Log(M0)=1.11Ms+18.81; Ms LT 6.1
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Figure 3. (a) Log, (M) versus Mg for the mid-plate Iranian earth-
quakes. Equations for Scordilis [2006] were drawn for M less than
(LT) and greater than (GT) 6.1. The straight black line is for this study.
(b) Residuals for scalar moment versus surface magnitude com-
puted using ordinary linear regressions.

3.1.2. Log, ,(M)-Mg

Chen et al. [2007] has also suggested a relation
between M, and Mg using 201 Taiwan earthquakes
(Log, (M) =1.07Mg+ 18.72; 4.1<M(<7.9). For global
mid-plate earthquakes, the M -M; relationship has
also been inferred by Nuttli [1983a, 1983b] (Log, ,(M,) =
1.23M¢+17.79) as well as Scordilis [2006] (Log, ,(M )=
1.20m, +17.90). The source parameters for 137 Iranian
earthquakes resulted a relation (Log, ,(M,)-M, Figure
3a) with a linear regression and a standard deviation of
0.32. The fitted line slope to the residuals (Figure 3b)
for the Log, (M) is 0.081. Notwithstanding that it is
near zero value and also it is a good confirmation for
the introduced relationship, scattering is still seen at the
diagram for few greater events which indicates the mag-
nitude saturation effects. The equation of this study for
M,-Mj relation is correlated well to both Nuttli [1983a]
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Figure 4. (a) Scatter plot of Log, (M) versus M, . Lines are for com-
parisons of the conversion models with different studies in the lit-
erature. (b) Residual diagram for evaluating Figure 4a.

and Scordilis [2006] worldwide equations and also with
Chen et al. [2007] regional relationship (blue, green and
pink fitted lines in Figure 3a, respectively).

3.1.3. Log, (M)-M;

From previous works in the literature for M -M;
relation we can point to both Chen et al. [2007] and
Wang et al. [1989] works which have suggested rela-
tions for earthquakes in Taiwan. Using 44 Persian earth-
quakes with local magnitude, the plots of Log, (M)
versus M, is depicted in Figure 4a. As Figure 4a shows
a linear relationship with a standard deviation of 0.35
between the two parameters. This equation is reliably
applicable to the earthquakes with M; magnitude less
than 6.1 (Figure 4b). This limitation is arisen from M;
saturation in big magnitude values. Although, there is
correlation between the results of this study (black line
in Figure 4a) for M; with that of Chen et al. [2007]

(a)
9{ —— This study:Mn=0.67Mw+1.74
— Sonley and Atkinson, 2005:Mn=0.97Mw+0.592
81 — Atkinson, 1993:Mn=1.02Mw-+0.398
71
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Figure 5. (a) Empirical relationship between My, and M, in Iran.
Atkinson [1993] and Sonley and Atkinson [2005] equations corre-
spond to the green and blue lines, respectively. Equation of the
black line gives the regression result for this study. The two men-
tioned relationships (the American and Canadian) are very similar
to each other. There is a vastly different magnitude range in the
Iranian data. (b) Difference between the calculated and observed
My, versus M, for the Iranian earthquakes.

(green line) at least for smaller magnitude events; it de-
parts from Wang et al. [1989] relationship (blue line).

3.2. Magnitude relations

3.2.1. MM,

M,, magnitude scale is the most common cata-
logue magnitude for the eastern North America, which
has been introduced by Nuttli [1973]. M, magnitude is
calculated using either the amplitude of the shear wave
or Lg phase which is a multiply reflected and refracted
shear wave.

Magnitudes of 45 Iranian earthquakes in M, and

M., scales resulted in an equation (with standard devi-

w
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ation of 0.2) which calculates magnitudes in Nuttli scale
for events with moment magnitude between 4.5 and 6.7.

For the Canadian earthquakes, Atkinson [1993] and
Sonley and Atkinson [2005] have suggested equations
compared with the relation of this study (Figure 5a).
The result of this study is not correlated well with both
relations. Although, all regions (America, Canada and
Iran) are characterized by continental behaviors, a pos-
sible explanation for this difference is smaller areas of
Canadian and American studied regions in comparison
to the broader Iranian area covered by the earthquakes.
The difference between the calculated and observed M,
for the earthquakes applied in this section has been
plotted as My residuals, which is characterized with the
slope of —0.3 (Figure 5b).

3.2.2. MM,

We could not find a relation for M and M, in Iran
except Karimiparidari et al. [2013] equation. But there
are many relationships between M; and M, and the
other magnitude scales in the literature. Chen et al. [2007]
have produced relations using 125 earthquakes in Tai-
wan between m, and Mg scales with M; (M= 1.03M, —
—0.53 and m,=0.66M, +1.69 both for 4.7<M,<7.2).
Three relations between m, and M; which have also
been determined are m,=0.85M,+0.27 [Shin 1986];
M, =1.27m,— 0.6 [Wang et al. 1989], and M, = 0.75m, +
+1.94 [Cheng and Yeh 1989].

Using 48 large events in Iran we have calculated a
reasonable equation between My and M; with a stan-
dard deviation less than 0.2 (Figure 6a). 48 M, values
[IIEES 2013] (independent variable) have not been con-
verted from the other scales rather calculated based on
simulated records. IIEES seismological network records
the waveforms with Broad-Band instruments. A credi-
bility test performed for this relation to see if the con-
version is near reality. Likely to the other relations, a
test plot depicted for the residuals for M scale with a
fitted line to the events with a slope of —0.005. Near
zero slope for the fitted line to the residuals shows a re-
liable transformation for the magnitudes in the range
of 4.9<M, <6.2 (Figure 6b). Our result for M,-M; rela-
tion gives slightly greater values to M, in comparison
to the Karimiparidari et al. [2013] equation for Iranian
earthquakes.

3.3. Coseismic rupture parameters and magnitude

Karakaisis et al. [2010] calibrated relations globally
between the magnitude of earthquakes and surface
rupture length, surface displacement and rupture width
for the earthquakes occurred in 464 BC to 1911 and
1911 to 2008 separately with the magnitude of com-
pleteness of 6.5 and 5.2, respectively. Murotani et al.

(a)
9| —— This study:Mn=0.91M1+0.49
Karimiparidari et al., 2013:Mn=0.70MI+1.10
8_
71
b= 6.
51
41
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Figure 6. (a) M\-M, relation for 48 Persian earthquakes (red dots);
(b) credibility test for this diagram.

[2013] also derived relations between M, average slip
and rupture area for great plate margin earthquakes
around the world. Papazachos et al. [2004] have also re-
lated fault parameters to M, using 149 intraplate and
plate-margin earthquakes.

Papazachos et al. [2004] have used a considerable
number of published global earthquake data, which is
homogeneous and fairly accurate to relate the fault
length (L, km) and the fault width (W, km) as well as
the average slip of a fault (4, cm), with My, for three
kinds of faults (dip-slip and strike slip faults in conti-
nental regime and dip-slip faults in subduction regions).
Papazachos et al. [2004] also obtained a relation between
My, and average displacement (D). They calculated av-
erage displacement from M =xAD formula. Parameters
A and p are ruptured area and the rigidity, respectively,
and M, is calculated from Log ,(M)=1.5M+16.1.
Also, they obtained dependence between A and My,
from empirical diagrams. Here, we compared our re-
sults with Papazachos et al. [2004] relation for conti-
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Figure 7. (a) Relation between coseismic fault displacement and
My, for 30 mid-plate earthquakes in Iran; (b) reliability test for this
diagram using 22 events.

nental faults. Papazachos et al. [2004] attended to global
relations between seismic fault parameters and mo-
ment magnitudes for 193 continental earthquakes
(M>6.0).

SRL, SSRL and MSD for Persian earthquakes in the
next sections have been adopted from the field meas-
urements, mainly performed by the Geological Survey
of Iran (see Appendix 1 for the references).

3.3.1. Log, (MSD)-M,,,

We consider the resultant of maximum horizon-
tal and vertical displacements of the earthquakes as
maximum surface displacement (MSD). Using 30 Per-
sian earthquakes with M,,, between 5.0 and 7.4, an
equation was derived with a high value of standard de-
viation (0.7). The earthquakes with unusual surface
ruptures, like 1972 Mishan-Zagros (m, 5.4 and 400 cm
displacement; Berberian [1976a]), 1976 Chalderan-
Azarbaijan (m, 6.1 and 350 cm displacement; Berberian

[1976a]), 1989 Golbaf (m, 5.5 and 1.1 cm displacement;
Berberian and Qorashi [1994]) and also 1998 Fandogha
(my, 5.9 and 316 cm displacement; Berberian et al.
[2001]) earthquakes, make the diagram much scattered
(Figure 7a). Residual diagram estimates 5.94 for the
slope of the fitted line to the data, which is extremely
high. Excluding the data with unusual surface displace-
ments from the diagram of Figure 7a permits us to es-
timate better regression and also a residual diagram
with 22 events (Figure 7b). Slope of the fitted line to
the residual data and standard deviation for the second
estimation are —3.38 and 0.36, respectively which are
remarkably better than the first diagram. But still scat-
tering is seen in the residual diagram. Notwithstanding
we gathered all the data related to MSD in Iran, the di-
agram of Figure 7a is not linear. Even after excluding 8
big outliers and desultory data from 30 ones, still scat-
tering is seen in the diagram. Our results as well as
those of Papazachos et al. [2004] depart from Wells
and Coppersmith [1994] relation for global earth-
quakes. It is important that both Papazachos et al.
[2004] and Wells and Coppersmith [1994] have esti-
mated their equations using global databases and both
correspond to the maximum real (not surface) dis-
placement. One of the possible reasons for this differ-
ence is that the magnitude range for Papazachos et al.
[2004] (5.0<M,<9.6) database is slightly greater than
that of Wells and Coppersmith [1994] (4.5<M¢<8.1).

Regarding the fact that for a certain magnitude,
fault slip is about the same for strike-slip faults and dip-
slip faults in continental regions [Papazachos et al.
2004] and also lack of surface slip data in Iran we did
not separate the data with respect to the strike-slip and
dip-slip mechanisms.

3.3.2. Log, ,(SRL)-My,

Iranian researchers have derived relation between M;
and My and maximum surface rupture length (L) using 14
Iranian earthquakes (e.g., Mohajer-Ashjaei and Nowroozi
[1978], M, =Log, (L) +5.4; Berberian et al. [1996, 2000],
Mg=1.24Log, (L)+4.99 for M>6.0; Nowroozi [1985] and
Berberian et al. [1996], M¢=1.11Log, (L)+5.19). Con-
sidering that M, and M are nearly identical in the prac-
tical range of magnitudes for fault rupture studies in
the Iranian plateau (My~6.0-8.0; e.g., Scordilis [2006)),
the moment magnitude does not play the basic role in
the Iranian relations. Also, generation of a seismic rela-
tion by converted My, scale is neither informative nor re-
liable and we could not compare our estimated equations
with them. Unlike the Log, (MSD)-M,, relation, the
equation estimated here (with 22 events, 5.6<M,,,<7.4
and standard deviation of 0.29) correlates well to that
of Wells and Coppersmith [1994] (the SRL value is max-
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Figure 8. (a) Relation between SRL and My, using 22 Iranian inter-
plate earthquakes; (b) reliability test for this diagram.

imum real (not surface) rupture length) (Figure 8a). Slope
for the fitted line to the events in residual plot is —0.008
(Figure 8b). It confirms a reasonable estimation between
Log, ,(SRL) and My, relation for Iranian earthquakes.

3.3.3. Log, (SSRL)-M,;,

Wells and Coppersmith [1994] generally assumed
SRL to be about 75% of SSRL for global earthquakes.
For the first time in Iran we have suggested an equation
between SSRL and M,,, using 17 continental earth-
quakes (Log, (SSRL)=0.59M,,— 2.29) with a standard
deviation of about 0.18. The slope of the fitted line to
the earthquakes symbols applied for residual diagram is
—0.012. Here, we compare our equation with that of
Papazachos et al. [2004]. We estimate more SSRL value
than that of Papazachos et al. [2004]. The subsurface
rupture lengths for Persian earthquakes were adopted
from the aftershock surveying each have been per-
formed by a dense local network (see Appendix 1). Ac-
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Figure 9. (a) Variation of the logarithm of the subsurface coseismic
fault length, SSRL (in km), as a function of My, for earthquakes in
continental regions of Iran. (b) Residual test for the equation of Fig-
ure 9a. Straight lines are linear fits to the data in both diagrams.

cording to the fact that the local networks data are rare
not only in Iran, but also in the world, this equation is
highly informative and will contain valuable informa-
tion about subsurface extension for future earthquakes
in Iran (Figure 9a,b).

3.3.4. SRL/SSRL-My,

We produced an equation for SSRL and My, for
the first time in Iran using 17 continental earthquakes
(Log,,(SSRL) = 0.59M;,—2.29) and also an equation for
SRL and My, (Log,,(SRL) =0.75M,,—3.59) in previous
sections. Using 11 earthquakes in Iran, we want to see
how SRL/SSRL ratio varies when My, of an event
changes. Figure 10 does not show good linearity for the
ratio of SRL/SSRL versus M. The standard deviation
for this regression is about 0.24.

In seismology, SRL is generally assumed to be
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Figure 10. Ratio of SRL/SSRL versus My, for 11 Iranian earth-
quakes.

about 75% of SSRL, Wells and Coppersmith [1994]. They
have also depicted plot of SRL to SSRL ratio against M,
of 53 events out of 421 worldwide earthquakes. They
concluded that SRL is a more reliable estimator for
SSRL when the magnitude increases. Because of fewer
number of earthquakes associated with both SRL and
SSRL in Iran and scattering of the data in Figure 10, we
do not depict residual diagram for this equation
(SRL/SSRL=0.28M;,— 1.16). The calculated SRL/SSRL
for the moderate continental earthquakes using this re-
lation is slightly underestimated. Average of available
data about rupture length for earthquakes concludes
that we could generally assume SRL to be about 70% of
SSRL in Iran.

3.3.5. Log, (SRL)-Log, (SSRL)

Generally, in seismology the length of rupture at
the surface is assumed to be smaller than SSRL [e.g.,
Wells and Coppersmith 1994]. They used the source pa-
rameters of 421 global intra-plate and inter-plate earth-
quakes (after 1900; M>5.0) and revealed that the ratio
of SRL to SSRL of a fault increases when the magni-
tude of the corresponding earthquake increases. A lit-
tle number of events within 53 global earthquakes
investigated by Wells and Coppersmith [1995] has SRL
greater than its SSRL. Here, we generally examine this
idea for the Iranian earthquake faults.

The symbols of Figure 11 as well as the fitted line
to the symbols (the black line corresponding to the
equation of Log, (SRL) =1.29Log, ,(SSRL) — 0.65) and
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Figure 11. Diagram of SRL versus SSRL estimated from the distribu-
tion of source parameters for 11 continental earthquakes in Persia.

green line (slope = 1.0) manifestly reveal that our study
is slightly different from Wells and Coppersmith [1994].
Figure 11 shows that all the earthquakes applied for
plotting the diagram have SSRL greater than their sur-
face ruptures (see the line with slope 1).

3.3.6. Log, (MSD)-Log, (SRL)

There is a remarkable difference between MSD-
SRL relation, estimated for the Iranian earthquakes
(Figure 12a) and the global equation of Wells and Cop-
persmith [1994]. Figure 12a was depicted using 26
Persian earthquakes with a relatively high standard de-
viation (0.65) and a considerable amount of scattering.
Notwithstanding near zero slope (—0.003) of the resid-
ual diagram, the relation could prudently be used for
estimation of rupture characteristics for the earth-
quakes in Iran (Figure 12b).

4. Discussion and conclusion

Relationships between source parameters for large
earthquakes in Iran have rarely been investigated. The
present work has computed seismic relations using a
relatively complete catalogue gathered from Persian
earthquakes. Using a large amounts of seismological
(magnitude and SSRL) and geological data (SRL and
MSD), source behaviors for 436 earthquakes with M=5.0
were investigated. Empirical relationships between M
and other classical magnitude scales (m,, My and M)
were derived using seismic databases of ISC, IIEES and
IGUT. The empirical relationships in this study demon-
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Figure 12. (a) Regression for relation between Log, (MSD) and
Log, ,(SRL) using 26 Iranian earthquakes from 1900 to 2013 (the black
and blue lines indicate to this study and Wells and Coppersmith [1994],
respectively); (b) residual diagram for equation of Figure 12a.

strate a relatively robust correlation between the mag-
nitude and various rupture parameters, which helps to
confidently use these relationships for estimate either
magnitudes or rupture parameters. The comparisons
indicate that our models correlate fairly to the estima-
tions of some regional and worldwide studies. Analysis
of data of various magnitudes shows that regressions
containing many number of the data points, are more
reliable in comparison to the diagrams with less num-
ber of the events. The equations for SSRL is appropri-
ate where it is difficult to estimate the deep behaviors
of coseismic faults, such as buried or blind faults for ex-
ample in the Zagros area in Iran.

SRL-M,, relation indicates that the Iranian earth-
quakes of large magnitude do not necessarily have large
rupture lengths (e.g., =56 km rupture length calculated
for M 7.1 event unlike 1997 Zirkuh-e Qaen earthquake
(M 7.1) with >100km rupture). A possible explanation
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for this underestimation is that for a certain magnitude
in continental regions, fault length is slightly greater for
strike-slip events than dip-slip earthquakes [Papazachos
et al. 2004]. Separating the data for strike-slip and dip-
slip events decreases the uncertainty in magnitude esti-
mations from SRL of the earthquakes.

We compared our derived empirical equations
with that of the other studies in the literature. M -m,,
M,-Mg, M-M; and MSD-M, equations have a well cor-
relation with the worldwide and also regional relations
calculated by Nuttli [1983a], Karimiparidari et al. [2013]
and Papazachos et al. [2004], respectively. Also, M -Mg
and M -M; relations show good resemblance with a re-
gional work in Taiwan [Chen et al. 2007]. According to
the similarity between the results of this study and Tai-
wanese, it could be concluded that Iranian seismotec-
tonic properties are not so different from Taiwan area,
which is belonging to a region of Southeast Asia. We
mainly confirm the results of Wells and Coppersmith
[1994] for rupture length of the global historical and in-
strumental earthquakes. Also, we explored that the
ratio of SRL/SSRL slightly increases when the magni-
tude of corresponding earthquake increases.

However, some relations like My, My and M-M,,
which remarkably depart from scarce regional works
(Atkinson [1993] for America, and Sonley and Atkin-
son [2005] for Canada) were found. This might imply
that the tectonic conditions, accumulation of seismic
stress energy, and crustal properties of the Iranian ter-
ritory do not behave exactly like the North American
region.

If we consider standard deviation under 0.35 [Wells
and Coppersmith 1994], M,-Mg, My,-My, My-M;, SRL-
My, SSRL-My,, SRL/SSRL-M;, and SRL/SSRL relations
were especially well calculated. The calculations for
MSD relations are mainly associated with high standard
deviations. One possible explanation for this problem
is extraordinary surface displacements measured for
moderate earthquakes in Persia like 1998 Fandogha
(=320 cm maximum slip for My, 6.6; Berberian et al.
[2001]) earthquake.
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