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Abstract

A dependable catalogue of historical earthquake with a unified magnitude scale is a
critical component in any regional seismic hazard analysis. Unfortunately, the historical
catalog of Israel that was used for the Israeli Building Code SI-413, is not supported by any
explanation, set of criteria or reference list, and thus cannot be regarded reliable.
Fortunately, the recent update of the historical catalog (Zohar et al., 2017) allowed us to
evaluate its impact on the values of the ‘a-’ and ‘b-* Gutenberg-Richter hazard parameters.

Overall we were able to arrive at the following understandings: the examined ‘a-° and
‘b-¢ values of the updated historical catalogs are higher and closer to the values of the
modern catalog than those resulted from the old historical catalog. In general, the rate of
seismicity of the second Millennium AD seems stable and complete while the earlier period
shows a decrease in these values, most probably due to incomplete documentation.

The updated historical catalog contains only general information about the origin of
the historical earthquakes. In case there will be a change in the configuration of the
seismogenic zones of the SI-413, there will be a need to better locate the origin of the
historical events. We also found that the magnitude uncertainty of £+ 0.5 unites in the revised
historical catalog cannot significantly affect the estimates of the regional ‘a-> and ‘b-’
values. The difference in the resulting ‘b-’ values is in the bounds of the standard error. With
the increasing of the uncertainty to +1 magnitude unit the effect on ‘a-° and ‘b-’ values
increases and becomes significant. Thus, the greater the uncertainty of magnitudes is, the
greater the bias in ‘a-” and ‘b’-values estimation is.

Overall, the updated historical catalog performs more stable and complete than the old
one. The epistemic uncertainty in the magnitude estimates should be handled with a logic
tree of alternative ‘a-’> and ‘b-’ values.






1. Introduction

A reliable historical earthquake catalogue with dependable parameters and a unified
magnitude is a highly critical component in any regional seismic hazard analysis. So far, the
historical catalog in common use in Israel was that of the Seismological Division of the
Geophysical Institute of Israel (GII) (Appendix 1A; L. Feldman, personal communication,
2010), and it was applied to model the regional Gutenberg-Richter (G-R) parameters of the
seismogenic zones used for the Israeli Building Code SI-413. Unfortunately, there is no
explanation, set of criteria or reference list that describe how this catalog was constructed.
As far as we could understand, it was compiled from the lists of Turcotte and Arieh (1988)
and Amiran and Arieh (1994). Nevertheless, extensive examination of the reliability of the
historical catalogs of the Levantine region conducted in recent years (e.g. Karcz and Lom,
1987; Ambraseys, 2009; Guidoboni and Comastri, 2005; and others) showed considerable
flaws and mistakes to the extent that questioned the reliability of these lists.

Recently, Zohar et al. (2016, 2017) reviewed the reports of historical earthquakes that
affected Israel and compiled a revised catalogue that nowadays is considered the most up-to-
date. Their catalogue includes the lists of reliable historical earthquakes that occurred and/or
caused damage in the Israel, questionable earthquakes, and earthquakes that probably
occurred elsewhere but were erroneously associated with damage in Israel.

Preliminary examination of the GllI catalog in light of the updated catalogue revealed
significant inconsistencies in the GlI list. Wide variations exist in the content of the lists, the
occurrence time, magnitude, epicenter, and number of events. Overall, large amount of the
GlI listed events were found questionable (Appendix 1B).

The differences in the historical catalogs, especially the number of events and the
magnitude estimates, may have a substantial impact on the assessment of the regional
seismic hazard. For example, a bias in the magnitudes may result in different ‘a-> and ‘b’-
values. It is thus important to re-examine the regional G-R parameters upon which the Israeli
Building Code was based on according to the revised and updated catalog (Appendix 2,
adopted from Zohar et al., 2016).

Here we investigate the potential impact of the updated historical catalog on the
regional seismic hazard assessment and examine the importance and sensitivity of several
main characteristics and parameters as describe below. We conclude what is the overall
effect of the updated catalog on the hazard assessment and where the effort should put in
order to improve the quality and reliability of the assessment.

2. Methodology

The first step was to compile the relevant updated list of historical events for use in
our evaluation.

Next, in order to understand a sensitivity of regional G-R parameters to the revised
historical catalog, we answered the following questions:
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a. Location of the events: It is well known that there are large uncertainties in
the location of the origin of the historical events. To what degree does it
matter, if at all?

b. The hazard parameters ‘a-’ and ‘b-’ values: How do these values change
with the updated list?

c. Completeness of the list: What is the threshold magnitude and time frame
from which the updated list should be considered complete, if at all?

d. Accuracy of magnitude determination: What could be the impact of
magnitude uncertainty on the hazard assessment in terms of ‘a-‘ and ‘b-’
values?

e. Isthe revised updated catalog any ‘better’ from the old one?

We use the Weichert (1980) maximum likelihood method to solve for the Gutenberg-
Richter ‘b’- value and the seismicity rate from a catalog whose completeness magnitude
threshold changes with time. In the method the b-value is defined by the relation:

Mexp(—B(M-M,)) _
- M, - e TovRTAY where 8 = b In(10),

N

1
B

M is the average magnitude of the sample, M, is the minimal magnitude at which event
observations are considered complete (Weichert, 1980). The standard error of the maximum-
likelihood estimation of b is approximately b/\N, where N is a number of earthquakes with
M>M,.

3. The data used in the analysis

Our analysis is based on the updated historical catalog of the reliable moderate-to-
large earthquakes that caused damage in Israel (Zohar et al., 2016; here in Appendix 2).
Modern events, up to January 2016, were taken from the updated instrumental catalog of
local and regional earthquakes, available from the Israel Seismic Network which is operated
under the supervision of the Geophysical Institute of Israel (Gll, 2016).

It is commonly suggested that ‘b’-values characterize regional tectonic regimes and in
hazard studies it is required that the seismicity behaves in a time-independent mode
(Giardini, 1999; Frankel, 1995). The time-independent part of seismicity has a Poissonian
background distribution while the time dependent part is influenced by interaction between
events and may not be representative of the regular behavior of a crustal volume. The y2-test
of magnitude distribution in instrumental catalog of regional earthquakes shows that the
distribution is not exponential. It means that to avoid time-dependent data, the catalog has to
be de-clustered. To resolve this problem we excluded from the processing the zones that
seem to be influenced by clustered seismicity: Eilat and Aragonese. We also excluded from
the analysis the historical and modern events that were originated from seismogenic zones
that are not covered well enough by the Israeli Seismic Network (ISN) for that the record
over there is most probably incomplete. In total, we removed from the processing the events
from the Cyprus, Eastern Mediterranean Sea, Egypt, Suez, Arnona, Eilat, Aragonese and
Yamouneh seismogenic zones (Shamir et al., 2001). In regard with the historical events, the
southern zones were deserted during most of the history and thus allowed limited reporting
only. For our purposes these zones are incomplete as well.
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In parallel, we converted the duration magnitudes of the modern events to the moment
magnitudes by the formula/relation: M, = 0.9 M4+0.11 (Hofstetter and Ataev, 2011). The
magnitude of the historical events is far more complicated to homogenize for that they were
determined in several methods by different researchers with little information.

Our ad-hoc list is thus consisted of the reliable historical earthquakes that caused
damage in Israel (Table 1 and Figure 1, after Zohar et al., 2017) as well as the modern
events that occurred with the area that is well covered by the ISN (Figure 2).

Table 1: The list of the reliable historical earthquakes most probably associated with the Dead Sea
Transform (DST) that was used for analysis (modified from Zohar et al., 2017).

Date | e
760-750 BCE 7.8-8.2

31 6.7
363 6.7
419 6.5
634 5.5
659 6.6
749 7.2
756 6
1033 6.6
1068 7.3
1068 6
1117 5.5
1202 7.3
1293 6.2
1458 6.5
1546 6.5
1643 5.5
1759 6.5
1817 5.5
1834 6.3
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Figure 1: Time series of the distribution of damage from historical earthquake projected along N-S direction, in parallel with the DST (from Zohar et al.,
2017). (a) Location map. The dashed black lines delimit the area used for our sensitivity analysis. (b) Time history of the spread of damage per
each of the earthquakes, starting from the 31 BCE until to the 1927 events. The square dots denote the damaged localities and the vertical lines
represent the total N-S extent of the damage caused by the noted earthquake.



Figure 2: Map of the regional earthquakes selected from the GlI instrumental catalog
and used for our sensitivity analysis (see explanation in the text). Green lines
indicate the seismogenic zones defined by Shamir (2001). Brown lines show the
schematic pattern of the main faults of the DST. The dashed black lines delimit
the area for the sensitivity analysis.



4. Sensitivity analysis

4.1 Location of the events

There are large uncertainties associated with the location of the origin of the historical
events due to the lack of recorded data. Modern approaches draw isoseismals according to
the felt and damage reports and infer the probable origin of the event. Advanced methods
even try to calculate the magnitude, epicenter, depth and mechanism of the past events (e.g.
Zohar and Marco, 2012, and references therein). Nonetheless, this has not yet been done in
Israel. Paleoseismological data do allow the identification of surface rupture of past events
but there still may be some dating uncertainties. For our purposes we need to know how far
these limitations may influence the hazard assessment, if at all.

The model of seismicity defined by the Gutenberg—Richter relation is commonly
accepted for Probabilistic Seismic Hazard Assessment (PSHA) in Israel. The current
methodology of constructing the ground motion hazard maps of the SI1-413 is based on
delineating the seismogenic zones and evaluating the ‘a-’> and ‘b’- values of the past and
modern seismicity within these zones. The past events contribute most of the strong activity
and allow the construction of the high magnitude section of the G-R relationships.

The revised historical catalog determines the spatial distribution of the historical
events in association with the geography of the DST, i.e. the Northern, Central and Southern
regions (Zohar et al. 2016). The reason is that from geological, seismological and
paleoseiamological perspectives, the DST was found to be the most suitable source of strong
earthquakes. Such level of resolution is still relevant and good enough for our investigation.
For a higher resolution, whether according to the present configuration of seismogenic zones
or any other categorization in the future, there will be a need to locate more accurately the
historical events.

4.2 The hazard parameters ‘a-’ and ‘b-’ values

In order to evaluate the impact of the differences between the historical catalog of the
GII and the revised catalog of Zohar et al. (2016) on the regional ‘a-> and ‘b—values’, we
conducted sensitivity analysis in respect with different time windows. As was already
mentioned before, we focused our examination on the central parts of Israel and neglected
the remote areas that are away from the ISN (Figure 1, 2) and are not complete.

The level of the uncertainties in the G-R parameters is very sensitive to the
completeness of the catalog. The completeness of the Israeli catalog for the time period of
1,900-2,000 was studied by Shapira and Hofstetter (2002), taking into account the local and
regional seismicity at that time and the increasing number of seismic stations in Israel,
Jordan and the neighboring countries. Through this period of time the detectability of
seismic events has been improved and the completeness of the catalog is considered in the
following time steps: Mg > 5.0 from 1900 to 1939, My > 4.0 from 1940 to 1962, M4 > 3.0
from 1963 to 1984, and M4 > 2.0 from 1983 to recent times. The detectability of earthquakes
along the Israeli part of the Dead Sea Transform is rather uniform since 1985, due to the
joint operation of the seismological networks of Israel and Jordan (Hofstetter et al, 2013).
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Based on Shapira and Hofstetter (2002) and Hofstetter et al, (2013), we tested four
models of completeness and time periods. Table 2 shows these models and the results
obtained by these models. Figures 3 — 6 display the relative annual cumulative magnitude-
frequency distributions of earthquakes. The top panel in each of the figures illustrates the
model of completeness and the bottom panel shows the magnitude-frequency distributions
of the events.

Table 2: Models of completeness threshold used for the estimation of the regional ‘a-’ and ‘b-’values
on the base of the revised historical (Zohar et al., 2017) and updated instrumental (1900 — 2015)
catalogs. Each element of the given models shows the time period and the associated magnitude
above which it is considered complete. The bottom line shows the resulting ‘a-’ and ‘b-’ values.

Model A Model B Model C Model D
Period Mw Period Mw Period Mw Period Mw
1700-1899 6 1200-1899 6 1000-1899 6 300-1899 6
1900-1939 5 1900-1939 5 1900-1939 5 1900-1939 5
1940-1962 4 1940-1962 4 1940-1962 4 1940-1962 4
1963-1985 3 1963-1985 3 1963-1985 3 1963-1985 3
1985-2015 2 1985-2015 2 1985-2015 2 1985-2015 2
a=3.5; b=0.9 a=3.5:b=0.9 a=3.5;b=0.9 a=3.6; b =0.83

Overall, the estimated ‘a-’ and ‘b-’ values that were calculated according to the revised
historical and updated instrumental Gll catalogs, in all of the four models, are higher
(b=0.83 — 0.9) than those obtained by processing the old historical and instrumental GllI
catalogs (b=0.78 — 0.8, see Appendix 3).

Model A (Table 2) is considered to be complete with the magnitude threshold level of
M,, = 6.0 after 1,700 AD since the ‘a-’ and ‘b-’ —values look similar to those of modern
times. Zohar et al. (2016) suggest that starting from the 18" century and onwards there is a
significant improve of documentation of felt earthquakes due to the sharp development of
the public media (see Appendix A). For the time period of 1700-2015 the defined seismicity
model predicts 3.2 events with M,, > 6 while the examined catalog includes 3 as such
events.

The “a-> and ‘b-’> —values obtained for Models A, B, and C are the same. It means that
the seismicity rate stays stable for the time period since 1000 AD. Model B predicts 6.7
events with M,, = 6 while the catalog includes 7 as such events. Model C predicts about
13.1 M,, = 6 events for the time period of 1000 — 2015 AD while the historical record
consists of 10 events only. It indicates that the examined catalog for this time period might
be incomplete, or that this period was less active than the others.

Model D supports the ‘b-’ value of 0.83, lower than that of the A, B and C models. For
the previous 1715 years that spanned the time window of 300 — 2015 AD, it predicts 33.5
events with M, > 6 while the catalog includes only 15 events for the same analyzed period.

Overall, the calculations above propose a constant seismicity rate (‘a-‘ and ‘b-° values)
for the 1000 — 2015 AD time period (see Table 2) while the earlier period appears to be less
stable. However, this difference is still within the range of standard deviation estimated (SD)



for the ‘b-’ value determined for the models A, B and C. The SD ranges between 0.2 — 0.4
(SD=b/VN, where N is a number of earthquakes with magnitude greater than the threshold
magnitude at which event observations are considered complete) for the four models and
thus the decrease in seismicity rate is not significant. Further discussion and supportive
evidence on this topic appear in section 4.3.
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Figure 3: Top panel: Model A of completeness used in the calculations of the regional
‘a-’ and ‘b-’ values (Table 2)

Lower panel: Gutenberg — Richter relationship for Model A. Open squares
show the observed seismicity. The Blue solid line delineates the ‘b-’ value
according to the seismicity of this model. For comparison, the red dotted line
demonstrates the cumulative frequency with b=0.96 that is currently in use by
the Israeli Building Code without the reference to the actual regional ‘a-’ value.
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Figure 4: Top panel: Model B of completeness used in the calculations of the regional
‘a-’ and ‘b-’ values (Table 2)

Lower panel: Gutenberg — Richter relationship for Model B. Open squares
show the observed seismicity. The Blue solid line delineates the ‘b-’ value and
indicates the modeled seismicity line. For comparison, the red dotted line
demonstrates the cumulative frequency with b=0.96 that is currently used by the
Israel Building Code without the reference to the actual regional ‘a-’ value.
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Figure 5: Top panel: Model C of completeness used in the calculations of the regional
‘a-’ and ‘b-’ values (Table 2)

Lower panel: Gutenberg — Richter relationship for Model C. Open squares
show the observed seismicity. The Blue solid line delineates the ‘b-’ value and
indicates the modeled seismicity line. For comparison, the red dotted line
demonstrates the cumulative frequency with b=0.96 that is currently used in the
Israel Building Code without the reference to the actual regional ‘a-’ value.
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Figure 6: Top panel: Model D of completeness used in the calculations of the regional
‘a-’ and ‘b-" —values (Table 2)

Lower panel: Gutenberg — Richter relationship for Model D. Open squares
show the observed seismicity. The blue solid line delineates the b-value and
indicates the modeled seismicity line. For reference, the red dotted line
demonstrates a cumulative frequency with b=0.96 that is currently in use by the
Israeli Building Code without the reference to the actual regional ‘a-’ value.

4.3 Completeness of the historical list

The completeness of a given catalog is crucial for estimating the reliable seismicity
rates and, consequently, for its use in seismic hazard assessment. The completeness of
historical catalogs is rather complicated and needs the use of statistical techniques.
Nevertheless, the statistical methods may fail to estimate the threshold of completeness
because of the sparse occurrence of strong events. In such cases, there is a need to rely on
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the reliability of the historical chronicles with no hint as to the completeness of the list.
Hence, the estimation of the completeness of historical datasets is largely a matter of expert
judgment with respect to the nature of historical sources.

To analyze the completeness of the revised historical catalog we used the most simple
and robust method that is based on the plots of cumulative frequency of earthquakes with
time. This method can be used for both stationary (Poisson process) and nonstationary (not
Poisson process) seismicity. In this method the completeness is defined by the point in
which the frequency—magnitude curve starts to deviate from a linear trend. Visual inspection
of the plots of the cumulative frequency versus magnitude (Figures 3-6) indicates that the
compiled instrumental and updated historical catalogs gives robust results for magnitudes up
to M,,=5 and confirms a suggestion that the instrumental catalogue is probably complete
after 1985 for M,,=2. Determining the completeness of magnitudes above M,,=5 requires
additional analysis.

In addition we applied another simple statistical analysis and computed the annual
earthquake rate for sub-catalogues with sliding time periods that cover the full time span of
the GIl as well as the revised catalog (Zohar et al, 2016). Figure 7 demonstrates the
fluctuations of the resulted earthquake rates of the two catalogs. It appears that in recent
times the two graphs (earthquake rate) are relatively stable. As the examined time-segment
is extended into the past, the average rate drops, indicating that there might be earthquakes
that are missing from the list, i.e. the list is incomplete. The breakpoint of the curves reflect
the transition from the incomplete period to the stable one. Based on this figure it is
reasonable to assume that the GlI catalog is complete for the time period of 1200 — 1900 AD
while the updated historical catalog is complete for ~1000 - 1900 AD. That is, the rate of
seismic activity for this time period is approximately stable. Until ~1000 AD, the average
rate is influenced by short-term fluctuations, most probably due to the incompleteness of the
catalog. Indeed, Zohar et al. (2016) note that there are "holes™ in the historical catalog, most
probably due to the missing of some M,, < 6 events.

4.4  Accuracy of magnitude determination

The type of magnitude scale is a fundamental source parameter in earthquake catalogs.
Physical models of seismicity are relying on the size distribution of the listed earthquakes as
well as on the values of the parameters of the distribution. Thus it is important to
homogenize in advance the magnitudes of a given catalog according to a specific scale. The
use of instrumental catalogues does not allow inferring the G-R parameters for a time span
longer than a century which is too short of a window in terms of seismic cycles. It is thus of
great importance to extend the scope of modern seismicity and use historical catalogues. Yet
the magnitude determination of historical events is associated with large uncertainties,
including the type of scale to assign (e.g. M;, M,,, etc.).

The magnitude uncertainty was analyzed by Tinti and Mulargia (1985). They pointed
out that observational errors might not cause any bias in the estimation of the ‘b-’ value of
the frequency-magnitude law but an ‘a-’ -value can be overestimated because of magnitude
errors. An error with a standard deviation of 0.7, for example, which may apply to some
historical earthquakes (Kagan et al. 2006), may easily cause an overestimation of the
seismicity rate by a factor more than 3!
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Figure 7: The earthquake rate fluctuations of the Gll and the revised historical catalog of
Zohar et al. (2016), in blue and black lines, respectively. The solid lines show
the fluctuations of the seismicity rate, and the segments of the dashed lines
indicate the average rate of earthquake activity.

For that reasons it is important to examine the possible impact of magnitude
uncertainty in historical catalog on the ‘a-‘ and ‘b-' estimates. We conducted this
test on the second Millennium time frame of the historical catalog with the same
magnitude completeness threshold as a function of time which we have already
found complete in the previous section. In the following tests we first increased
and decreased artificially by 0.5 units the magnitude values that were determined
by Zohar et al. (2016) catalog, and then repeated the test with £1 unit of
magnitude. The results of the first test are presented in Table 3 and Figures 8 and
9, and the results of the second test in Table 4.

Table 3: Models of completeness used for the analysis of the uncertainties associated with
magnitude determination of 0.5 units. The bottom line shows the resulting ‘a-’ and ‘b-’ values

Model C1 Model C2 Model C3
Magnitudes are increased by Original magnitudes Magnitudes are decreased by
0.5 unit 0.5 unit

Period Mw Period Mw Period Mw
1985-2015 2 1985-2015 2 1985-2015 2
1963-1985 3 1963-1985 3 1963-1985 3
1940-1962 4 1940-1962 4 1940-1962 4
1900-1939 5 1900-1939 5 1900-1939 5
1000-1899 6 1000-1899 6 1000-1899 6

a=3.3; b=0.83 a=3.5; b=0.9 a=3.6; b=0.92

The results of the first test show that the model of the ‘increased’ magnitudes (C1,
Figure 8) shows lower ‘a-> and ‘b-> values in relation with the model of the ‘original’
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magnitudes (C2, Figure 5). In turn, the Model of ‘decreased’ magnitudes (C3, Figure 9)
shows higher ‘a-’> and ‘b-> values. It thus appears that magnitude uncertainties within the
range of +0.5 unit, increases the uncertainty of the b-value estimates. Nonetheless, the
differences in the resulting ‘b-’ values seem to be bound by the standard error which is 0.1.

Model C 1, test: Mw+0.5
1 1 L | L

Mw
ey
|

T I ' I ' I
1000 1200 1400 1600 1800
Time (year)

Israel region
| | 1

104 e b=0.96
= —b=0.83 =

10"+
10° 5

10_1*5

Cumulative Frequency

10_2—5

1073 4

1074

Figure 8: Top panel: Model C1 of completeness (Table 3, magnitudes of historical events are
increased by 0.5 units).

Lower panel: Gutenberg — Richter relationship for Model C1. Open squares show the
observed seismicity. The blue solid line delineates the b-value and indicates the
modeled seismicity line. For reference, the red dotted line demonstrates a
cumulative frequency with b=0.96 that is currently used in the Israel Building
Code, without a reference to the actual regional a-value.
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Model C3, test: Mw—0.5

Mw
S
|

T T T T ‘ T
1000 1200 1400 1600
Time (year)

Israel region
| | 1

103—;
102—;
1o1é
100é

107" E

Cumulative Frequency

102 E

1073 4

10_4 LAARAARRRN AR AL AL RN LR LN RN R LR

Figure 9: Top panel: Model C3 of completeness (Table 3)

Lower panel: Gutenberg — Richter relationship for Model C3 with the
magnitudes decreased purposely by 0.5 units. Open squares show the observed
seismicity. The blue solid line delineates the b-value and indicates the modeled
seismicity line. The red dotted line models the seismicity for reference value of
b=0.96 that is currently used in Israel Building Code, without a reference to the
actual regional a-value
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In the second test we increased and decreased artificially the magnitude values that
were determined by Zohar et al. (2016) by +1.0 unit, using the same models of completeness
and magnitude thresholds as in the previous test (Table 3). The results of this test are
presented in the last row of Table 4 and they demonstrate the significant effect on the ‘b-’
value, mainly in Model C1, in which the ‘b-value’ drops sharply to 0.71. The bias of ‘b-’
value estimate is significant and is on the limits of the ‘b-value’ standard error.

Table 4: Models of completeness used for the analysis of the uncertainties associated with
magnitude determination of +1.0 units. The bottom line shows the resulting ‘a-’ and ‘b-’ values.

Model C1 Model C2 Model C3
Magnitudes are increased by Original magnitudes Magnitudes are decreased by
1 unit 1 unit

Period Mw Period Mw Period Mw
1985-2015 2 1985-2015 2 1985-2015 2
1963-1985 3 1963-1985 3 1963-1985 3
1940-1962 4 1940-1962 4 1940-1962 4
1900-1939 5 1900-1939 5 1900-1939 5
1000-1899 6 1000-1899 6 1000-1899 6

a=2.7; b=0.71 a=3.5; b=0.9 a=3.7; b=0.94

Overall, it appears that the calculation of ‘a-* and ‘b-’ values is adversely affected by
magnitude error, especially when the errors vary systematically with the magnitude. The
greater the magnitude uncertainty, the larger it affects the ‘a-° and ‘b-* values. The
uncertainty in magnitude determination within the range of £0.5 magnitude unit appears to
be already insignificant for G-R parameters evaluation. With the increasing of the
uncertainty to 1 unit, the bias of ‘a-* and ‘b-’ estimates becomes significant.

4.5 Is the revised catalog any ‘better’ than the old one?

From seismological perspective it is not trivial to distinguish which one of a given set
of catalogs is ‘better’ than the others. It is necessary to assume beforehand that in general the
seismicity of a given region follows some empirical lows such as stable ‘a-> and ‘b-’ values
along time. Nevertheless, nature does not necessarily need to obey strictly these empirical
laws (Wesnousky et al., 1983), which makes this task even more difficult.

Assuming that a good catalog does show stable ‘a-’ and ‘b-’ values along time, we
demonstrated (sections 4.2 and 4.3 above) that the revised historical catalog is more
consistent and complete than the old one at least for the time period of ~1000 - 1900 AD. Of
course, if ‘a-> and ‘b-’ values change with time and space, then there is no way to favor a
given catalog other than regarding the reliability of its content.

In terms of reliability it is easier to show which catalog is better, simply because one
can check whether each of the listed events can be detected backwards to its original
contemporaneous account. Unfortunately, the GlII historical catalog seems not to withstand
this criterion (Appendix 2).
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5. Discussion and Conclusions

Following our investigation about the potential influence of the historical catalog on
the seismic hazard assessment in Israel, we were able to arrive at the following
understandings:

Comparison between the historical catalog of the Gl and the updated list of historical
events (Zohar et al., 2016) shows significant discrepancies in the occurrence time,
magnitude, epicenter, and number of events (Appendix 1B). Unfortunately, the GlI catalog
is not supported by any explanation or a reference list and thus we could not check the
reasons for these discrepancies.

The examined b-values of the new historical (Zohar et al, 2016) and updated
instrumental earthquake (1900-2015) catalogs were found to be higher and closer to the
modern catalog than those resulted from the old historical and updated instrumental
earthquake catalogs (Appendix 3). The calculations indicate that no significant changes in
the b-values of the revised historical catalog were observed for the time periods of 1000 —
1200, 1200 — 1700 and 1700 — 1900, while the time period of 300 AD to 1000 AD shows
decrease in the b-value.

Due to the insufficient amount of information relating to earthquakes in Israel before
1900, the completeness of the historical catalog is hard to establish. Our analysis indicates,
with some degree of uncertainty in magnitude determination, that the updated historical
catalog (Zohar et al., 2016) is most likely complete for the time period of ~1000 - 1900 AD.
The rate of seismic activity for this time period seems stable (Figure 7).

The updated catalog contains only general information about the origin of the
historical earthquakes. In case there is a change in the configuration of the seismogenic
zones there will be a need to better locate the origin of the historical events.

We found that magnitude uncertainty of =+ 0.5 unites in the revised historical catalog
(Zohar et al, 2016) cannot affect significantly the estimates of the regional ‘a-’> and ‘b-’
values. The difference in the resulting ‘b-> values is within the bounds of standard error.
With the increasing of the uncertainty to £1 magnitude unit, the effect on ‘a-* and ‘b-’
estimates increases and becomes significant. This epistemic uncertainty in the magnitude
estimates should be handled with a logic tree of alternative ‘a-> and ‘b-’ values.
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Appendix 1A

List of historical earthquakes currently in use by the Seismological Division of the
Geophysical Institute of Israel (GII). The list was sent to us by Mrs. L. Feldman on
4/10/2010. There were no explanation and references available to support this list.

* PTH: location, magnitude and intensity normally relate to the observation point not
to the focal point.

Year | Day [Month [O.T. (Ml |Ms |Lat(N)|Lon(E)|Intensity |Region Code |Code |Code
BC (2100 0 0 7 31.50| 35.05 BEM
BC[1250 0 0 6.5 32.00| 35.50 BEM
BC| 854 0 0 6.6 32.70( 35.40 Sea of Galilee BEM
BC| 759| 10 11 7.3 33.00| 35.50 11 BM BEM
BC| 525 0 0 7.5 32.50| 35.00 11 BEM
BC| 222 0 0 7.2 36.50| 28.20 BEM
BC| 92 2 28 7.1 34.00| 32.00 AMR
BC 64 0 0 7.7 36.20| 36.10 BEM
BC| 31 9 2 7 32.10( 35.50( 10=9 |Jordan Valley
BC| 26 0 0 7.3 34.70| 32.20| 10.5 BEM
BC 15 0 0 6.8 34.70| 32.20 9 BEM
Kk | dkk | kkk | ek ook ok | dkk | ok ok ook ook ok ok ook

19 0 0 6.8 34.00( 34.00 9 0O.C.Sidon

33 0 0 7| 7.4| 32.00| 35.50 9 ABK [ABK |BEM
48 0 0 6 30.00| 35.10 8 Arava

76 0 0 7 35.00( 34.00 10 BEM
115 0 0 7 34.00( 34.00 9 SyrC

128 0 0 6 34.00| 36.00 8 Beka'a

306 0 0 7 34.00| 34.00 9 O C Sur

342 0 0 6.9 34.70( 32.20 10 BEM

348 0 0 7| 7.4| 34.00( 35.50 10 ABK [BEM |BEM

363 5 19 6.5 31.10| 35.50 9 E of Lisan

419 0 0 6.2 33.00( 35.60 9 near Safed

447 12 8 7.6 40.30| 29.30 NW Turkey AMR (BEM

500 0 0 7.3 36.20| 36.10 11 BEM

502 8 19 7 33.30| 34.50 10 O C Syria

528 11 29 7.1 36.20( 36.10 10.5 BEM

551 7 9 7 34.00| 34.50 10 O C Beirut

565 0 0 6.7 34.00| 36.00 BEM

588( 10 31 6.4 36.20( 36.20 BEM

631 0 0 55 32.50( 35.50 7 D S Fault

634 0 0 6.6(6.85( 32.00| 35.50 9 ABK |HAS |BEM

658 6 0 6 32.50( 35.50 8 nr B-Shan

710 0 0 55 32.20( 35.50 8 Jor Val

713 3 20 6.8 36.50( 36.20 9 PTH*

749 1 18 7 32.20| 35.50 9 Jor Val

756 3 8 6 32.00| 35.50 8 D S fault

765 5 3 55 34.00( 36.00 8 Beka'a




21

796| 4 7 71 34.20] 24.80 BEM
808| 0 0 55 3220 3550 7  |Jorval

835 0 0 0 36.50| 36.20] 9 PTH*

8as| 0 0 0 33.30| 3620] 9 PTH*

ga7| 11| 25 6.2|6.25| 33.00] 36.00] 9 ABK |ABK |BEM
853| 0 0 55 33.00| 3560] 8 |Rachayaf

854 0 0 0 3250| 3530 11 PTH*

857 0 0 0 30.00| 3120 7 PTH*

8s9| 4 8 8 36.20| 36.10 BEM
885| 11 0 0 30.00| 31.20] 10 PTH*

950 7| 26 0 30.00| 3120] 9 PTH*

956| 1 1 0 36.10| 29.60| 8 PTH*

956] 0 0 0 30.00| 3120 6 PTH*

972 o 0 63| 65| 31.00] 3550| 9 ABK |ABK |ETA
97a| 0 0 0 3320 3620] 9 PTH*

991| 4 5 6+ 34.00| 36.00] 9 |Bekaa

1016| 0 0 55 3220 3550] 8 |Jorval

1032| 3 6 6.8 34.80| 35.10 'gggsf’yr off — aMR

1033| 12| 10 6.5 3220| 3550] 9 |Jv&OCsS

1034| 1 4 65| 6.7] 3200 3550| 105 ABK | PTH* | BEM
1042 8| 21 7.2 34.30| 38.10 BEM
1047] 0 0 63| 65| 31.00] 3550| 9 ABK |PTH* |ETA
1060| 0 0 6 3220 3550] 8 |Jorval

1063| 7 0 0 36.50| 36.20| No Data PTH*

1068| 3| 18 6.5 30.00| 3500] 9 |Arava

1070| 2| 25 55 30.00| 35.00 Arava ? AMR |BEM
1001 9| 17 0 36.50| 36.15 PTH*

1004| 6 0 0 33.30| 36.20 PTH*

1105| 12| 24 55 32.20| 3550 Jor Val

1114] 8| 10 7 36.50| 36.00

1115| 12| 25 75 37.00| 38.00 BEM
1117| 6| 26 55 3220 3550] 8 |Jorval

1139| 10 0 0 33.30| 3620 8 PTH*

1139| 10| 12 7.4 36.10| 37.10| 105 BEM
1151| 9| 28 62| 65| 32.60| 36.70| 9 BEM |BEM |BEM
152| 2 3 52(475| 3350] 36.00| 6 ABK |PTH* |ETA
1157| 8| 15 73| 7.8] 35.10| 36.30] 105 AMB |BEM | BEM
1160| 0 0 61| 61| 3200 3550| 8 ABK |HAS |BEM
1170| 6| 29 74| 76| 3460| 36.20| 105 ABK |BEM |ETA
1182| 0 0 67| 7] 3260| 36.70] 95 BEM |BEM |BEM
1201| 6 2 73| 78| 3400] 36.12| 11 ABK |BEM |BEM
1202| 5| 20 73 33.10| 3560 10 |Jordan Gorge

1212| 5 2 6 27.70| 3400] 9 |NRedS/S?

1222| 5 0 6.7 3450| 33.00] 9 BEM
1260| 3 0 61| 65| 3250 3550 - ABK |- |BEM
1261] 0 0 69| 7.3| 34.00| 3550 - ABK |- |BEM
1284] 0 0 6.85| 7| 3350| 36.00] 10 ABK |PTH* |ETA
1287| 3| 11 63| 65| 3509| 3644| 9 PTH* | PTH* | ETA
1287| 4 2 63| 65| 33.00| 3550| 85 ABK |PTH* |ETA
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1293 1 11 5.8 31.70| 35.50 8 Dead Sea

1303 8 8 7.6 36.30| 27.30 BEM
1312 5 1 6.5 27.70| 34.00 9 N Red S/S?

1322 0 0 5.5| 5.3| 33.50| 36.00 7 ABK [PTH* |ETA
1339 0 0 6 6| 34.50( 36.00 8.5 ABK [ABK |ETA
1366| 10 0 55 33.00| 35.60 7 Rachaya f

1374 0 0 5.5- 7 D S f/Beka

1399 9 19 4.75( 4.2| 33.50( 36.00 5 ABK [PTH* |ETA
1407 4 29 7 35.70| 36.30 BEM AMB
1408| 12 30 7.3 36.50| 36.20| 10.5 BEM
1457 7.6 39.90| 40.40 AMR (BM

1458 11 8 6 31.70| 35.50 8 Dead Sea

1459 0 0 5.9 8 Dead Sea ASH

1481 3 18 7.7 39.90| 40.40 7 BEM

1491 4 25 6.8 35.20| 33.20 9.5 BEM
1541 0 0 53 7 DSf

1546 1 14 6.8 32.20( 35.50 9 JVv

1588 1 14 6 27.70| 34.00 9 N Red S/S?

1605 1 8 5.5- 8 Sinai?

1608 | 12 14 5.5- 8 Sinai?

1656 2 0 7 34.90( 36.20 BEM
1735| 12 0 6.5 35.00| 34.00 9 BEM

1746 7 5 5.214.75| 33.00| 36.00 6 ABK [ABK |ETA
1753| 12 16 6| 5.9| 33.00| 36.00 8 ABK [ABK |ETA
1759| 10 30 6 33.50| 35.80 9 Jordan Gorge

1759| 11 25 7 33.80| 35.90 10 Yammoune f

1796 4 26 6.6 35.70( 36.00 AMB
1802 0 0 6.2| 6.3 34.00( 36.00 9 ABK [ABK |BEM
1814 0 0 5.5- 32.80| 35.80 8 E of S Gal

1822 8 13 7.2 36.70( 36.90 BEM
1834 5 23 55 31.10( 35.60 8 E of Lisan

1837 1 1 6.5 33.20| 35.60 9 Roum f.

1846 3 28 7.6 36.00| 25.00 Crete

1859( 10 24 5 Dead Seaf

1863 4 22120:33| 7.5 36.50( 28.00 Rhodos

1870 6 24 7 100 |C N Eg/Nil

1872 4 3107:45| 7.2 36.40| 36.50 9.5 BEM AMB
1873 2 14 6 O C Tyre

1874 3 3 5.0- 7 DSf

1879| 12 31 5.0- 7 DSf

1896 5 2 5.2| 5.3| 34.00| 36.00 ABK [BEM |ETA
1896 6 29 6.8 34.20| 33.00 9.5 BEM




Appendix 1B

Preliminary evaluation of the reliability of the list of historical earthquakes of the
Seismological Division of the Geophysical Institute of Israel (Appendix 1A). The
evaluation considered the majority of the events and focused only on whether these events
occurred or not. Other parameters were not examined. Suggestion of alternative dates
appears in brackets alongside the original dating.
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Date Reliability
2100 B.C. Doubtful
1250 B.C. Doubtful
854 B.C. Doubtful
;gg)s.c. (760- | Reliable
525 B.C. Doubtful
222 B.C. Doubtful
gllg.a“y SPMING | Reliable
26 B.C. (c. 20) Reliable
15 B.C. (15-17) | Reliable
19 Doubtful
33 Doubtful
48 (41-54) Reliable
76 Reliable
115 12 13 night [ Reliable
128 (127-130) Reliable
306 Doubtful
342 (341) Reliable
348/9 Reliable
363 05 18-19 .
(night) Reliable
419 (418) Reliable
447 Doubtful
500 Doubtful
502 08 22 night | Reliable
5281129 Reliable
551 07 09 Reliable
565 Doubtful
587/588 Reliable
631 Doubtful
634 09 Reliable
658 (659-660) Reliable
710 Doubtful
1(1)3 0228103 | Reliable
74901 18 Reliable
756 03 08 Reliable
765 05 03 Doubtful
796 04 07 Reliable
808 Doubtful
835 Doubtful
845 Doubtful
847 11 24 Doubtful
853 Doubtful
854 Doubtful
857 Doubtful
859 04 08 Doubtful
88511 Doubtful
950 07 26 Doubtful

956 01 01 Doubtful 1339 Reliable
956 Doubtful 1366 10 Doubtful
972 Doubtful 1374 Not Checked
974 Doubtful 139909 19 Reliable
991 04 05 night | Reliable 1407 04 29 Reliable
1016 Doubtful 1408 12 29 Reliable
1032 03 06 Doubtful 1457 Reliable
103312 05 1458 11 08/16 Reliable
(1034 01 04?) Reliable 1459 Doubtful
before sunset 1481 10 03 .
1034 0104 Doubtful (Mar 18) Reliable
1042 08 21 Doubtful 1491 04 25 Doubtful
1047 Doubtful 1541 Doubtful
1060 Doubtful 1546 01 14 Reliable
1063 07 30 - 08 Reliable (Afternoon)

27 1588 01 04 Reliable
1068 05 29 Reliable (13:00)

1070 02 25 Doubtful 1605 01 08 Doubtful
1091 09 17 Reliable 1608 12 14 Not Checked
1094 06 Reliable 1656 02 Doubtful
110512 24 Reliable 173512 Doubtful
111408 10 Reliable 1746 07 05 Not Checked
11151129 Doubtful 175312 16 Reliable
1117 06 26 Reliable 175910 30 ( Reliable
113910 (Jun Reliable 03:45 UT)

21) 1759 11 25 ( Reliable
11391012 Not Checked 19:23 UT)

1151 09 28 Rel!able 1796 04 26 Reliable
1152 02 03 Reliable (09:05)

1157 08 15 Reliable 1802 Doubtful
1160 Doubtful 1814 Reliable
1170 06 29 . 1822 08 13 .
(0345 UT) Reliable (20:40) Reliable
1182 Not Checked 1834526 :
1201 Doubtful i) _ Reliable
(152050081%)0 Reliable (14:34) Reliable
1212 05 01 Reliable 1846 03 28 Reliable
1222 05 11 ] 1859 10 24 Reliable
(06:15 UT) Reliable 1863 04 22 Reliable
(1);;50 03(1259 | mejinple (11877%8%% Reliable
1261 Doubtful 187204 03 :
1284 10 13 Reliable (07:40) Reliable
1287 03 11 Reliable 187302 14 Reliable
1287 04 02 Not Checked 1874 03 03 Reliable
129301 11— 02 ] 187912 31 Reliable
08 Reliable 1896 05 02 Doubtful
1303 08 08 . 1896 06 29 Reliable
(03:30 UT) Reliable

1312 0501 Doubtful

1322 Doubtful
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Statistics:
# of % of
events | Total
Reliable Earthquakes: 70 55.5
Doubtful Earthquakes: 50 39.7
Not Checked: 6 4.8
Total 126 100

In parallel, we found several events that were not included in the GII list. This is a
just partial list and we present it in order to show another aspect of the problematics of the
Gl list.

Date Reliability
760-750 B.C. Reliable
199 - 198 B.C. Reliable
148 02 21 or 130 B.C. Reliable
69 — 65 B.C. Reliable
17 B.C. Reliable
37 03 23 morning Reliable
127-130 Reliable
303/4 Reliable
502 08 22 night Reliable
526 05 20/29 mid-day Reliable
c. 570 Reliable
601-602 Reliable
659/660 Reliable
746 01 18 morning Reliable
1002 11 10 — 1003 10 29 | Reliable
1068 03 18 (08 30) Reliable
113810 11 Reliable
1138-9 Reliable
c. 1150 Reliable
1156 09 Reliable
1156 10 Reliable
1156 12 09 Reliable
1157 04 02 Reliable
1157 07 05 Reliable
1157 08 12 Reliable
1163 08 Reliable
1170 06 29 (0345 UT) Reliable
1287 02 ? - 03 22 Reliable
1344 Reliable
1404 02 20 Reliable
1408 12 29 Reliable
1626 Reliable
1705 Reliable
1738 09 25 Reliable
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Appendix 2

List of reliable historical events that occurred between ¢.760 BCE and 1927 CE and
damaged at least one locality in Israel and its close surroundings. The list is adopted from
Zohar et al. (2016).

Date — time of occurrence in year and whenever possible - also the month, day and
hour; Reported damaged localities — localities reported to have been damaged within the
research area (Fig. 1) that we consider of moderate (Mg) or higher degree of reliability
(Table 2). Asterisk denotes events that caused damage also beyond our area of interest;
Estimated magnitude in previous studies — list of studies and the magnitudes they
estimated for that event. Abbreviations: AMARB — Ellenblum et al. (1998); AMBR -
Ambraseys and Barazangi (1989); AMJA - Ambraseys and Jackson (1998); AM3 -
Ambraseys (1997); AMME - Ambraseys and Melville (1988); AUS - Austin et al.
(2000); AVN - Avni (1999); AVN2 - Avni et al. (2002); BEG - Begin (2005); BM - Ben-
Menahem (1991); BM2 - Ben-Menahem et al. (1976); BM3 - Ben-Menahem and Aboodi
(1981); BM4 - Ben-Menahem (1981); BM5 - Ben-Menahem (1979); DAR - Darawcheh
et al. (2000); GC - Guidoboni and Comastri (2005); GOM - Gomez et al. (2003); HOAV -
Hough and Avni (2010); KA2 - Karcz (2004); MAR - Marco et al. (2003); MIG -
Migowski et al. (2004); NEM - Nemer and Meghraoui (2006); TUAR - Turcotte and
Arieh (1988); WECO - Wells and Coppersmith (1994); ZIL - Zilberman et al. (2005);
Avg. mag. — the average value of the estimated magnitudes (see Zohar et al., 2016); Size
deg. — In terms Table 3suggested by Ambraseys and Jackson (1998). See explanation in
Table 3; N-S extent (km) — the distance between the northernmost and southernmost
damaged localities, in km; and Casu. — estimated scope of casualties according to the
historical reports: '-' — no casualties or not mentioned or not known, F - Few (10 or less),
M - Many (more than 10).

Estimated avg. | size ?te"t of
Date Reported damaged localities | magnitude in ' amage | cosu.
3 . mag. | Deg. (N-S, in
previous studies km)
¢.760-750 7.8-8.2 (AUS); 8.2
? ?
BCE Jerusalem (?), Judea (?) (BMS); 7.3 (BM)
6-6.5 (KA2); 6.7 (MIG);
s3r1meang Judea 6.7 (BM); 7 (BMS); 7 6.7 Str ? M
pring (TUAR)
7.1 (BM); 7.1 (MIG .
*
303 Apr2 Tyre after BM) 7.1 Maj 153 M
Antipatris, Caesarea, Gophna, Hada
363 May 15- | Zispon, Acso, e ot Bomye | 67 (BM); 6.4 (817
19 (night) Tiberias, Bet-Govrin, Petra, Sebastia, S"\l/IJ;'-\R); 6.7 (MIG after 6.7 Str 453 M
Samaria, Zoar, Bet-She'an, Jerusalem,
Nicopolis [Israel], Ashgelon, Lod
418 Palestine 6.2 (TUAR); 6.9 (MIG) 6.5 Str ?
502 Aug 22 7 (TUAR); 7 (MIG after .
night* Acre (Akko), Tyre BM): 7 (BM) 7.0 Maj 113
7.8 (TUAR); Ms 7.2
551 Jul 9* Sarafand [Lebanon], Tyre (DAR); 7.5 (MIG); 7.5 7.5 Maj 284 M
(BM)
5.5 (Light damage,
634 Sep Jerusalem, Palestine personal judgment, 5.5 Mod 47
Zohar et al., 2016)
659 Jun 7 Jericho, St. John, Palestine 6.6 and 6.6 (BM; BM5) 6.6 Str 154 M
Jordan River, Palestine, Tabor Mt., M> 7 (MAR); 7-7.5 .
749/Barly 750 | 1 rias, Bet-She'an, Khirbet al Karak (MIG); 7.3 (BM); 7.3, 72 Maj 160 M
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Estimated p Size Extent of
Date Reported damaged localities | magnitude in VG- | SIZ€ | damage | o).,
: . mag. | Deg. (N-S, in
previous studies il
7.3 (BM5, BM3); less
than 7 (KA2, BEG)
6 (Moderate damage,
756 Mar 9 Jerusalem, Palestine personal judgment, 6.0 Str 70 -
Zohar et al., 2016)
Jericho, Ramla, Banyas [Israel], Ashqgelon,
1033.Dec 0> Jerusalem, Akko, Gayza, Nablus, Hebolon, 7.1(MIG); 6.7 (BM); 6.6 Str 190 M
(night) 6.7 (BM5); Me =6 (GC)
el-Badan
1063 Aug* Acre (Akko), Tyre ?GSC-)7 (MIG); Me = 5.6 6.1 Str 357 F
6.9 (MIG); 6.6 - 7 (ZIL);
1068 Mar 18* | Palestine, Elat 7.0<MS <£7.8 (AMJA); 7.3 Maj 780 M
7 (BM); Me = 8.1 (GC)
1068 May 29 | Ramla Me =6 (GC) 6.0 Str ? M
5.5 (Light damage,
1117 Jun 26 Jerusalem personal judgment, 5.5 Mod ? -
Zohar et al., 2016)
1157 Aug 12 7-7.5 (MIG); M >7 .
(night)* Jerusalem (AMBR); 7.3 (BM) 7.2 Maj 515 M
7 (MIG); M > 7 (AMBRY);
6.6 (HOAV); 7.9
11(70032';?*29 Banyas [Israel] (TUAR); 7.0<MS 2 7.8 7.3 Maj 497 M
(AMJA); 7.5 (BM); Me =
7.7 (GC)
7.5 (MIG); 7.5 (AMME);
Akko, Samaria, Tebnine, Vadum-Jakub, 7.6 (HOAV); 6.8 (BM);
1202 May 20 Banyas [Israel], Hunin Castle, Nablus, 6.8 (BM4); M >7 7.3 Maj 380 M
(0240) Tyre Jerusalen,w ! ! (EMARB); 7.0 < MS 2
! 7.8 (AMJA); Me=7.6
(GC)
1212 May 01 | Karak, Elat, St. Catherine, el-Shaubak 6.7 (MIG); Me=5.8 (GC) 6.2 Str 330 F
12959?8811_ Lod, Ramla, Gaza, Qaqun, Tafilah, Karak féGC;M'G)' Me=>8 6.2 str 185 -
1458 Nov 16 Ramla, Lod, Hebron, Jerusalem, Karak (séSC;MIG)’ Me =56 6.1 Str 70 M
1546 Jan 14 Hebron, Maa'yan Elisha, Jericho, St. John, M ~ 6 (KA2); 7 (TUAR);
(Afternoon) Bethany, Jerusalem, Jordan River, Nablus, 6.1 (MIG); 7 (BM,BMS5, 6.5 Str 140 M
Beit-Jala, Bet-Lehem, Batir BM3);
152?2:?0?84 Elat, St. Catherine 6.7 (MIG) 6.7 Str 600 -
5.5 (Light damage,
1643 Mar 23 | Jerusalem personal judgment, 5.5 Mod ? -
Zohar et al., 2016)
1759 Oct 30 ( | Akko, Quneitra, Benot-Ya'aqov Bridge, Ms ~ 6.6 (AMBR); 6.5 6.5 Str 350 M
03:45)* Sasa, Nazareth, Safed, Tiberias, Nablus (BM) '
Hula, Deir Hanna, Safed, Nabatiya, 7.4 (MIG); MS~ 7.4
1759 Nov 25 ( Nablus, Sassa, Mt.Hermon, Akko, Beit- (AMBR, 1989); Ms =
19:23)* Jann, Hasbaya, Deir Hanna, Quneitra, 7.4 (AMJA; WECO); 7 < 7.3 Maj 580 M
Caesarea, Marjuyun, Tiberias, Haifa, el- M<7.2(GOM); 7.4
Rama (BM)
5.5 (Light damage,
1817 Mar Jerusalem personal judgment, 5.5 Mod 25 -
Zohar et al., 2016)
Dead Sea Southwest, Caesarea,
18?{1‘3'\13?) 26 Jerusalem, Jaffa, Umm al-Rassas, Deir 6.4 (MIG); 6.3 (BM) 6.3 Str 170 -
’ Mar-Saba, Bet-Lehem, Medaba
Nabatiya, Qana, el-Fara, el-Salha, Jish,
Marun Al-Ras, Bint-Jbeil, Malkiyya, Qadas,
Ya'tar, Tebnine, Hunin Castle, Banyas 7.4 (MIG); M >7
1837 Jan 01 [Israel], Metulla, Zeqgieh, Deir Mimas, el- (AM3); MS=7.4 71 Maij 635 M
(16:35)* Khiam, el-Tahta, Deir Mar-Elias, Qaddita, (WECO); Ms 7.1 (NEM ’

Jibshit, Gaza, Arraba, Attil, Qaqun, Tubas,
Ajloon, Nablus, Zeita, Harithiya,
Jerusalem, Kefar Bir'im, Sea of Galilee,

after AM3); 6.7 (BM)
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Date

Reported damaged localities

Estimated
magnitude in
previous studies

Avg.
mag.

Size
Deg.

Extent of
damage
(N-S, in
km)

Casu.

Hasbaya, Kafr Aqab, Jeresh., Areopolis,
Hula, Tarshiha, Dallata, Jaffa, Mrar, Ein-
Zeitun, Tyre, Atlit, Meron, Eilabun, Akko,
Migdal, Irbid, Reina, Safed, Tiberias,
Hadatha, Haifa, Zemah, Kafr Kanna, Kafr,
Sabt, Lubiya, Nazareth

1839

St. Catherine

5.5 (Light damage,
personal judgment,
Zohar et al., 2016)

5.5

Mod

25

1927 Jul 11
(15:04)

Salfit, Soreq River, Nabi-Musa, Abadia,
Ajloon, Gaza, Atara,, Meslovia, Lod, Ein-el-
Kelt, Ein-Dok, Azraa', Deir, Mar-Saba,
Merhavya, Massada, Mrar, Maa'yan
Elisha, Moza, Medaba, Migdal, Karak,
Kafaringi, En-Harod, Ramat Yishai, Migdal
Yava, Qiryat Anavim, Tel Aviv, Nablus,
Shunam, Refidie, Ramat, Rachel, Dara'a,
Ramla, Shiloach Village, Rehovot, Amman,
Reina, Ramallah, En-Karem, Qalqilya,
Kabab, Zora, Safed, Zemah, Petah Tiqwa,
Eqron, Afula, Akko, Ein-Fara', Ein Qinya,
Ein-Musa, Rosh Ha-ha’'Ayin, Be'er-Sheva,
Jiftlik, Gimzoo, Gedera, Batir, Beit-Sorik,
Bet-She'an, Beit-Liqya, Bet-Lehem, Bet-
haKerem, Beit-Jimal, Bet-Govrin, Toov,
Mt., Bira, Jisr Magmi, a-Ram, Irbid, A-Salt,
el-Hama, Abu-Tlul, Nazareth, Jaffa,
Yarmouk Fall, Jordan River, Abu-Dis, Abu-
Ghosh, Beit-Jala, Zarka Ma’in, Jericho,
Holly Mt., Armon Ha-Naziv, Jerusalem,
Yalo, Tulkarm, Tiberias, Tabgha, Jaljulya,
Hebron, Jenin, Zikhron Yaa'qov, Zarka,
Wadi al-Shueib, Mt.Scopus, Olives, Mt.,
Deir A-Shech, Daharia, Benot-Ya'akov
Bridge, Allenby Bridge, Gesher, Jeresh,
Michmash village, Haifa

6.25 (AVN; AVN2); 6.2
(BM2); 6.3 (MIG) = 6.25

6.25

Str

220
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Gutenberg — Richter relationships for the DST region based on the old historical (GlI,
Appendix 1) and the new instrumental (1900-2015) catalogs.

Table App 3.1:
Models of completeness threshold for b-value estimation for the whole DST
Model A Model B Model I
Period Mw Period Mw Period Mw
1700-1899 6 1200-1899 6
1900-1939 5 1900-1939 5 1900-1939 5
1940-1962 4 1940-1962 4 1940-1962 4
1963-1985 3 1963-1985 3 1963-1985 3
1985-2015 2 1985-2015 2 1985-2015 2
b=0.80a=3.31 b=0.78 a=3.36 b =0.93 a=3.88
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Figure App 3.1
Top panel: model of completeness used in the calculations of the seismic parameters for the Dead
Sea Transform (model A).

Lower panel: Gutenberg — Richter relation for the Dead Sea Transform according to model A.
Open squares show the observed seismicity and the blue solid line with the slope equal to
the b-value indicates the modeled seismicity line. The red dotted line models the
seismicity for a reference value of b=0.96 that is used in Israel Building Code 413,
without a reference to the actual a-value.
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Figure App 3.2
Top panel: model of completeness used in the calculations of the seismic parameters for the Dead
Sea Transform (model B).

Lower panel: Gutenberg — Richter relation for Israel region for model B. The open squares show
the observed seismicity and the blue solid line with the slope equal to the b-value
indicates the modeled seismicity line. The red dotted line models the seismicity for
reference value of b=0.96 that is used in Israeli Building Code 413, without a reference to
the actual a-value.
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Figure App 3.3
Top panel: model of completeness used for the calculations of the seismic parameters of the Dead
Sea Transform (model ).

Lower panel: Gutenberg — Richter relation for Israel region for model I. The open squares show
the observed seismicity and the blue solid line with the slope equal to the b-value
indicates the modeled seismicity line. The red dotted line models the seismicity for a
reference value of b=0.96 that is used in Israeli Building Code 413, without a reference to
the actual a-value.
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581

NO9YNA NN 2290 1N PN NTIVINN DYID HY DDIANN PHX NPNVDM NPTR MY NHLVP
TANI N 413 >N SORIVIN TMAN JPN DDA PHY YNVDNIN NYVPN INTR MY MND
Y ,¥701 MPHN NNDY PN HY DNPIVMIP NI DNV NNPHRY 71°90 90N 7201 7]

,(2017 ,2016) Zohar et al. »1 Sy NYINKY NWYIY >NVDINN NOVPN NITY ,NYD 921D PN D

5w N59YN2 0NN (D’ -1 A’ »9Y) 1VI-)712IVN YIIY HY INYAWN DR NNIVYNRIY TN TWONRD
JNDON NIPON

DX DM DAY NPYN DTN YNVDNIN NYLPN YDA HY TVIMI-XIVI) MDY YV NN
995 JWON MNMVLDINN NYLPN MNMN DXYAPNNY DIDIYN TWUNRND MITNN NYVPN MIIYY INY
NN DI NURIN GINI TURND TN DOV XX 1IN N0 NVN GINI NPNDION MDY NP
.D»7NVODINN DIYIPNN DY T0N TIWNN NIRXIND

oV NTIVNNM DIPNN NN WIAPY IWAND PN DTN YNVDINN NYVPN DOIANN POY YPHN
PYY DINNDION MNPNRN NN NN YWTNND PIND YITM NN .P90N V192 DPNPDION MNPNN
VIID I NPNLDNN MTYIN HY DIPIN NIIWN NN WD WIT» PHNRIWN JPNN DOIANN
0.5+ YW NN NPNOLDNN MTYIN DY NTIVNIND NN NMINTN ONY XD T .Nyd MDD

NP1 0N D’ -1 1@’ 199y MDIDN NIYDN MY HY SMIND 19IN MYV NPR NTIVOHNN MTNY
JOMYNDYN NPWY) MDD 10N 7Y DY NYOVUNN ,NTNY 1+ W 5T 1T N1 MNTHN N

IUNRND TN TNINRD INY OOWY DX TPHDO MDY ANP 1NN PTIWNN NVONN NOVPN 593D
DOIANN POY YN NN MINTNN ON,NINT OY TN .MNINKD DNV GINI VI )W NOVPN
NMLN D35 MONMNN TIN MNDN YN NVIVIA MNDI0N NIXON DY NN NIAMNN NVDINN NDVPN

b’ -ya’ yoy 119°0n 1oy Hw wann
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