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Abstract

A homogeneous with respect to magnitude earthquake catalog is compiled,
particularly focusing on the global intermediate depth-deep focus seismicity and by
exploiting data of almost half-century. Within a two-step compilation process, we take
advantage of 10 robust conversion equations produced exclusively for intermediate
depth and deep focal data (Tsampas et al., 2016). Initially, magnitudes of different
scales and several origins are converted into proxy moment magnitudes (My*~Mu)
and a weighted mean-value aggregation procedure is then applied for all events with
estimated My*. Therefore, a homogeneous magnitude scale (equivalent to My) is
obtained as result of individual correlations between different magnitude scales and
the moment magnitude (M) scale, yielding a unique magnitude value per event.
Moreover, through implementing a simple optimization scheme, a composed, unique
depth value per event is estimated, utilizing focal data from multiple resources. In the
end and after validating magnitude’s (M) reliability, a brief spatio-temporal analysis
of the provided catalog is performed, revealing its potential for further exploitation
in large scale seismological surveys or other research studies of global interest.
Keywords: Homogeneous catalog, proxy moment magnitude, intermediate-depth and
deep-focus earthquakes, spatio-temporal analysis.

Hepiinym

Evag ouoyeviic w¢ mpog 10 ugyedog, TayKOouios KOTGA0YOS OEIGUIKOTHTOS, O
Paocileton amokleiotikd o€ Ogdouévo. GeloU®Y  EVOIGUETOV-UEYGAOD fabovg, mov
KOADTTOOV  YpOovVIKG TEPIOOO HIo0D aIVa, TOPOVOIALETOL OTH TOPODO0. EPYATIAL.
Heprypapovue g diepyaoies opoyevomoinons tov ueyédovs ae dvo Paoikd oradia,
kavoviag ypnon 10 oliomiotwv cyéoewv uetatpomns peyebwv, Omws mpoékvyoy
OTOKAELOTIKG. OO Jed0UéEVa GEIoUMV vilduesov-ueydlov Babovg (Tsampas et al.,
2016). Apyixa mpoayuoromoigitor UeTATPOTH AWV TV Olabéoiuwy, OlaPOPETIKHG
Tposlevong ueyedwy, oe &va, 16000VoU0 WS TPOS TH KAUOKA OEIoUIKIG POTHG EYeBog
(My*~My), eved oty ovvéyelo yiveton vroAoyiouds ™g otabuiousvng uéong Tyuig
ueyéoug yio oda to uusoa vroloyiouéve, My*. Me avto tov tpomo mpokvmtel pio
ouoyevig khiuara ueyédovg (M), w¢ amotédeoua twv emiuépovg ovoyetioewv ueyebwv
ue wm  KAuokxo ovagopds, 10 uéyeog oeioxne pomns (Mw). EmmAéov,
TPAYPUOTOTOIEITOL SeATIOTOTOINON THE TTOPaUETPOV TOL fdbouvg, ue avvBson dedousvav
Pabidv vroAoyIoUEVWY OTTO JLAPOPETIKES THYES.
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Téhog, kou apod diamiotdrveror H aL10mioTio TOL EViaLov, opoyevovs ueyédoug yio to
KOTOAOYO TOL TPOEKLYE, ePapuoleTal puia. ovvomTikn peBodoloyio ywpo-ypovikng
OVALDONG TOD KOTALOYOD, TOV OVAIEIKVOEL TIG OVVATOTHTES TEPOITEPE OSIOTOINONG TOD
O€ UEYOING KAIUOKOG UEAETES EKTIUNONG THGS OEICUIKNG ETMIKIVODVOTHTOG 1] HEAETES GAAOD
TOTTOV 0€ TOYKOOUIO. KAIUOKO.

AéEers Kierdrd: Ouoyevig Kataloyog, 16000VoU0 DTOAOYIOUEVO UEYEQOS OEIOUIKNG
POTNG, EVOLOUECOV-UEYALOV PAOODS OEIGUIKOTNTA, YDPO-YPOVIKY AVAIVOT.

1. Introduction

Earthquake catalogs are nowadays considered as an essential tool for seismic hazard assessment
implementations and for all kind of global or regional seismicity studies. A critical prerequisite that
should be fulfilled by any modern earthquake catalog regardless its spatial (e.g. global, regional,
local) and/or its temporal (e.g. historical or instrumental reference periods) extent, is its
homogenization level, with respect to its magnitude and its epicentre accuracy parameters.

In terms of earthquake size, the use of multiple magnitude scales still remains a significant part of
the earthquake measurement process, although seismic moment (M) is widely acknowledged as the
most appropriate physical measure for representing this quantity. Thus, the ideal case of a single,
prevailing magnitude, reported by individual seismological centres and networks, still remains
debatable. This reveals an almost “de facto” necessity for magnitude homogenization during
earthquake catalog compilation processes, through which the numerous magnitude estimates of
different origin could produce a unified, mean magnitude M, equivalent to the, proposed by Hanks
and Kanamori (1979), moment magnitude scale (M).

For this reason, through examining the behavior of different magnitude scales exclusively for
intermediate-depth and deep-focus earthquakes, a series of robust, calibrated with the moment
magnitude scale converting relationships, was formerly defined, by applying a General Orthogonal
Regression (GOR) analysis (Tsampas et al., 2016). These results are implemented here to create an
accurate and homogeneous with respect to magnitude global catalog of intermediate-depth and deep-
focus earthquakes, extending over a wide time-period of almost half century.

2. Data

In order to build a homogeneous (with respect to magnitude) earthquake catalog, we acquired all
available hypocenters determined by instrumental recordings of globally occurred intermediate-
depth and deep focus earthquakes (h=60km), during the period 1965-2012. Relying primarily on
ISC’s (International Seismological Centre) database, our initial global dataset included more than
350,000 events, taking into account all available information published in ISC bulletins. This global
dataset was later refined by employing only those scales for which proven and robust GOR
correlations with moment magnitude (My) scale have been defined (Tsampas et al., 2016).

Thus, certain scales, as the body wave (mp, mg) and the surface wave (Ms) magnitude reported by
ISC, NEIC (National Earthquake Information Center), IDC (CTBTO’s International Data Centre),
MOS (Institute of Physics of the Earth), BJI (CENC’s World Data Center for Seismology) were
included in our data. In addition, Japan’s regional scale (MJIMA, Japan Meteorological Agency)
which has been specified as equivalent to the 20s-M; scale (Noguchi, 1979), has also been used in
the catalog, using a lower cut-off at Myua=2.5, due to numerous regional events reported by JMA.

Following similar studies of global shallow seismicity (Utsu, 2002; Scordilis, 2006), the resulting
conversion equations which correlate the above described scales with the reference scale of My, are
given by Table 1. Moreover, the interval of My (Mxmin, Mxmax) Values over which a quadratic or linear
GOR fit was robustly estimated is also indicated (see Table 1), denoting the range over which the
respective conversion relationships could be validly considered (Fuller, 1987; Castellaro et al., 2006).

1271



Table 1 - Proposed end-user relationships (Tsampas et. al., 2016) for the conversion of
calibrated Mx scales to the proxy Mw* scale (almost equivalent to moment magnitude, Mw)
after applying GOR analysis.

Calibrated | GOR equations converting | ReS.so | Mxmin Mixmax
Scales My to Mw* (o)
(M) b2 b1 ao
myIN 0.165 -0.372 2.816 0.214 3.6 6.3
% 2| myMOS 0.143 -0.288 2.716 0.257 4.3 6.5
>
Eg myBJI -0.204 3.515 -7.418 0.239 4.5 6.4
T ©
D= mgBJI -0.207 3.617 -7.984 0.215 4.6 7.9
myIDC 0.045 0.837 0.382 0.226 3.3 6.1
o MsIN - 0.790 1.551 0.199 3.1 7.9
53
=3 M;IDC -0.140 2.105 -1.120 0.229 2.9 6.5
L 'c
:_f §’ M;BJI 0.004 0.792 1.300 0.224 4.2 7.3
>
» MsMOS -0.006 0.850 1.540 0.219 4.4 7.7
oy
g Mima - 0.923 0.370 0.233 35 7.4

As a last step in our dataset compilation process, moment magnitudes published from GCMT, NEIC
and Japan’s NIED were also integrated in our set and were jointly evaluated thereinafter. Moreover,
magnitude data originating from well-known catalogs of global seismicity (Rothe, 1969; Béth and
Duda, 1979; Karnik, 1996; Engdahl and Villasefior, 2002) were also considered and used, mostly
for cross-checking purposes and improvement of the ISC-NEIC’s reported my and Ms information.

This contribution of supplementary data has enriched the NEIC’s Ms and M,, magnitude data,
especially in cases of large events occurred back in 1960s and 1970s. Following latter entry and after
discarding erroneous entries (doublets or false events), a new upgraded version of our intermediate
depth and deep focal set was developed.

In addition to the collected magnitude data, focal depth information is also of particular importance for
our intermediate depth and deep focus seismicity study. Therefore, focal depths estimated from more
than one sources were acquired, including ISC’s primary and pP depths estimations, depths from the
EHB catalog (Engdahl et al., 1998) and as also depths originating from the GCMT (Ekstrom et al.,
2012) and the PDE (USGS-NEIC, nowadays under ANSS) seismic moment databases.

All above depth information was incorporated to our dataset, with the EHB and pP depths being
considered as focal parameters of higher accuracy and also recognized as almost equivalent
(Frohlich, 2006). As a result, a unique depth value per event was preferred according to a simple
priority scheme favouring pP-depths, EHB-depths and ISC primary solution depths, followed by the
GCMT and PDE depths.
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3. Magnitude Homogenization Procedure and Validation

In order to estimate a homogeneous magnitude (M) scale for the whole magnitude range of the
catalog, a simple, two step algorithm was implemented through appropriate code (Scordilis, personal
communication), considering both statistical impacts and errors in M scale calculations.

As first step, the linear or quadratic equations described in Table 1 were applied and conversions for
every calibrated magnitude scale to a proxy moment magnitude My* were obtained. Then, a unique
magnitude value, M, per event was estimated, as the weighted mean of all the available M,,. An
appropriate statistical weighting factor for each participating magnitude was considered, using the
inverse of the standard deviation (o) of the respective converting relation:

Equation 1

-z ()
=)

where Mg is the estimated equivalent moment magnitude, n is the number of participating
magnitude values, Myi* and o; is the corresponding standard deviation (SD) determined from GOR
analysis, of each converting relation (see Table 1). The respective standard deviation of the Mg
estimation is given by the relation:

M

Equation 2

Tme = \/n_—lzin_l(%ij

The M) estimations were repeated after omitting individual values exceeding the + 26 confidence
limits (95% confidence interval).

In order to graphically validate and briefly illustrate the quality of the estimated homogeneous M
magnitudes a composite comparison approach was evaluated (Figure 1). More specifically, the
variation of the mean weighted magnitude My against the My* approximations (resulting from the
direct implementation of Table’s 1 equations) was examined by considering:

Equation 3

 z(t) ]
CEx)

denoting that in Mx)’s case, only (n-1) available Mug* magnitude values per solution are taken into
account, excluding the one that is under validation.

M

These Mg values are depicted in Figure 1, plotted against the corresponding Mwg)* values. It must be
noted that both M and My, are considered as equivalent in case of MwH, MwN or My NIED validated
scales, as in general My, was considered as the reference, independent variable, in our GOR procedure.
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Figure 1 - Summary graph illustrating M¢’s variation of each calibrated magnitude, against
the corresponding Muwi* (see text for more detailed description). Dashed line depicts the
bisector.

In Figure’s 1 composite plot, every discrete mean magnitude Mg(;) was assigned with separate symbol,
allowing us to draw conclusions regarding the precision of the estimated magnitude M. Thus, it
becomes obvious that a fairly good agreement exists between the Mt and My* (or My,) values, as
indicated also by the symmetric scatter clouding across bisector line. This symmetric distribution
appears to prevail for the vast majority of different magnitude scales examined here, denoting in a
direct way the prevalent robustness of the GOR conversion equations presented in Table 1 and as
also their further statistical impact to the applied homogeneous magnitude, M, determination process.

4. Comprehensive Spatio-temporal Catalog Analysis

4.1. Epicenters Spatial Distribution

As result of the homogenization procedure applied to collected magnitude data and by considering a
composed, unique depth value from multiple focal resources, an earthquake catalog with single per
event values regarding the focal parameters and magnitudes, is created. Two maps showing the spatial
distribution of the catalog’s earthquakes are presented, displaying the global intermediate depth and
deep focus seismicity that covers the instrumental period between 1965 and 2012 (Figures 2a and 2b).

1274



Depth(km)

s 0 100 300 450 800 -
~—7 T
! ~ A

| SRy TS

— ——

‘0 km 5000 km
0° 90° 180° -90° 0

Figure 2 - Epicenter distribution of intermediate depth and deep focus global seismicity of
the period 1965-2012. a) Distribution of epicentres before the spatial filtering. Green
polygons delimit 27 discrete regions restricting the global intermediate depth and deep focus
activity according to Frohlich (2006). b) Spatial distribution of deep seismicity after
removing mid-oceanic ridge and intraplate events.

At first, a number of outlying events, occurring on the oceanic ridge transform systems or in intraplate-
continental regions was included in our dataset, mostly due to errors in hypocenter locations (Figure
2a). Such events were removed in accordance to Frohlich’s (2006) conclusions, with 27 worldwide
discrete geographic regions been roughly introduced, containing almost the entire global intermediate
depth and deep focus seismicity (Figure 2a). Therefore, our initial compiled catalog was spatially
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reduced according to these regions. The improved version of catalog’s epicenter distribution, indicating
also the magnitude and depth spread, is then presented in Figure 2b.

4.2. Magnitude and Depth Distribution

Figure’s 3 histograms present the magnitude and the depth frequency-distributions respectively, as
they are derived from our global dataset. It must be noted that the increased number of small
(3.5<M<4.5) events is mainly originated from Japan’s JIMA network.
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Figure 3 - Magnitude (left) and depth (right) distribution histograms for intermediate depth
and deep focus earthquakes included in our catalog.

On the other hand, the depth’s distribution histogram reveals a high concentration at depths of 50-
120km with a local peak around 60-70km (Figure 3b). Subsequently, a gradual decrease of activity
can be identified approaching the intermediate depth-deep seismicity transition zone, close to 350
km. Moving deeper, the seismicity rate is slightly increased as deep focal events occur near the
discontinuity of 410 km, followed by a more normal increased rate for the transition’s zone section
between 500 and 700 km.

4.3. Completeness Magnitude (M.) and b-value Distribution as Function of Time

Unlikely to the most common procedures applied for the completeness (M¢) magnitude estimation,
e.g. Gutenberg-Richter’s (1944) power law or the frequency-magnitude distribution (FMD) spatial
analysis, a detection of M variation with time is attempted in the present study. By following similar
past implementations (e.g. Woessner and Wiemer, 2005), a bootstrap analysis, part of ZMAP
software toolbox (Wiemer, 2001), was tested. Therefore, within a 90-95% interval of confidence,
the maximum curvature procedure of 200 bootstraps was selected, using a sample window of 100
events with an overlap of 10 events. As a result, after checking the variations of M magnitude with
time for several regions, four distinct complete time periods can be roughly defined: i) 1965-1979,
ii) 1980-1994, iii) 1995-2008 and iv) 2009-2012. Given the fourth’s period short duration, we
preferred to further examine only the first three intervals mentioned above.

Also, the considerable drop of M¢’s values after 1995 should be noted here. This is attributed to
IDC’s GSETT-3 project during which an effort was made to conduct operationally realistic tests of
rapid collection, distribution and processing of seismic data, through utilizing a worldwide
monitoring network (Ringdal, 1994). This change, which turned out to be an artifact, was identified
during the generation of a homogeneous catalog of surficial epicenters compiled for mid-Atlantic’s
transform ridge area and based on ISC’s bulletin data (Teza et al., 2016, personal communication).

In order to analyze the evaluation of Mc and b-value within space and time, we similarly employed
ZMAP’s maximum curvature procedure, as this was described above. Accordingly, by considering
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circles of 400 km radius with their centers moving within a step of 1x1 deg for longitude and latitude
respectively, 100 bootstraps with a minimum of 20 events per circle were applied.

According to Figure 4, M’s spatial distribution shows a characteristic gradual reduction during the
three examined periods and as we’re moving towards present. A remarkable reduction of M¢’s range
is especially observed during the later decades (1980-1994 and 1995-2008) due to the expansion of
the modern seismological networks. However, the 1995 result is also expected as a result of ISC’s
procedure, previously discussed.

On the other hand and for the interval of 1965-1979, higher M. values can be detected in two main
regions: i) the south-eastern Asia and, ii) the Scotia’s arc islands, both indicating poor network
coverage in those regions at the examined period.

Besides, the corresponding b-value spatial distribution values as those were calculated for the three
examined time intervals are depicted in Figure 5. According to this, b obtains high values near
trenches and further away from the back-arc basins, especially for rather shallow subduction zones,
characterized by intermediate depth activity, e.g. Hellenic Arc and Ryukyu-Taiwan (Okinawa
Trough) region in Figure 5c¢. This could be also explained by the b-value’s default definition, as in
such regions strong events (M>6.0) are rare and moderate intermediate depth events are dominating.

5. Conclusions

For the current work, global intermediate depth and deep focus data were collected and processed in order
to produce a homogenous (with respect to magnitude) and reliable (concerning focal depths) earthquake
catalog. For the magnitude homogenization procedure, the moment magnitude, My, was considered as
reference magnitude scale. A series of 10 robust conversion relations was utilized, facilitating the
implementation of the homogenization process that was applied here (Tsampas et al., 2016). Furthermore,
the estimated magnitude M, equivalent to the moment magnitude scale, was validated through appropriate
testing methodology. An attempt for composing multiple depth information of different origin and
optimize the depth into a unique representative value was also performed.

The completeness magnitude M. variation with time and space was examined, resulting to the
identification of three different periods of completeness during which noticeable changes in
seismicity can be observed. During these periods, the b-value spatial variation was evaluated,
providing additional information regarding the seismicity features during the three time intervals
that were examined.

The final created catalog covers the instrumental period 1965-2012, including 179,167 events from all
the subduction zones worldwide and from the 27 discrete geographic regions defined by Frohlich (2006).
Thus, an essentially well-qualified dataset was produced, which can be considered as a useful tool,
appropriate for large scale implementations such as seismic hazard studies of regional or global scale.
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Figure 4 - Spatial variation of completeness magnitude (Mc) for the three discrete periods of
completeness examined: a) 1965-1979, b) 1980-1994 and c) 1995-2008.
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