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Abstract. In the last decade, there has been growing in-1 Introduction

terest in problems related to searching global spatiotem-

poral regularities in the distribution of seismic events on The search for global regularities in the latitudinal distribu-
the Earth. The worldwide catalogs ISC were used fortion of earthquakes even in the epoch of the formation of
search of spatial and temporal distribution of earthquakes$€ismological science demonstrated a clear inhomogeneity in
(EQ) in the Pacific part of South America. We extracted the distribution of epicenters over the Earth despite low rep-
all EQ from 1964 to 2004 with Mb=4.0. The total resentativeness of the observational material in the middle of
number of events under study is near 30000. The enthe 20th century (Gutenberg, Richter, 1954).

tire set of events was divided into six magnitude ranges Quantitative estimates of earthquake distribution by latitu-
(MR): 4.0<=Mb<4.5; 4.5<=Mb<5.0; 5.0<=Mb<5.5; dinal zones of the planet based on electronic catalogues were
5.5<=Mb<6.0; 6.0<=Mb<6.5: and 6.5=Mb. Further  obtained firstly by Mogi (1985), then (Sun, 1992; Levin and
ana|ysis was performed separate]y for each MR. The |ati_ChirkOV, 2001) It was shown that the seismic activity of the
tude distributions of the EQ number for all MR were stud- Planet, which is almost absent at the poles and polar caps
ied. The whole region was divided in several latitudinal in- of the Earth, increases significantly at mid-latitudes reaching
tervals (size of each interval was eithérd 10°). The num-  the maximum in the region of 4650° N and 16-20° S with

ber of events in each latitudinal interval was normalized two@ stable local minimum near the equator.

times. After normalization we obtained the relative seismic Previous attempts to normalize the number of events by
event number generated per one kilometer of plate boundarfhe square of the latitudinal zone were ineffective and physi-
The maximum of seismic activity in the Pacific part of the cally wrong due to a strong irregularity in the distribution of
South America is situated in latitude intervalr28® S. The  earthquakes within the latitudinal zones. Taking into account
comparative analysis was executed for the latitude distributhe fact that the earthquakes occur generally along the bound-
tions of the EQ number and the EQ energy released. Thearies of the lithosphere plates and that the modern kinemat-
the distributions of EQ hypocenter location in latitude and ics of the plate boundaries is studied quite well was applied
in depth were studied. The EQ sources for the high latitudegiormalizing the number of events in the latitudinal zone by
(up to 3% S) are located on the depth (H) between 20-80 km the total length of the plate boundaries in the given zone
It was shown, that full interval of depth in each latitudinal (Levin and Sasorova, 2009). Thus the average number of
belt generally divides into three parts (clusters) with close-Seismic events generated per one kilometer of plate bound-

cut separation boundarie£{ — with O<H<=80km, K2 — ary for each latitudinal belt was obtained. Double normal-
with 120<H<=240 kmllllwhat symbol shoud be here? ized (binormed) latitudinal distributions of the EQ number
K3 — with H>=500 km). (Fig. 1) have clearly expressed bimodal character with two

peaks located in Northern Hemisphere™®0® N, i.e. Kuril
Islands and Japan) and in Southern Hemisphera@® S,

i.e. Oceania northward to New Zealand and South America),
local minimum near the equator (H20 N) and almost zero
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0.06 : —— —a—4.5<=M<5 ious energy levels. In upper-right corner of the Fig. 2b is
s I T —a— 5.0<=M<5.5 S|tua_ted the equation of I|nea_r regression andRHe/aIue.

} —>— 5.5<=M<6.0) (unbiased estimate of determination factor). Hence residual
| R AN "] —%—6.0<=M<6.5 dispersion, which determined by random component, is very
[ RIL N ANy X -t--{ ——6.5<=M small.

[Y7R S AR N o The latitude distributions of the EQ number for all magni-
004 4o J LA i b = A0\ . tude ranges were studied. The region which is under study
N . S N S S B - was divided in several latitudinal intervals (size of each inter-

AR EEEELE -1 :z:| z 2z 2 val was either 19or 5°). The number of events in each lati-

g 3323 g 433333332388 tudinal interval was normalized two times. At first number of

events in each latitudinal belt was divided on total number of
Fig. 1. Binormed latitudinal distributions of earthquakes in the Pa- €vents in given MR. Then second normalization was carried
cific region for five magnitude ranges; the horizontal axis is the lati- out with respect to the length of lithosphere plate boundaries
tudinal belts; vertical axis is binormed number of earthquakes. Twoin the given latitudinal zone. Thus we obtain average relative

red dotted lines correspond to peaks of binormed distribution; bluenumber of seismic event generated per one kilometer of plate
dotted lines correspond to local minimum and green dotted line ispoundary.

situated on equator.

3 Analysis
2 Data preprocessing ] o o )
Firstly the latitudinal distributions of the EQ number for five

The objective of this work is the analysis as the latitude-depthMRS with size of each latitudinal belt equal to°Were dis-
distributions of the EQ number and the latitude-depth distri-cussed. The binormed EQ distributions in latitude for five
butions of the EQ energy released for the Pacific part of thdVIR @re presented on the Fig. 3. It may be marked one clearly
South America. The Pacific part of South America is defined®XPressed peak in latitudinal belt2@0° S for the all MRs
as the ocean basin, and land regions over subduction zone@nd almost zero values of the EQ number in the high lati-
It was analyzed that number of earthquakes in the spreadin%Jdes (90-60° S). The same peak and the negligible small
zones in the South Pacific does not exceed 2% of the totaFQ number in the high latitudes were detected for the latitu-
number of events in each latitudinal zone. Thus these eventdinal distributions in Southern Hemisphere for whole Pacific
were canceled from list of events. (Fig. 1). . y S

In order to analyze spatial distributions of earthquakes, we The problem of time stability O,f presented distributions IS
used data from the World Electronic Catalog of the Inter- one of the _debatable problems in the W(_)rks on global seis-
national Seismic Catalog (hereafter, ISC catalog) [ISC] fromm'c'ty' In discussed above case the_ full interval of obser_va-
1964 to 2004 with magnitude Mb=4. The preliminary stan- t|(_3n was fprty_years. Then, we spemglly e_malyzed the latitu-
dardization of magnitudes (to Mb value) was fulfilled for all _(j'n"’_‘l d|str|bu_t|or?s over fqur 10-year time intervals. The lat-
events. Aftershocks were canceled from the list of eventétumn"’lI dlstrlputlons of binormed number of the EQ in four
for study of latitudinal distributions of the EQ number (us- geg;y_eargpznods fﬁr MR. 4f_:Mg<5t') 5<:de<5'5’ an_d |
ing the program by V. B. Smirnov, Moscow State Univer- 2:°<=V0<0 aré shown on Fig. sa, b, and ¢, respectively.

sity). The total number of events was near 30 000. The entirérhe distributions of relative number of the EQ for all MR

set of events under analysis was divided into six magnitudeIogemer in four ten-year periods are _showp on th_e Fig. 3d.'
ranges (MR): 4.8Mb<4.5; 4.5<Mb<5.0; 5.0<Mb<5.5; It may be observed, that the latitudinal distributions in dif-

5.5<Mb<6.0; 6.0cMb<6.5; and 6.5Mb. The map of the ferent ten-year periods vary practically insignificant for all

South America with events under study is presented on thé\AR' Sometimes peak shifted for some MR frorﬁ*”’ S)
Fig. 2a. to (3°-40°S). Thus character of distributions is generally

. . . .. conserved in all time intervals considered. The most pro-
The Gutenberg-Richter power-law relationship for seismic S L S
. . o nounced stability is found for the latitudinal distributions of
events in studied part of South America is presented on th

$he relative number of the EQ for all MR (Fig. 4d).

Fig. 2b. The angle of bend in upper part of the curve con- L Co s )
forms to Mb value equal to 4.3. Thus the magnitude range Next the latitudinal distributions of the EQ number for five

4.0<=Mb<4.5 can not be considered as completeness ana/lRS with more detailed size of each latitudinal beft)(vere

. L . Studied. In this case we discharge the high latitudes froin 55
it was eliminated. Therefore, we compiled earthquake sub—to 9" S from all plot of the Fid. 5 because of nedlidible small
sets for each studied segment with respect to five MRs (with- b 9. g9

out the MR 4.6c=Mb<4.5). Further analysis was performed nur'nberiof eyents n thgse latitudes. The binormed EQ. distri
: utions in latitude for five MR are presented on the Fig. 5b.

separately for each chosen MR. The separation of event s . ) . :

; o . he total number of events in each MR is located in the right-

into several subsets with different magnitude ranges allows

us to analyze the peculiarity of the seismic process for var-mOSt upper rectangle.
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Fig. 2. (a)is the map of the South America with events under study (small circles); the color of each circles depends on soult¢ idepth;
the Gutenberg-Richter power-low relationship for seismic events in studied part of the South America.

Then we take into consideration 3-D distributions of the
EQ relative number: in latitude, in depth, and in MR. The
graphs of distributions in depth for the events in each latitu-
dinal belt are presented on Fig. 6. The vertical axes on all
presented plots are relative number of the EQs in given lati-
tudinal belt.

One can see, that up to 90% of the EQ sources in the high
latitudes are located on the depth<2H<=60km. The es-
sential part of the EQ sources in latitudinal belts near equator

03 — —@—45-5 1964-2004

o o o o o o o o o z (30° S—-0) are located on the depths 108 <=240km (in-

8 8 R 8 8 § 8 & ¢ ¢ termediate EQ) and H=500 km (deep EQ). Then the part of

® R ®8 B § 8 ’® 2 ° - shallow EQ increased up to 90% for the latitudes from equa-
torto 10 N.

Fig. 3. Binormed latitudinal distributions of earthquakes in the Pa-  The distribution analysis of the EQ energy released in
cific part of the South America for five magnitude ranges. The hor'depth and in latitude shows (Fig. 7), that full interval of depth
izontal axis is the latitudinal belts; vertical axis is binormed number jn each latitudinal belt may be divided into several isolated
of earthquakes. parts (clusters) with close-cut separation boundarfiés £
with 0<H<=80 km, X2 — with 120<H<=240 km andC3 —

It may be marked that in this case primary peak fo*-10 with H>=500 km).
latitudinal distribution (28-30° S) on Fig. 3 for the most We can see that more than 90% of energy for the latitudinal
MR partitioned in two clearly expressed peaks in two lati- belts from 55-50° S to 40-35 S releases by the EQ which
tudinal belts (30-35> S and 20-25 S) and local minimum:  sources are located on the depth 80 km (cluster K1). And
25°-30° S. The peaks were marked on by red dotted lines orthe energy released by the EQs from clusters K2 and K3 is
Fig. 5, and by bold red arrows on the map of the Pacific partnegligible for these latitudes. But the energy released by the
of the South America, which is presented on Fig. 5a. TheseEQs in the middle latitudinal belts (3515° S) partitions be-
are the zones of the seismic activity maximum. tween clusters K1 and K2. Noticeable part of energy which

The distributions of the energy released by EQs (lilac line) released by EQs with depth-H500 km (cluster K3) appears
and the normalized energy released by EQ (dark blue line)n latitudes which located near equator {468° S). Practi-
shown on Fig. 5¢c. The normalization was performed by thecally all energy for the northern latitudes¢LO> N) releases
length of lithosphere plate boundaries in each latitudinal beltby shallow EQs (cluster K1). It should be noted that in the
The distributions on Fig. 5¢ (the binormed EQ number for latitudinal belts with peaks of seismic activities {385 S
magnitude range Mb=6.5) and on Fig. 5d are quite similar. and 20-25 S) the energy distributions are similar. But in
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Fig. 4. Latitudinal distributions of the earthquakes in the Pacific part of the South America for four 10-year time intervals. The horizontal
axes are the latitudinal belts; vertical axes are the binormed numbers of dagr(ts), and(c) are latitudinal distributions of events for three
different magnitude rangeg) is distribution of the mean value calculated from five magnitude ranges over four 10-year periods. The total
numbers of seismic events in the corresponding time period are shown in rectangle in the upper right corner of (a) and (b) and in upper left
corner of (¢) and (d).
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Fig. 5. (a)is the map of the South America with lithosphere plate boundaries (orange [ipg)s presented the binormed latitudinal
distributions for South America (13 latitudinal belts with scale interValfér five magnitude ranges; the legend for MR is situated in upper
right corner.(c) is the latitudinal distributions of the released EQ energy (left vertical axis) and normalized energy of the EQ (right vertical
axis) over latitudinal belts(d) is the binormed latitudinal distributions of the EQ number for magnitude range:#4t5. Horizontal axes

for all plots are the latitudinal belts.
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ooo9

Fig. 6. The depth distributions of the EQs in each latitudinal belt (size of belt is equ&ltar® shown in 13 plots. The vertical axes of
all presented plots are relative number of the EQs in given latitudinal belt; the horizontal axes are depth in km (nonuniform scale). The red
arrows indicate on the correspondent latitudinal belt. The total number of events in given latitudinal belt is shown in the upper right corner

of every plot.
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Fig. 7. The distributions of the EQ energy released in depth in each latitudinal belt (Sizeéesshown in 13 plots. The horizontal axes are
depth in km; the vertical axes are relative value of the released energy (normalization by total value of energy released in given latitudinal

belt). The red arrows indicate on the correspondent latitudinal belt.
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the belt with local minimum (25-30° SlllMright change? simple and prompt response to an external forcing. It takes
between the mentioned above peaks the depths distribution & long time for rock damage storage and energy accumula-
the same as in high latitudes. Sometimes in high latitudes aption. But the attempt to resolve this problem now is out of
pear bimodal distributions with peaks in depth 40 and 80 km.the frame of our work. The strongly pronounced irregular-
It may be explained by the special depth of the EQ sourcdty of EQ latitudinal distributions can find the explanation in
(in ISC catalog) which is equal to 33km. Thus it is noticed future only as a complex problem by joint analysis of the ge-
general tendency as for the EQ number distributions in deptlological effects, influence of tectonic forces, tidal forces and
and in latitude so as for the EQ energy distributions in depththe Earth rotation peculiarity.
and in latitude. The briefly, the following results have emerged from the
above study:

4 Discussion and conclusions 1. The clearly expressed irregularity in latitudinal distri-
bution of the EQ number and released energy for the
The analysis of the obtained EQ latitudinal distributions for Pacific part of the South America was detected. The

the Pacific part of South America shows, that the difference most active seismic zone (by binormed relative number
in the EQ number between some latitudinal belts is more than  of events) according our analysis is located in the lat-
several tens times and for energy distributions this difference  itudinal zone 20-35° S (two peaks in belts 2625 S

is more than 100 times. For example the difference in EQ and 30-35 S). The most active energy output also oc-

number between belts 2625 S and 40-45° S is 45 times, curs in the same latitudinal belts. Very remarkable vari-
and the difference in energy is more than 100 times. At the ations over the depth for the EQ distribution and the en-
same time the maximum difference in the plate traveling ve-  ergy distributions occur in studied latitudinal belts from

locities in subduction zones in the Pacific part of the South  35° S to equator.

America (from 53 N to 45’ S) is no more than 10%. It seems

that it difficult to explain these peculiarities of the latitudi- 2. The sequence of calculation and statistical technique for

nal distributions of the EQ number and released energy only  detailed analysis of the latitudinal distributions of the

from point of view the theory of plate tectonics. EQ and two dimensional EQ distributions (in latitude
Let us discuss the possible linkage between the seismic  and in dept) was developed.

process and tidal forces. The latitudinal distributions for

whole Pacific (Fig. 1) have clearly expressed bimodal char-AcknowledgementsThis work was supported in part by the

acter with two peaks (4-50° N and 20-30° S). It is well Russian Foundation for Basic Research (projects No. 07-05-00142,

known from tide theory (Melchior, 1983) that the maximum 07-05-00363, and 08-05-99098).

of tidal energy is observed in Southern and Northern Hemi-

spheres at the latitude #&nd zero values are marked at the Edited by: B. Tilling

poles and at the equator. The same results were obtained fReviewed by: two anonymous referees

theoretical work (Pavlov, 2004) dedicated to the estimation

of the energy accumulated in the lithosphere of the Earth

due to the effects of the external and internal forces. TheReferences

similarity of the latitudinal dis_tributions of Fhe_ EQ number_ Cochran, E. S., Vidale, J. E., and Tanaka, S.: Earth Tides can trigger
and released energy to the tidal energy distributions is sig—" o\ L et e éarthc{uakes, Science, 306, 11641166, 2004.
nificant argument to search physical relation between thes%utenberg, B. and Richter, C.: Seismicity of the Earth, 2-nd Edi-
processes. tion, Princeton Univ. Press, Princeton, 217 pp., 1954.

But the real Iatitudinal diStributionS fOI’ the Whole PaCiﬁC ISC International Seismo|ogica| Cent_mori information
shows the clearly expressed skewness, the distributions were and year?, online available athttp://www.isc.ac.uk
shifted in Northern Hemisphere (peaks or*2B0°S and  Kogan, M. and Steblov, G.Illkitle?, J. Geophys. Res., 113,
40°-50° N and local minimum on 18-20° N). Now the di- B04416, doi:10.1029/2007/JB005353, 2008.
rect relationship between the EQ origination and tidal forcesMelchior P.: The tides of the Planet Earth, 2nd ed., Pergamon, Ox-
is not adequately validated. It is known that significant in-  ford, 641pp., 1983. .
teraction of the tidal forces on the EQ origination was no- Mogi K.: Earthquake Prediction, Academic Press, Tokyo, 1985.
ticed generally for the shallow events (Tanaka et al., 2002M0rgounov, V. A., Boyarsky, E. A., and Stepanov, M. V.. Earth-
Cochran et al., 2004). Moreover it was shown that weak but quakes and tidal phases, zvestiya, Phys. Solid Earth, 41(1), 71~

| iod infl f tidal f flective thany , oo 200>
ong-period influences of tidal forces are more effective t anMorgounov, V. A, Boyarsky, E. A., and Stepanov, M. V.: Tidal

several times more powerful influence of short-period tidal  \yave period and seismicity, Doklady Earth Sciences, 406(1),
forces (Morgounov et al., 2005, 2006). It is evidently, that 112115, 2006.

composite geological medium which is characterized by non+.evin, B. W. and Chirkov, Y. B.: Planetary maxima of the Earth
linear parameters and nonuniform structure, does not give seismicity, Phys. Chem. Earth C, 26(10-12), 781-786, 2001.

Adv. Geosci., 7, 1# 2009 www.adv-geosci.net/7/1/2009/


http://www.isc.ac.uk

B. W. Levin and E. V. Sasorova: Latitudinal distribution of earthquakes in the Andes 7

Pavlov V. P.: Field Theory Approach to the Dynamics of a Continu- Sun, W.: Seismic energy distribution in latitude and a possible tidal
ous Medium: A Perturbation Theory, Theor. Math. Phys.,141(1), stress explanation, Phys. Earth Planet. Int., 71, 205-216, 1992.
1427-1442, 2004. Tanaka, S., Ohtake, M., and Sato, H.: Evidence for tidal triggering

Levin, B. W. and Sasorova, E. V.: Bimodal Character of Latitudinal  of earthquakes as revealed from statistical analysis of global data,
Earthquake Distributions in the Pacific Region as a Manifestation J. Geophys. Res., 107(B10), 2211, doi:10.1029/2001JB001577,
of Global Seismicity, Doklady Earth Sciences, 424(1), 175-179, 2002.

2009.

www.adv-geosci.net/7/1/2009/ Adv. Geosci., 7712009



