Patterns of earthquake swarm aetivity

{Earthquake swarms)

8. J. Gisowicy (%)

Receiveld on September $1h, 1973

SUMMALY. — Examination of ten carthquake swarws in ditferent
seismoteetonie settings suggest that swarms can be elassified hoth hy the
pattern of variadion in the [requeney-magnitude velation, and by that in the
rate of vecurrence,  The cecllicient & varies in one of {lwee different ways:
{1} a steady inerease, (23 a steady decrease, (3) o deerease followed by an
increase after the largest shoeks.  The rate of ocenrrenee can vary in feur
ways: (A} hyperbolie decay, ag in an aftershock sequence; (B) as in sequence
with [ereshocks and aftershecks; (C) complex, with several semments of
type A; (1)) complex, with several suemenis of type B,

Riazsunro. — Dopo aver cgaminato 10 geiami di terremoti avvenuti
lunge diverse direzioui sismotettoniche, I'A, suggerisee Uidea che gquesti
possono essere elassificati sin medinnte la variazione di # nella relazione
frequenza-magnitwdo sia attraverso il ricorso degli eventi sismiei. 1 enelli-
ciente & varia in une del seguenti tre modis (1) anmento costante; (2) di-
minuzioue costante; (3) diminuzione seguita da aumento dopo le scosse
pift fordi, I1 viecorso dell’evento sismico pnd variare in quatiro wodi: (A) de-
sulinente iperbolico, come avviene in nna serie di rvepliche; (B) come
si verifica in una serie di scesse premonitorvie o repliche; (C) complessa,
comprendenie parveechi tratti Jdi tipo A; (1) complesso, compremidente
parecchi tratti di tipe B,

[NIRODUCTION
Rarthgnake swarms are connnonly deseribed as sequences of shoels

closely grouped in time and space, but with no single outstanding

{*) Seismological Obscervatory Geophysics Division Department  of
Seientific and Industrial Research, Wellington, New Zealand.
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event, Mogi (17), who has performed experiments on microfracturing
of rocks, fonwl that a swarm-like sequence of fractures occurs when
material of very heterogeneous composition is placed under highly
concenfrated external stress,

Many earthquake swarms are known to oceur in voleanic re-
gions (12,18, 28,32} whiell are probably regions of highly concentrated
stress.  They also commonly occur near the fracture zones of ocean
ridges (8- 212 3}, Few swarms are reported from non-voleanic areas,
or from regions where no recent voleanism i observed (26 21 ),

The observed patiern of aftershock sequences has been (leserib-
ed (17 20), but little is known about the pattern of swarm activity. Ten
earthquake swarms for which sufficient data have been published
{Table T} will be considered, The pattern of these swarms will be
considered in terms of the frequency-magnitude relationship and of
the rate of occwrrence and the variation of these with time.

TABLE 1 — SELECTED EARTHQUAKE SWARMS

Tivent
code

Tioeation Dale Reference

KMR | Karmadee Ridge 1961 Apr.

18 | Gibowicz (8)
MKID | Miyake Tsland, Japan | 1962 Aug. 25

Oike (28), JAMA Bulleting

TP% Tanpn, New Zealand 1964 Dee. 4 Gibowicz (%)

KDR | Kermadee Ridge 1965 Jau. 8 | Gihowiez (3)

MBC | Mould Bay, Canada 1965 Mar, 29 SBmilh et af (%%)

MBER | Matsushivo, Japan 1065 Aug. 7 | Hasiwara and Twaka {19,
[ehikawa (1), JMA
Bulletins

Q0 Queen, Charlotie
Islasls, Clanmwda 1967 Aung

ta
&

Westmiller (3}, I8 Bul-

leting
RI’1 Reykjanes Peninanla,
Teeland 1467 Scp. 28 | Tryguvason (8)
(1 Galapagos [slands 1968 Jun. 12  [waiail®), ISC Bulletins
D¥VC | Danville, California 1978 May 25 Lee ef nl (17)

Dara

The main characteristics of the selected swarms are listed in Ta-
ble IT.  The sequences lasted from 2 days to over 2 years, the magni-
tudes of the largest shoeks were from 3 to 6, and the number of ohser-
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valions varies from about 200 to over 60,000, Tn [our cases there
are not sufficient data to study ihe frequency-magnitude variation.

The Matsushiro swarm lhas been extensively stwdlied ({10. 11 14.15)
but no list of magnitudes has been published, exeept for the largest
shoeks (1%),  On the other hand, the JMA Bulletins list the time of oc-
currence and felt intensily at Matsushiro Ohbservatory for over 60,000
shocks. An attempl iz made lLerc 1o use these intensity reports to
derive a frequeney-magnitude relationship.

VARIATION OF FREQUENCY-MAGNITUDE RELATION

The frequency-magnitude relation is commonly written
log ¥ar = ¢ — b0, (11
where Ny is the number of earthguakes within a given magnitude
interval M 4+ AM{2, and a4 and b ave constants {?). The numerical

value ol a depends npon the other terms in the expression, The con-
gtanl 4 can be found by the maximum liltelihood method of Ttlsn {39)

i e e 2]
M — My’
o N _
where M = » M/N is the mean magnitude of the group of earth-

=1
quakes, My is the smallest magnitude considered, and & is the number
of evenls larger than Me. When the magnitude interval AWM is large,
further corrections to the value of & must be applied (31).

The ecocfficient § depends upon the proportion ol large to small
shocks in a given group of earthgualkes, VWhen b is large, small shocks
predominafe, and conversely.

Several magnitude seales were used [or b determination (Table IT).
These scales are not identieal and the & values obfained [rom them are
not necegsarily comparable, even when ihe scales are linearly related.
This is due to the difereni magnitude intervals involved when different
seules are used., However, values of » baged on My and m are close
enough o be direetly comparable (1), The difference hetween the
original magnitude seale M and the loeal scales Mopn and Mpgy,
although notl precisely known, is believed to be small as these seales
were intended Lo approximate Lo MHw values.  This means thal & values
bagsed on them are also approximately comparable.
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Several numerical tests were applied to the list of intensities at
the Matsushiro Observatory (Fyar 2 1 on the JI A intensity scale),
to see whether equation [1] was valid when intensity was substituicd
for magnitude, These tests were applicd fo groups of from 2,000 to
60,000 shoeks, aml showed thal the substitution was legitimate, but
the value derived will be designated &', JMagnitude and intensity ave
therefore linecarly related in this ease, as has been feund in other re-
gions [see review by Kurnik {(13)].

The slope cocllicient of the magnifude-intensity relation is in most
cases close Lo 0.6 (1), for infensities given on a 12 degree secale (usually
the modified Merealli seale). The JMA intensity scale contains enly

T degrees, which may imply a slope coefficient close fo one. 1f so,
& - b, and direct comparisen between them for the whole sequence

provides fnrther evidence fliat {his is so, The value of & ollained
from 300 earthgnalkes, for which Ichikuwa () gives magnitwles
(Mo = 3.8), 18 & = 090 4 0.10, which is identical with the value
of & {Table IT).

The intensities reported by the JJ A arve those felt at the Matsu-
shiro Observatory and not those expeeted at the epicentre. Howewver,
during the year for which the st two stages of the swarm lasted, the
Observatory was situated near its centre, and the activity was concen-
trated within a eircle of rading 3-6 km (1v). For that period at least
the Ohservatory reports may be assumed to be complete for the arca
involved. During laler stages, in the second year, the actlivity spread
in two directions and became elliplieal.  But the values of & continue
to display a regular pattern of ehange with time.

Values of & for the whole of each sequence are listed in Table 1T,
The $45%; conlidence limits have been ealculated by the meiliod of
Aki (1), The values lic in the range 0.6 — 1.5. SBwarms from fractures
zones of oceanic ridges are characterised by the values of & greater
Lthan 1. This may imply that the stress-field in these eases is primarily
of thiermal origin and directly velated to voleanic activity, but the va-
Ties observed there are not as high as those observed in thermally
induced mierofracturing of reocks (3). During the Galapagos Tslands
swarm, voleanie eruption oceurred and collapse of the ealilern tloor was
observed (12),

There is now sirvong evidence from the experiments on microfrac-
turing of roeks (22) and from earthquakes (7.35) that the coeffieient &
is inversely correlated with the stress. During some New Zenland



TarrLr [, — CHARACTERISTICS OF FARTIHQUAKE SWARMS

Event
code

KMR
MKI?
TPY
KDR
MBC?
MSR
QUI T
RPI1
GPT
DV

Coellicient b . |
Coefficient p|

Period of Smallest | Number

. Magnitude Largest ; Magnitnde at 0507 .
uliticayation I:?;('nl(' maprnituwde magnitnde of interval confidence in final
{duys) ohserved shocks HGale stage |
— o
i) My 5.0 3.0 241 G 1.404-0.19 - 0,94 |
38 M 5.9 # 1034 0.5% 0.844-0.218 —0.95
59 Mz 4.5 ey 1126 .1 0.82 10,05 —0. 96
13.5 My B.6 4.1} 176 0.3 1.34-L0.20 - 0.9l
a8 M 2.0 —1.1 2020 0.5 4 69=-0.03 — 1), 92
770 Tapar® a I G100 | 0. 9i=-0.01 —I1.11
3.4 n 5.2 2.7 217 0.24 1. 3-£0.21 — .06
2.5 Mrey 4.0 1.7 450 0.4 0G4 L 00 — 1. 00
20.5 e 5.4 4.2 201 0.3 l.26L0. 14 —1.21
41 M 4.3 1.1 370 0.4 0 GG 07 -—1.08

Type
By | )

3 I3
37 ¢
2 o
2 A
4! Hy
3 1
3! | B
g i
1 B
15 15

AMVADHIAVE J0 SNHALLYL

1) Tublished data ave insutheiend for study of (7).

%) Data and ealeulations ave bhaseil on the JMA intensily observed at Matsushive (bhservalory.
3 Trom 58 carvthquakes with Myas = 4, published in JMA Buallelins.

M From Westmiller (13,

8) This swurm seems to consist of two distinel sequences, bolh of type 1-A.

KHVMME

LLIALLOY
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earthquake scquences b was found to vary. This was interpreted in
terms of stress changes during the sequence (3).

A very simple technique, applying formula {2] to a fixed number
of earthquakes &, has been used to study the varialion of & dnring ihe
sequence,  This procedure esfablishies a constant statistical uncertainty
and a variable time-window. The results {for the six swarms are shown
in Figures 1-6.

The variation of b is regular and ean be approximated by

b=a+ fdlogt, {31

where t is the lime from the beginning of ihe seguence in days, aml
a and # are constants (7). Values of § are given in Figures 1-6, and
values of & ean be readily found from the same liguroes.

Stutistical significance of {he dilference in b—value can be tested
by the F-lest {(31). The diflerence between the highest and the lowest
ralues of b is slatistically significant at 999, confidence level during
Llie Taupo swarm, the Matsnsliro swarm, the Galapagos Islands swarm,
aml the Danville swarm; at 959%, during the Kermadee Ridge swarm
of 1961; and ab 759, during the Kermadec Ridge swarm of 1965,

1.8 T T T T T 1
1.6
g |
Q |
o4
(o]
L) |
KERMADEC RIDGE, 1961 ;
1
AN =75 125) ' .
v
1.2 P I
| | |I| : T |
02 al 05 I O i
TIME (DAYS)

Fig. I — Yariation of & during the Kermadlee Ridge swarm
of 1861, Values are caleulated for a fixed number of shocks
AN = 75 at intervals of 25 shoeks, amd assigned to the mean
of each time interval involved, The arrows show the time
of oceurrence of carthquake with Mz Z= 43/,
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TAUPQ, 1964 - 65
AN =100 (50)
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Fig. 2 - Vaviation of # during the Taupo swarm. Values
ave calewated for AN - 100 at intervals of 50 shocks,  The
arrows show emrthquakes with M, = 4.4,
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Fig, 3 — YVariation of b during the Kermadee Ridge swarm
of 1965. Values ave calculated for AN — 50 at intervals
of 25 shocks. The arrows show enrthquakes with 3, = 5.
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MATSUSHIRO, 1965-67
AN = 2000 (1000)

R=0.33

l 1 1 I | 1 | 1 1
0.7 30 50 100 300 500

TIME (DAYS)

Fig. 4 — Variation of ¥ during the Matsushive swarm. Values are caleulated for AN — 2000 at intervals of 1000 shoeks.
The initial value, shown by an open squave, is for AN = 1000. The arrows show carthquakes with Myas =5.0.
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18} GALAPAGOS ISLANDS. 1568
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Fig. 8 — Variation of b during the Galapagos Tslands swarm.
Values are caleulated for AN = 75 at iulervals of 25 shocks,
The first value is for AN = 50. The wrrows show earthquakes

with w = 3 1.
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L 'I\ f DANVILLE, 1970
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Q.5 1 5 10 18 Q.5 1 & 10
TIME (DAY3) - FIRST SEQUENCE TIME (DAYS) - SECOND SEQUENCE
Tig. 6. — Variation of b during the Thanville swarm, cousisiing of {wo distinet
sequences.  The vertieal line marks the besinning of the second sequence,
Values ave caleulated for AN = 50 at intervals of 25 shoeks., The two se-

quences are otted on different time seales.  The open square marks the
value of b ealculatedl using 25 shocks from cuch sequence. The wrows
gshow carthquakes with ; Z= 3.5,
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The variation of & during the Danville swarm huas been studied
by Bufe (%), who found that periods of maximum elastic-strain release
were preceded and accompanied by & marked decrease in b, Similar
conelusions can be drawn from Fig. 8, where the largest shoceks {in-
dieating maximum strain release) are marked by arrows. Ib scems,
however, on comparing the b—variation pattern from varions swarms,
that this swarm consists of two distinet sequences closely following
one another, and separated by the onset of the fall in 4.

There ave three types ol b variation with time. During the Gala-
pagos Islands aid the Danville swarms b increased smoothly from the
beginning of the sequence until the swarm fluished; during the Taupo
and the Kermadee Ridge swarm of 1965 b decreased, and the lurger
shocks ocenrred during the final stuges; wiud during the Kermadee
Ridge swarm of 1961 and the Matsushiro swarm b decreased [rom the
beginning until the ocewrence of the largest shoeks, in the middle of
the swarm, and then increased until the earthquakes stopped. These
patterns imply that the stress changes in the different sequences have
difterent characters.

BATE OF EARTHQUAKE OCCURRENCE

The rate of earthquake oceurrence n is the number of shocks per
unit time (usually one day), above some given muagnitnde threshold.
If AN is u fixed number of shocks, and o the variable time interval
during which they oceur

AN

‘ = : 1]
n 5 [4]

The rate of occurrence ol altershocks is usually expressed as
n = nl-iz, [2]

where #; is the rate of occurrence one day afler the beginning of the
sequence, p is a constant, and ¢ is the time [rom the beginning in days.
The value of p is nsually close to —1, whieh means that the activity
deeays hyperbolieally with time (#0).
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Tarthguake swarms nsnally oecur in several stages, during which
the rate of oceurrence inecreases and <deereases alternately. To study
this putiern a modified [ormula is needed. I 4, is the beginning of a
given stage ol the swarm, and ¢ is the time from the beginning ol the
sequence,

Ho= n, (f — )7 [6]

The change in the rate of ocewrrence during fen selected earthquake
swarms is shown in Figures 7-16. The values have heen obtained
uking equation [4].  Approximations to the changes, calenluted from
equaiion [6], hiave been fitted by least-squares. The rates have hieen
plotied logarithmieally, butl: a linear scale has been used [or time, so
that the whole sequence can be shown on a common seale,  Values of
p and  are also given,

For the Mould Bay, Queen Charlotte Islands and Reykjanes
sequences the data were given in the form of diagrams showing 1he
trequency-time distribution. The numbers of events per unit time
were obtained from these diagrams and converted into intervals con-
taining an approximately lixed nnmber of shocks.

Several types of earthguake swarm can Dbe distinguished. A
single stage type with the rafe of occurrence decreasing in 4 manner
very similar fo ihat for an altetshoek sequence, is seen during the
Kermudee Ridge swarm of 1965 (Fig. 10) and during ihe Danville
sequence (Fig, 16). Two stages ol aetivity, the rate lirst inereasing
and then decreasing, ave displayed dnring the Kermadee Ridge swarm
of 1961 (Fig, 7), the Qneen Charlotte Islamds swarm (Fig. 13) and the
Galapagos Islands swarm (Fig. 15}, These are similar to 1he foreshock-
aftershoek pattern, but the “foreshoek’ stage is much more vigorous
during the swarm, than during normal foreshock scquence. A com-
plex pattern, containing several stages of foreshock and aftershoek-
type activity, occurred in the other eases. These complex palterns
are of two kinds: one containing only aftershoek-like segments (Mivake
Island swarm - Fig. 8, and Tanpo swarn — Fig, 9) and the other with
sepients of both foreshoek and affershoek type Aloull Bay swarm —
Fig. 11, Madsnshiro swarm — Fig. 12, amd Reykjanes swarm — Fig. §4).

In all eases the decay coefficient # is very elose to —1 during the
final stage of o swarm (Table IT).

11
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Tig. 7 = Rale of occurrence versus time, for earthquakes
with Jf, = 3.9, during the Kermadee Ridge swarm of 1961,

Values are enlenlated for AN = 50 at intervals of 25 shocks,
and assigned to the wean of cach time interval.
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Fig. 8 — Rate of ocenrrence versus time during the Miyake Island swarm.
Values are calenlated for AN = 100 at intervals of 50 shocks. Open eircles

ave for A¥ = 50. The broken verlical lines mark the beginnings of the second
and third stages of the swarm. The arrows show carthquakes with W = 5.2



PATTERNE OF EAURTIIQUAKE 2WARM ACTIVITY
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Fig. 9 — Rate of oceonrrence versng time, for earthgnakes
with My z= 2.7, during the Toupo swarnt. Yalues are ealeu-
lated for AN — 100 at intervals of 50 shocks. Open edreles are
for AN = 50. The broken line warks the beginning of the
sceond stage,
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Fig. 10 — Rate of oceurrence versus time, for
carthgquakes with W = 4.0, during the Kerwma-
tlee Ridge swarm of 1965, Values are caleulated
for AN = 50 at intervals of 25 shocks.
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Fig. 11. — Rate of aceurrence versus time, for carthquakes with M, = -1.1, during the Mould Bay swarm. Valnes are ealeulated

for AN about 100 at intervala of about 50 shocks.

Open eireles are for AN about 50. The arrowsshow earthquakes with 3, = 2.0.
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Fig. 12 — Rale of occurrence versus lime, for earthguakes with Lar = ), during the Matsushiro swarm,
Values are caleulated for AN = 2000 at intervals of 1000 shocks. The first value 15 for AN = 1000,
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QUEEN CHARLOTTE ISLANDS, 19467
AN = 50 (25) -
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Fig. 13 — Rate of occurrence versus time, for curthquakes with @ = 2.9,
dwring the Queen Charlotle [slands swarm. Values are ealenlated for
AN aboul 50 at intervals of about 25 shocks., Open cireles are for AN about

~

25. The arrows show carthquakes with w = 4 1.
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Fig. 14 — Rate of ocenrrence versus time, for earthgquakes with Mape = 1.7,
during the Reykjones swarm, Values are ealeulated for AN abont 50 at
intervals of about 25 shocks. Open cireles are lor AN about 25, The ar-
rows show carthguakes with Mpgy = 4.5,
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Fig. 15 — Rate of oceurrenee versus lime, [or carthquakes with m = 4.2,
during the Galapagoes Islands swarne.  Vulues are caleulated for AN = 50

at intervals of 25 shocks.
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Fig. 16 — Rale of oecwmrrence versus tine, for earthipnalkes
with ; = 1.1, during the Danwville swarm. Values are
caleulated for AN = 50 at intervals of 25 shocks. The
vertieal line marks the beginming of the secowd seiuences.



654 . J. GIBOWICZ

DiscussioN

Several typical patferns of earthqualke swarm activily have been
tound, in which the varintion of b with time is regular. The three

TYPE TYPE
b logn
A
praal | AFTERSHOCK
| LIKE
b1l
2 L B
REVERSE FORE SHOCK |
aFTERSHOCK | pa-l
LIKE |
N I
— L e e
t
3 & T |
COMPOSIE COMPLEX |
AFTERSHOCK | p=-1
LIKE |
R
e e e
4 D
STABLE COMPLEX
] FORESHOCK | I\ p=-1
2 AFTERSHOCK |
T T 1 LtKE L |
= |
lag! ’ t

Pig. 17 - Types of carthgquake swarn, classified according to
By amd w(t) variulions. The arrows mark the ocenrrence
of the largest shocls.

types that can be clearly distinguished are shown schemuatically in
Fig. 17. Binee the value of b is believed to be inversely corrvelated with
the stress in the area, the various types of swarm must have different
mechanisms.  Tn a swarm of type 1 the stress decreases after the
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largest shoeks, which occur at the beginning of the sequence. In a
swarm of type 2 it increases, prodnecing the largest events in the final
slages,  When enough stress has been released, the earthguakes stop.
In a swarm of type 3, the stress inereases until the release of the lar-
gest shoeks in the middle of sequence, il then decreases until stability
is achieved amd the swarm ends.

A possible type 4, in which the rale of stress rvelease is constant,
lias not heen observed, but the changes in b «duwring the Kermiulee
Ridge swarm of 1965 arve very small, and the ddifference between the
initial and final valnes of b is statistieally significant only at the 759,
conilidence level.  The reulity of the changes is therefore in doubt, and
this conld possibly be an example of type 4.

Txpe 1 corvesponds to the dislocation model of earthquake
swiarms (26), Inm this model the relative number of large shocks decreases
with time, implying that the b-value increases.  Teissevre applied this
type 1 muolel to the Matsushiro swarm, which was shown above to be of
iype 3. The decrease in b was observed, however, only during [first
100 dlays of the swarm, il it has sinee been inereasing for at least
TOO dlays.

Table IT lists the types of #(t) vaviation for the swarms studied-
Full data were available {for only six of the sequences.  Tor the Rey-
Kjanes swarm b=values are known for two stages (28), They are signi-
ficuntly difierent and indicate that the swwrm is of type 2. For the
Miyake Islaml, Monld Bay and Queen Charlotte Islunds swarms only
the time of oceurrence of the luvgest earthgnakes is known, amd the
allocations are tentative.

The changes of rate of oceurrence with time also «display several
putterns (Fig, 17). A single stage, showing a decrease in rafe like 1hal
in an aftershock sequence (type A), was fownd during 1wo seqnences-
Changes of rate reminiseent of a foreshoek-attershock patiern (type I3)
bt with more vigorons foreshock stuge than that preceding a normal
large earthgnake, were observed during three sequences. A complex
patiern {type ) showing several stages cach having a decrease in rate
similar to that of altershocks, was found during two swarms, A siill
more complex pattern (type 1), containing stages of both foreshock
and aftershock type, characterizes three further swarms. These ave
also listed in Table TL.

In all ithe sequences sindiod the decrease in rate of ocvenrrence
during the final stage wus very similar to thal in an aftershoek sequence,
with a leeay coefficient cloge to -1,
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The present data provide no evidence of any correlation between
the varions types of variation of b{f) and the types of changes in #(f),
All possible combinations of types seem o be possible. A enrions
combination ocenrs in the Galapagos Islands swarm, where (lie d—varia-
tion was of type 1 and the largest shocks have oeenrred during (he fivst
3.5 days, but the n—changes were of type B with & eqnal 1o 7-8 days.
Further observations of earthquakes and further microfracturing
experiments on rocks are holh needed if a physieal explanation of the
nature of vurions pafterns is 1o be found.
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