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SUMMARY. — A submarine voleanic eruption near Curacoa Reef, first
observed on 12 July 1973 (T.T.) from Tafahi Island, northern Tonga, was
associated with an earthquake swarm in the same arvea. The swarm began
about 03" on 11 July and died away gradually about 074 on 13 July. 1t
comprised 564 events of magnitude 3 = 3.4, the largest being of magnitude
My = 5.1. The swarm arca for these comparatively low magnitude earth-
quakes was abnormally large

The variation in rate of carthquake occurrence during the swarm shows
two distinet stages, one similar to that in a foreshoek sequence, and the other
like that in an aftershock sequence, with the largest events oceurring hetween
the two. The average value of b, defining the frequency-magnitude relation-
ship, was high: 1.77 -- 0.15. Turthermore, this parameter varied during the
course of the swarm, a decrease in the b value from 1.8 to 1.1 being followed
by a sharp increase to 2.5 after the largest earthquakes and prineipal vol-
canice eruption.,

Values of seismic moment were obtained from AR for 118 carthquakes
which were well recorded by long-period seismographs. Other source charac-
teristies were determined from the difference hetween the logarithm of seis-
mie moment and the local magnitude. The source sizes were found to he
unusually large. There was a time variation of source properties during the
swarn. The variation of the displacement shows an inverse correlation with
the variation of the coeflicient 6.

The swarm produced very distinetive 7' phases, well vecorded at a hydro-
phone near Wake Island and at seismograph stations situated on the occanie
side of the Tonga Trench: these were not recorded at seismograph stations
within the island ares.

(*) Geophysies Division, Department of Scientific and  Industrial
Rescarch, Wellington, New Zealand
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Comparison hetween trace amplitudes of T waves on the Wake Island
hydrophone records and magnitudes determined from the body waves shows
that nine events introduced anomalously large amounts of energy into the
SOFAR layer. These are interpreted as submarine voleanie eruptions.

RiassuNto. — Un’eruzione vuleanica sottomarina vicina al Curacoa
Reef, fu prima osservata il 12 luglio 1973 (T.U.) dall'isola Tafahi (Tonga
settentrionale) ¢ poi associata ad uno seiame di terremoti avvenuto nella
stessa arca. Lo sceiame ebbe inizio 'l luglio verso le ore 3, per terminare
verso le ore 7 del giorno suwecessivo. Vi furono 564 eventi di My 3.4; la
scossa pitt forte ebbe una My, = 5.1. [Jarca macrosismica dello sciame,
rispetto alla bassa magnitudo dei terremoti, fu eccessivamente vasta.

La variazione nella ricorrenza dei terremoti durante lo seiame mostra
due fasi distinte: una, simile a quella che si ha in una sequenza di scosse
premonitrici, ed una simile a quella che si ha in una sequenza i repliche.
I'ra le due sono avvenuti gli eventi pite forti. I1 valore medio di b, dalla
relazione frequenza-magnitudo, ¢ stato alto: 1.77 4+ 0.15. Inoltre, durante
lo sciame, detto parametro ha subito variazioni (una diminuzione da 1.8
a 1.1 seguita da un hrusco awmento fino a 2.5 dopo i terremoti pit forti ¢
la principale eruzione vuleaniea),

Da AR furono ottenuti valori del momento sismico per 118 terremoti
che furono hen registrati dai sismografi a lungo periodo. Altre caratteri-
stiche alla sorgente furono determinate dalla differenza fra il logaritmo del
momento sismico ¢ la magnitudo locale. T parametri alla sorgente furono
trovati insolitamente grandi. Duwrante lo sciame fu evidenziata una varia-
zione nel tempo delle proprietd della sorgente. La variazione dello sposta-
mento mostra inoltre una correlazione inversa alla variazione del coefticiente b.

Lo sciame ha fornito fasi molto nette di 7', hen registrate dall'idrofono
vicino all’isola di Wake ¢ dalle stazioni sismiche installate lungo 1'Arco delle
Tonga rivolto verso I'Oceano, non registrate inveee da quelle site all’interno
dell’Arco delle isole stesse.

['n confronto fra le ampiczze delle onde 7' registrate dall’idrofono presso
I'isola Wake ¢ le magnitudo delle onde spaziali, dimostra che 9 eventi hanno
immesso quantitd di cnergia eccezionalmente ampie nello strato SOFAR.
Questi eventi vengono interpretati come eruzioni vuleaniche sottomarine.

INTRODUCTION

An earthquake swarm, beginning on 11 July 1973 (*), took place
near Curacoa Reef, at the extreme northern end of the Tonga are,
shortly before an observed volcanie eruption.

(*) Unless otherwise stated, dates and times are Universal Time:
this is 13 howrs hehind loeal Tongan time, and 1l hours ahead of Samoan time.
tal
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Locations of earthquakes of the Curacoa Reef swarm, seismograph
stations in the area, active volcanoes (21), island ares, and ocean trenches
are shown in Fig. 1.

This is an area in which the tectonies are relatively well under-
stood (6:18. 22),  Tocal mechanisms of shallow earthquakes from the
main part of the Tonga are, confined to the region between the trench
axis and the voleanoes and defining the common boundary of the Pacifie
and Australian plates, indicate that the Pacific Ocean floor under-
thrusts the are to the west along shallow dipping fault planes.

The fault plane solutions for shallow earthquakes from the nor-
thern end of the arc are different. They refleet dip-slip motion on
nearly vertical, easterly striking faults with the south side moving
downward (16 18).  These earthquakes are associated with the formation
of a hinge fault within the Pacific plate rather than with movement of
one plate past another, and higher stress at the northern end might
therefore be expected than elsewhere in the zone (1¢). Highly concen-
trated stress in very heterogeneous material is known to be needed for
the generation of swarm-type sequences of earthquakes (21).

Although the sequence lasted only 2.3 days, it produced 364 shocks
of magnitude M, > 3.4. The number of recorded events is therefore
large enough for the pattern of the swarm to be considered in terms of
the rate of occurrence of events, the frequency-magnitude relationship,
and the variation of both parameters with time. All these are important
clues to an understanding of swarm-tyvpe sequences (12). Association
of the earthquakes with an observed voleanie eruption adds further
interest to this sequence in terms of the problem of the interdependence
of voleanie and seismic events.

The spectral theory of earthquake sources (25.6.19.23) provides a
powerful technique for evaluation of source properties, which are them-
selves of great importance for a better understanding of teetonic pro-
cesses. Different source materials or different tectonie environments can
influence source parameters, and these can be determined from the
varying amplitude spectra of the radiated waves. The technique
becomes very simple when the seismic moment and local magnitude
M. alone are sufficient to estimate other source characteristies (13),
especially as the seismic moment can be estimated from the long-period
parameter AR (7). A number of the larger earthquakes throughout the
Curacoa Reef sequence were recorded on both short- and long-period
seismographs at Afiamalu, and this allows the time variation of source
properties during the swarm to be considered.
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DATA

Seismograph stations in the region, from which records were
available, are those shown in Fig. 1. Vunikawai (VUXN) in Fiji and
Teeklu (TIHK) in Tonga are operated by Cornell University, New York,
U.S.A.  All other stations, Afiamalu (AFI), Apia (API), Niue (NUE),
Rarotonga (RAR), and Raoul Island (RAQO), are controlled by the
Seismological Observatory, Wellington, New Zealand. Two of them,
AFI and RAR, are part of the World-Wide Standard Seismograph
Network.

AFTI station, situated about 250 km from the centre of the swarm
activity, recorded over 600 earthquakes of the sequence. The seismo-
grams from API, located about 10 km from the AFI station, were used
to cover periods during which the AFI records were being changed.
NUE station, situated about 600 km from the swarm, recorded over
1400 shocks, and RAR, at a distance of about 1700 km, recorded in
most cases T phases only in a total of about 300 events. RAOQO station
did not record any, probably due to the rather high noise level at the
time. VUXN and TEK recorded only a few of the largest events.

Generally only three stations were available for location of epicen-
tres, which are, accordingly, very approximate. Both P and S waves
were used when available. A total of 105 events were located. The
epicentres of these are shown, roughly, in Fig. 1. For relative locations,
intervals between 7' phase arrivals were employed. The three largest
events in the swarm (all those of M. > 4.5) are shown in Fig. 2, together
with all inferred volcanic eruptions, all of which took place after the
largest earthquakes. Only the largest event (M. = 5.1) was located
by NOAA.

The frequency response of the short-period seismographs at AFI,
NUE, and RAR is shown in Fig. 3. The long-period Press-Ewing seis-
mographs at AFI recorded 118 of the events well, and these records
have been used for estimation of the seismic moment of the earth-
quakes.

Records from four hydrophones located near Wake Island have
been supplied by the University of Hawaii. These instruments are
part of the Pacilic Missile Range Facility, operated by the U.S. Depart-
ment of the Navy. One hydrophone, situated about 180 km southeast
of Wake Island, recorded 7' waves from more than 3500 events during
the period of the swarm. The others recorded 7 waves from the largest
events only.
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SPACE DISTRIBUTION

From the epicentres determined, it is possible to estimate appro-
ximately the size of the swarm zone. The zone has slightly elliptical
shape with semi-axes of 50-60 km. This rough estimation agrees very
well with the range of changes of S-P intervals during the swarm.
Values of S—P intervals at AFI station vary from 24s to 37s. Comparison
of arrival times of 7 phases at the hydrophone southeast of Wake Island
with origin times determined from body waves on the seismograms
agrees closely with this interpretation. An overall maximum dimension
of the swarm area of about 60 km is indicated from the great majority
of events, extreme cases falling in an area about twice as great.

The estimated size of the swarm area, therefore, is anomalously
large for the relatively small earthquakes which occurred during the
sequence. Swarms are generally much more spatially compaet, although
few studies have been made of this aspeet of their occurrence. Data
from aftershock sequences also tend to give much smaller values for
the size of aftershock zones. A main shock of magnitude 3/, about
73/, would, in general, be associated with a circular fault area of radius
half as large as that obtained for the present case (11.29), in which the
largest event was only of magnitude M, = 5.1. The unusually large
size of the zone suggests that the swarm probably occurred in a weak
and badly fractured region, stress being spread over a correspondingly
wider area than usual.

GENERATION OF 7T PIIASES

The speecial attention paid to T phases in this study arises from
the need to use them for the determination of magnitudes for the smaller
carthquakes in the swarm. In fact, in most cases the only phase di-
stinetly recorded was the 7' wave.

T waves propagate as sound waves through water. They generally
only propagate in water deeper than about 2 km. Their propagation
is affected by the layered structure of oceans, and in shallow water
probably by the ocean-floor topography. TFurthermore, the bottom
topography plays a very important partin the generation of 7'phases ().
The hydro-acoustic waves do not emanate from a point but are expan-
sions of the seismic wavefront. Their region of initiation is generally
distinetly different from that of the epicentre of the carthqualke (8).

29
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T waves observed at stations located on the oceanic side of the
Tonga Trench (AFI, NUE, RAR; see Fig. 1) are by far the strongest
phases recorded in the events of this sequence, with amplitudes several
times larger than those of P and S waves. On the other side of the
trench, that on which the earthquake origins themselves are located,
T phases were not observed at any of those stations for which records
are available (TEK at a distance of about 700 km from the swarm,
VUN at about 800 km, and RAO at about 1700 km). It is hardly sur-
prising that TEK and RAO have failed to record T' waves, since these
would have had to travel along the ocean ridge forming the Tonga-
Kermadec arc. Similarly, the shallow water around Fiji would inhibit
the transmission of 7' phases to VUN. The most convincing explana-

Ny AR yoa 2 g o - j - 1
PFig. 1 ~ Epicentres of located carthquakes in the swarm, seismograph
stations, and active voleanoes in the region.
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Tig. 2 — Curacoa Reef locality map, showing sites of inferred voleanie
cruptions (numbered in accordance with Table TT), and the epicentres of
the largest carthquakes in the swarm (M, > 4.5).

tion appears to be that the area of T-phase generation lay along the
Tonga Trench, so that it was only those seismic waves which crossed
the trench that gave rise to hydro-acoustic waves. The ridge would
have obstructed and weakened 7' waves travelling along it from the
trench area, enough to prevent them from being recorded by those
stations located in the ridge area itself.

This conclusion is supported by the travel time of observed T
phases. Their time of arrival at AFI station is much the same as that
expected for the SOFAR velocity v+ = 1.48 km/s (7). The diiference
between the distance from the earthquake origins and their hydro-
acoustic source areas is in this case probably negligible.
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It is not so for NUE and RAR stations, however, since in these
directions the ocean trench lies at some distance from the earthquake
origins. Travel times observed at these stations and those expected
for the given veloeity are shown in Fig. 4. In both cases, observed travel
times are much less than those expected for the same epicentral distan-
ces, thus suggesting much shorter distances travelled by the T' waves,
or a much higher velocity of propagation, which would in fact require
to be more than the very improbable ligure of 1.6 km/s.

The scatter of observations at NUE is very large and no consistent
dependency on epicentral distance is observed. It seems that even
small changes in earthquake position would have considerable influence
on the efficiency of 7I'-wave generating areas within the trench with
respect to the NUE station, especially as the curvature of the trench
would also affect travel times to this station.

The RAR observations are mueh more consistent. Their slowness
is that of P waves, which suggests constant I-wave paths. The point
of intersection of expected and observed lines gives a generation point
within half a degree of the closest earthquakes. This means that 7'
waves from more distant carthquakes travel as P waves to the edge
of the trench.

Travel times shown in Fig. 4 are those of the group containing
maximum amplitudes. They were preceded within about 25-30 s by
an emergent phase observed only on the records of the larger events.

Amplitudes of 7' phases are sensitive not only to the usual factors
affecting other seismie waves, but also to ocean-lloor topography.
The topography of the Tonga Trench, therefore, is probably respon-
sible for a considerable scatter in the amplitude data. Nevertheless,
it is clear that such data can be of value in the determination of magni-
tude.

MAGNITUDE OF EARTHQUAKES

Amplitudes of P and S waves, recorded at AFI and NUE, represent
the basic data for the determination of magnitude. Two possible
methods can be used to calculate values of the local magnitude M.
On the one hand, the observed maximum amplitudes of S waves,
recaleulated into the amplitudes that would have been recorded by a
standard Wood-Anderson seismograph, can be used to give My accord-
ing to Richter’s original definition (25).  Alternatively, amplitudes of P
waves, or more precisely their amplitudes divided by periods, corrected
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for the distance effect by using the amplitude-distance curves obtained
from New Zealand earthquakes (?), could also be adequate for deter-
mining 3, especially when observations are limited to the narrow
range of distances from a single station. Both methods have their
disadvantages, so that the values of M. caleulated independently by
each method need to be carefully compared and evaluated.

M values caleunlated at AFI from N waves are compared with
those calculated from P waves in Fig. 5. Values estimated from P
waves are consistently higher by about 0.7 than those obtained from S
waves. On the other hand, M values from P waves recorded at ATT
are comparable to those from § waves recorded at NUE (Fig. 6), although
the scatter is considerable, due mainly to errors in reading the very
small amplitudes of body waves observed at NUE. The result is not
swrprising considering the shape of the frequeney response of the
seismographs at AFI and NUE, and of the standard Wood-Anderson
instrument (Fig. 3).

Recalculation of the observed S amplitudes, into those which would
have been recorded by the standard instrument, involves an assump-
tion that maximum amplitude recorded by a given seismograph would
also have been the maximum when recorded by the standard Wood-
Anderson. This is true only when the shape of frequency response
of both instruments involved is identical or at least very similar.

The frequency response of the seismograph at NUR is indeed
similar to that of the standard, but this is not the case at AFI. There-
fore, the values of M, obtained from S amplitudes recorded at NUE
can be expected to be close to the true values, and this implies that the
values obtained from P waves recorded at ATFI are also approximately
correct. Possible regional effects on the amplitude-distance relationship,
that is, the difference between the attenuation of S waves in Southern
California, on which the original definition of M, was based (), and
the attenuation in the Curacoa Reef area, seems to be negligible, since
this etfect would have influenced both stations, and not only AL

Amplitudes of T waves, the strongest phase recorded, are charac-
terised by a large scatter, due probably to differences in ocean-floor
topography at the places where the waves were generated. Neverthe-
less, the number of M values found from P amplitudes is sufficient for
an attempt to be made to correlate 7 amplitudes with magnitude values.
This correlation can be used in turn for estimation of magnitude for
smaller shocks, for which only 7 waves were recorded.

Values of A/T of the T phase recorded at AFI versus MM, are
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Table [ = AR VALUES RECORDED AT AFIAMALU

Time 1R ’l"il’n‘c
Date (T My ‘(mgo)o Date (r.r)
h. m. h. m.
July 11 10 10 3.7 3.7 22 48 | 5
12 57 3.7 1.9 22 57 | 4
13 11 3.7 2.1 23 04 | 3
14 16 3.8 8.0 23 11 | 3
14 35 36 1.5 | 2316 @ 3
16 10 40 5.9 2320 | 3
16 21 37 1.5 23 25 | 4
16 29 46 18.8 | 2329 | 4
16 46 3 ¢ 2.2 23 37 | 3
16 50 39 3.7 23 45 | 4
1707 39 5.8 | 23 58 | 4
1716 36 1.2 July 12 00 08 | 4
1730 42 16.2 00 15 | 4
1746 39 7.5 00 21 | 4
1822 39| 4.9 00 44+ | 4
18 30 (38| 2.1 00 47 | (4
18 34 40 1.5 01 02 | 4
1839 40 2.7 02 27 | 3
18 49 4.2 | (10) 02 36 | (4
18 54 44 16.0 02 39
19 00 (3 6) 2.5 02 55
1905 39 3.1 03 37
19 10 3 6 2.0 03 38 | (4
1922 39 4.7 03 42 | 3
19 42 (3 9) 3.5 o412 | 3
19 50 4 3 10.6 04 17 | 3
1959 39 2.6 | 0432 3
20 16 (4 2 7.5 | 0450 | 3
20 38 40 1.9 [ 05 06 | 3
20 41 41 3.3 05 16 | 3
21 16 39 3.3 | 0522 | 3
21 20 41 3.2 [ 0541 | 3
21 28 4 2 5.8 05 56 | 3
2041 39 2.5 06 00 (3
21 49 3 6 1.5 ! 06 21 | 3
21 56 41 3.1 | 0623 | 3
22 05 39 1.7 06 29 | 3
22 14 41 3.8 06 30 | (3
22 20 | 42 1.8 06 41 | 3
2227 | 39 2.4 | 07 00 | 3
22 45 | 4 1 (4+.2) 07 14 | (3
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Tim‘c AR ijv 1.
Date (U.T) My (en) Date (v.ry My ()

h. m. h. m.

i

July 12 | 0719 | 47| 650 44 | 3 7 1.5
| 0737 | 38 45 1513 | 3 4 1.1
| 07 50 |(4.0) 31 1535 | 37 1.9
‘ 08 27 | 37 1 4 15 44 | 43 18.1
0830 (3 3) 13 15 49 [ (3 7) 3.2
08 52 | 35 13 15 55 | (3 5) 1.5
09 04 | 37 16 15 57 (3 4) 1.2
;0927’35 11 16 05 | (3 5) 1.7
| 09 30 | (3 5) 13 17 25 | 37 1.6
’ 09 43 | 3 4 10 17 36 | (3 3) 1.6
| 09 52 | (3 4) 10 1810 | 37 2.0
L1026 (35 11 19 15 (3 7) 1.8
10 39 ’(3 5) 12 20 00 | 37 1.6
10 41 (3 7) 16 2153 | 10 3.7
[ 11 45 | 3 7 20 21 58 | (3 5) 1.5
| 1218 | 85 1.0 2223 | 35 1.6
| 1256 | 37 15 2303 | 37 1.8
1139 37 14 23 23 (3 5) 1.4

Table IT — EveENTs IN THE CURAGOA REEF SWARM INTERPRETED
AS SUBMARINE VOLCANIC ERUPTIONS.

Time
No. Date (U.T.) Group Remarks

h m
1 July 12 07 55.4 I By far the largest eruption.
2 11 21.(9) The cighth in order of size.
3 12 53.6 | The sixth in order of size.
4¥ 13 14.1 11 The second largest.
5 13 46.0 \ The third laigest.
6 14 15.7 The fifth in order of size.
7 19 46.9 II1 The smallest eruption.
8 July 13 | 03 34.5 The fourth in order of size.
9% | 03 38.6 ¢ v About the same size as No. 3.

(*) Events which generated deteetable body waves. In other cases
only T waves were recorded. The size of the eruptions is judged from the
relative amplitudes of these T waves,
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PERIOD (S)

Fig. 3 — Frequeney response of the seismographs at Afiamala (A1), Niue
(NUE) and Rarotonga (RAR), and of the standard Wood-Anderson (W-A)
instrument,

shown in Fig. 7. T amplitudes are much more sensitive to magnitude
changes than are those of body waves. They vary, in fact, with
magnitude as 109V, while body-wave amplitudes usually vary as
10v.. Thus a change in 7 amplitude about three times that of the I
or & amplitudes is required for the same amount, of change in magnitude
value. This difference in behaviour towards magnitude is of
considerable importance when considering the frequeney-magnitude
relationship,



EPICENTRAL DISTANCE (DEG)
Fig. 4 - Travel time of T-phases observed at Nine (a) and Rarotonga ().
The expected travel times for the velocity I'r = 1.484 kmn/s, at these c¢pi-
central distanees, are shown by solid lines.
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RATE OF EARTHQUAKE OCCURRENCE

The first shock took place at 03815m on 11 July and was followed
by two shocks within two hours. The activity then stopped for over
four hours, starting again at 09103 =, and continuing thereafter without
any significant breaks throughout the next 2.3 days. The conventional
onset of the swarm is therefore taken as 0903m on 11 July.

50T
MP(AFI) = M} (AFI) + 0.72
123 obs.
g 4.0 . I' I*
=) "
- (T N
Z s ¥ ~. [} ..
o n Em g B
g [ ¥ " BTN =
" .f s
3.5
3.0l TS T I R R R R R L L
2.5 3.0 3.5 4.0

MAGNITUDE MS(AFI)

Fig., 5 — Comparison of magnitude I, values caleulated from S—waves
with those from P-waves recorded at Afiamalu.
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4.5 T T T T

61 obs.

3.0 35 4.0 4.5
MAGNITUDE M} (NUE)

Fig. 6 — Comparison of magnitude M. values calculated from S—waves
observed at Niue with those from P-waves recorded at Afiamalu.

The rate of earthquake occurrence » is given by the number of
shocks per unit time above some given magnitude threshold. The
number of shocks in successive three-hour intervals is shown in Ifig. §,
which illustrates the variation of the rate of oceurrence during the swarm.
The magnitude threshold, above which it is considered that all earth-
quakes were detected, is 3.4.

The rate of occurrence can also be presented in a dilferent form,
more easily comparable with the rate during other sequences of earth-
quakes. If AN is a fixed number of shocks, and 8¢ the variable time
interval during which they occur,

n = AN/3t. [1]
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The rate of occurrence of aftershocks, as a function of time, is
usually expressed by

no= n; . tr 2]

where n, is the rate of occurrence one day after the beginning of the
swarm, p is a constant, and ¢ is the time from the beginning in days.
The value of p is usually close to -1, which means that the activity de-
ays hyperbolically with time (39).

Generally, earthquake swarms have several stages, during which
the rate of occurrence increases and decreases alternately. These chan-
ges can be approximated, as in the case of aftershocks, by a formula
of type [2]. In general, the value of p during the final stage is also
close to -1 (12),

MAGNITUDE M

-

Fig. 7 — Values of amplitude/period of T-phase versus magnitude My, tor
an epicentral distance of about 250 km. Standard deviations for cach magni-
tude value are shown by vertical bars: the number of observations is given.
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JULY 1973

IMig. 8 — Number of shocks in successive three-hour intervals during the
swarm. The arrows show the time of occurrence of earthquakes with M >4.5.
The largest is shown with a longer arrow.

This pattern is followed by the Curacoa Reef swarm. The rate
of occurrence, calculated from formula [1], versus time, is shown in
Fig. 9. Values are calculated for sets of 50 shocks, spaced at intervals
of 25 shocks, and assigned to the mean of each time interval involved.
The swarm displays two stages, the rate first inereasing and then decreas-
ing. This is similar to a typical foreshock-aftershock pattern, although
in this case the “foreshock’ stage was much more vigorous than in the
case of a normal foreshock sequence. The pattern is of type B accor-
ding to the recently proposed eclassification for swarm activity (12).
This seems to be the most common pattern for swarms of relatively
short duration (those lasting for only a few days).

The largest earthquakes occurred in the middle of the swarm. An
event of magnitude M, = 4.6, occurring during the first stage of the
swarm, had no effect on the rate of occurrence, which continued to
increase smoothly. The largest shock of M. = 5.1 appeared about two
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hours after the activity reached its peak, and this had no clear eftect
on the rate of occurrence either, while an earthquake of M. = 4.7,
ocewrring later, during the second stage, was followed by a small
sequence of aftershocks (see Fig. 9).

All events considered to have been voleanic eruptions (see discus-
sion below) took place during the second stage of the activity.

FREQUENCY-MAGNITUDE RELATIONSHIP

The frequency-magnitude relationship is commonly written
log Nar = a — b, (31

where N, is the number of earthquakes within a given magnitude in-
terval M + AM/2, and a and b are constants (4). The constant « is
not an independent quantity. The best way in which to determine the
constant b is to use the maximum likelihood method of Utsu (31). Its
quality can be estimated from the confidence limits calculated by Aki’s
method (1). When the magnitude interval is large, special corrections
to the b values must be applied (32).

The frequency-magnitude relationship for the whole Curacoa
Reef swarm is shown in Fig. 10. The adopted magnitude interval is
AN = 0.3, since most of the M values are based on amplitudes of T'
phases, which are more sensitive to magnitude changes than those of
body-waves. Iiven so, the interval is that typically used during studies
of several earthquake sequences in New Zealand (2°). The value of b
at 959, confidence limits for the whole sequence is 1.77 4 0.15. This
ralue is much higher than those typically observed from nonvolcanie
sequences, implying, perhaps, that the stress field was primarily of
thermal origin, directly related to underground voleanic processes (33).
This implication is not surprising, since the swarm was associated with
observed voleanie eruptions.

There is now strong evidence from experiments on microfracturing
of rocks (2¢) and from earthquakes (!1.31) that the coefficient b is inver-
sely correlated with the stress conditions. During several earthquake
sequences in New Zealand and in California, and in some swarms in
other regions, b has been found to vary. This has been interpreted in
terms of stress changes taking place during the sequences (10.12.37),

A very convenient technique, applying the maximum likelihood
method to a fixed number of earthquakes AN, was used in order to
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find the variation of b during this swarm. The procedure establishes
a constant statistical uncertainty and a variable time-window. The
results are shown at the bottom of Fig. 12. Values of b were calcula-
ted for sets of 100 shocks, spaced at intervals of 25 shocks, and
assigned to the mean of each time interval involved.

During the swarm, b decreased from about 1.8, the value charac-
teristic for the whole sequence, at the beginning of the swarm, to 1.1
in the middle, when the largest shock occurred. It then started to
increase sharply, reaching a value of 2.5 during the final period of the
activity. Events interpreted as volcanic eruptions took place execlusi-
vely after the value 2.2 was reached.

1000

500

NC

OF OCcCU

100

0.1 0.5 1
TIME (DAYS)

Fig. 9 — Rate of occurrence versus time, for carthquakes of magnitude
My = 3.4, during two stages of the swarm. Values are calculated for sets of
50 shocks, spaced at intervals of 25 shocks, and assigned to the mean of each
time interval involved. The first value, marked by an open cirele, is cal-
culated for 25 shocks. The smoothed trend is shown by straight lines.
The arrows mark the time of occurrence of earthquakes of M, > 4.5.
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The difference between the highest and the lowest values of b is
statistically significant at the 99°; confidence level when tested by the
F-test (32). The pattern of b changes suggests that the stress was in-
creasing until the release of the largest shocks, and that it then decreas-
ed until stability was achieved and the swarm ended. This pattern
is of type 3, established from the study of several earthquake swarms (12)

The peak of the swarm activity, as expressed in the rate of earth-
quake occurrence (Fig. 9), and the lowest value of b (Fig. 12) do not
coincide precisely; they are, however, very close to one another. It is
not clear whether the time lag observed has a physieal significance or
whether it results simply from the statistical processing of the data. In
any case, high values of the rate of occurrence correspond to low values
of b, when stress was presumably high. The result is not unexpected,
since high stress would be expected to produce a larger number of
shocks, but the conclusions are precisely opposite to those drawn from
a study of aftershocks (11). This diserepancy confirms once again that
the mechanism of generation of aftershocks and that of earthquake
swarms must be inherently different.

VARIATION OT SOURCE PROPERTIES

The spectral theory of earthquake sources, based on dislocation
models, allows two principal parameters to be estimated from the spec-
trum of earthquake waves: seismic moment M,, measuring the strength
of a source, and source dimension, usually represented by the radius
r of an equivalent circular dislocation surface. These two parameters
define other source properties: 4, the average displacement across the
fault plane; Ao, the stress-drop; and K, the seismic energy, when it is
assumed that the spectral amplitudes decrease at high frequencies in
the same manner for all earthquakes (2:3.5.6.19.23) A further assumption
is often made in practical applications of spectral theory; the decrease
in amplitude at high frequencies is inversely proportional to square of
frequency, as first proposed by Aki (3).

ITowever, spectral analysis of recorded seismic phases is a very
complex technique and cannot easily be applied on a large scale. A
more direct approach is possible. Local magnitude 3, is an additional
spectral parameter of the seismic source, complementing seismic mo-
ment and source dimension (23). TFor source radii greater than about
0.5 km the values of moment and magnitude M, are sufficient to define
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Brune's (5) far-field spectrum (!3). In other words, source radius can
be specified from the seismic moment and magnitude J . alone, and
other source properties can therefore also be obtained.

The long-period parameter AR, defined by Brune et «l (7), has
been used to estimate the seismic moment, and it lias been proved that
this method is sufficiently effective, and at the same time it is very
simple to employ (29:35.36),

The Afiamalu station of the WWSSN is situated at a distance of
about 250 km from the centre of the swarm activity. The long-period
Press-Ewing seismographs have the rather low magnification of 750,
because of a persistently high noise level, and therefore only the larger

30
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earthquakes of the swarm were adequately recorded. The paper speed
of recording for these instruments is 15 mm/minute.

The long-period parameter 1R, measuring the excitation of sur-
face waves, is the sum of the areas under the envelope of the surface
waves recorded on all three components of a Press-Ewing seismograph(?).
Only earthquakes with AR > 1 cm?, as recorded at Afiamalu, were used
in this study. Altogether, 118 events were found to fulfil this criterion.
These values of 4R, reduced to a common distance of 250 km, are listed
in Table I, together with their respective values of M., which are given
in brackets when estimated from the amplitudes of 7 phases. The
more ambiguous values of AR are also given in brackets.

AR is proportional to the seismic moment (33):

IOg M, = IOg xiRgso + C, [—1]

where AR, is the sum of the areas of the surface-wave envelopes nor-
malized to a source distance of 250 km, and € depends upon the instru-
mental constants. This constant can be found from independent estim-
ates of M, and AR for a number of earthquakes. The only earthqualkes
in northern Tonga for which seismic moments are already known from
spectral analysis are those studied by Molnar and Wyss (22). Out of
seven possible events, occurring between 1963 and 1968, either very
close to or exactly in the area of the 1973 swarm activity, two overload-
ed the long-period seismographs at AFI and one, the earliest, was rec-
orded by the instruments when they were set at different constants
from those at present in use. Thus, records of four events were found
to be suitable, and they yielded the value

C = 22.80, [4a]

where AR, is in em?, and M, in dyne em.

This value is remarkably close to that obtained from earthquakes
in New Zealand and in the Kermadec Islands, recorded at Wellington,
where the long-period seismographs have the same magnification as at
AFT but twice the paper-speed of recording. This requires a correc-
tion of 40.3 (log 2) to the value of ¢ = 22.4 found in Wellington ().

Differences in surface-wave excitation due to focal depth and foeal
mechanism have been disregarded. The precise depths are unknown,
although all events were certainly shallow. Nor can the focal mechanisms
be reliably determined, but the narrow range of azimuths between the
position of the selected shocks and AFI (see Fig. 1) makes it highly
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improbable that the surface-waves would have been seriously affected
by small variations in focal mechanism during the sequence.

It is convenient to use “normalized seismic moment JM',”’, instead
of seismic moment itself, since this is equal to the magnitude .M, for
sources of radius smaller than about 0.5 km (13)

M, = log M, — 17.16. [3]
From [4] and [3]
M, = log AR, + 5.64. [6]

NORMALIZED SEISMIC MOMENT Mg

Fig. 11 - Average displacement versus normalized seismic moment.
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The most suitable parameter to describe differences in source pro-
perties in various regions, or locally in time, is the average displace-
ment (13). Values of the average displacement u were accordingly cal-
culated from M’, and M. They are shown as a function of M, in
Fig. 11, and are approximated by

log w = 0.7 M’y — 5.34, (7]

where » is in em. Values of M. used for the approximation are only
those based on the amplitude of body-waves: those based on T phases
have not been used.

The value of the slope 9.7 4+ 0.38 (the standard deviation of a
single observation is uo = 4 0.14) obtained in this study is very close
to that found from 22 earthquakes in the Tonga-Kermadec are, and
is almost identical to that from the 66 aftershocks of the Inangahua
earthquake of 1968 (13).

The value of displacement, however, corresponding to a given
seismic moment, determined by formula [7], are about 10 times smaller
than those for the Inangahua aftershocks. They are in fact the lowest
values found so far in any region, being comparable only to those in
the Mendocino fracture zone off the northern coast of California (13).

Low values of displacement mean low stress-drops and large
source dimensions of earthquakes. Anomalously large radii of individual
shocks in the sequence reinforce conclusions drawn concerning the size
of the swarm zone. These values imply very low strength of the source
material, indieating pre-existing faults and fractures in the area; in
short, a zone of major weakness.

Residuals of the displacement, the differences between the loga-
rithm of the observed value « and that caleulated from formula {7], in
all 118 earthquakes, are displayed against time in Fig. 12. They re-
present variation of source parameters, reflecting properties of source
material, as a local effect occurring during the swarm.

The largest value of the normalized displacement is about five to
six times greater than the smallest, the difference being almost twice
as much as that during the Inangahua aftershocks (13). The time var-
iation of the displacement shows an inverse correlation with the var-
iation of the coefficient & (Fig. 12), and direct correlation with the
variation of the rate of occurrence (Fig. 9). The respective correlation
coefficients are —0.85 and 0.78. The pattern has clearly the opposite
character to that found for the Inangahua aftershocks, in which the
variation of source properties displayed a direct correlation with the
coefficient b.
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VOLCANIC ERUPTIONS

No active voleano was previously known in the Curacoa Reef area.
Richard () has compiled a catalogue of activity in the region and places
the nearest active centre at Niunafo’ou (Tin Can Island), more than
200 km to the west.

The first observed voleanie activity in the present sequence was
seen from Tafahi Island (Fig. 2) during the morning of Friday 13 July
(local time), sometime between 17 and 23 hours, U.T., on 12 July*,
when a rising cloud column was noticed to the north-northeast (T.
Simkin, pers. comm.). This was during the latter part of the swarm,
at least 9 howrs after the event interpreted as the main eruption. On
the afternoon of the next day, at about 04 hours T.T. on 14 July,
the eruption was seen from the air in a position estimated as 35 km
northwest of Curacoa Reef (Fig. 2) (27.28). At this time a while steam
cloud extended to an altitude of about 5 km, and the surface of the
sea over an irregular ellipse, dimensions estimated as 12 4+ 4 km
by 8 4 3 km, was covered with pumice. The eruption site was reported
to be “boiling”, and Simkin and Onyeagocha interpret this as indie-
ating that pumice was still being actively supplied to the surface.

On Monday 16 July (local date) Mr J. C. Riechelmann flew over
the area on a charter flight from Nuku'alofa, and located the eruption
point about 3 km south-southeast of Curacoa Reef (T. Simkin, pers.
comm.). This position agrees well with the direction reported from
Tafahi, but rather poorly with the aerial sighting on 14 July. There
are no other reports of sightings of the eruption, other than two further
observations from Tafahi, of a vapour cloud on Sunday 15 July (local
date), and of a red glow seen in the clouds during the night of 15-16
July, both in the same direction as the previous observation. The pumice
raft formed by the eruption was entered by the ship “Union South
Pacific’” on 25 July, in a position some 200 km west of Curacoa Reef.
Samples were taken which, analysed, were found to be dacitie, with a
silica content of 68°; (P.R.I.. Browne, pers. comm.).

Particular events of the swarm were identified as volcanic erup-
tions on the basis of their large T—wave amplitudes on the Wake Island
hydrophone records compared with body wave magnitudes, and on
the character of the T—wave arrivals at the Wake hydrophones. The

(*) Tonga local time is 13 hours ahead of Universal Time.
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large events thus interpreted are listed in Table II. Variation in dif-
ferences between T—wave arrivals at various pairs of stations among
Wake, AFI, NUE and RAR, give an indication of the source of vol-
canic origins relative to the main event. Differences betwen T-wave
arrivals suggest that eruptions Nos. 1 to 7 took place at or near a
single point, and eruptions Nos. 8 to 9 near a second point, which
appears to have been close to the epicentre of the principal earth-
quake.

If the main eruption is assigned to the position given by Riechel-
mann’s observation as a few kilometres south-southeast of Curagoa
Reef, it seems likely that eruptions Nos. 8 and 9 took place at the
point observed from the air about 35 km northwest of the reef.

Pumice was first discovered on the beaches of Tafahi on 14 or 15
July. Supposing a drift rate of the order of 15 km/day, about half the
maximum rate quoted by Simkin and Onyeagocha (27), the distance
between Curacoa Reef and Tafahi would have been covered in about
two and a half days. This is consistent with an origin on 12 July bet-
ween about 05 and 23 hours U.T., which is the period during which
eruptions 1 to 7 took place.

The scarcity of body waves, anomalously large T phases, the fact
that the Wake hydrophone records were overloaded by the larger
eruptions, and consequent uncertainties in the true magnitudes of many
of the events, preclude the possibility of assigning reliable energy figures
to the individual eruptions. However, the pumice raft is estimated by
Simkin and Onyeagocha (27) to have had a volume, freshly ejected, of
not less than 0.06 km3, Following Hedervari (13), this yields an eruption
magnitude M. of 8.0, and a thermal energy of eruption K. of about
6 X 101 J for the whole series of eruptions. The hydro-acoustic and
seismic data show that by far the greater part of this energy was lib-
erated in a single eruption, the first in the series.

Observed b variations define a pattern with important implications
for voleanology. The first, and principal, eruption took place well after
the reversal in the trend of b (coinciding approximately with the time
of the largest earthquake in the series), when its value had already
reached the very high level of 2.2 (Fig. 12). It is inferred that uring
this stage stress was declining markedly and had dropped, by the time
of the first eruption, to a level considerably lower than that which
existed at the time when the swarm began.

A plausible explanation of the observations is that increasing
stress, (ue presumably to increased magmatic gas pressure, or to rise
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of magma, or to a combination of both causes, linally overcame an
obstruetion, giving rise, as it id so, to the largest earthquakes in the
sequence. This stage was then followed by a period of intrusion of
magma under declining stress conditions. It is notable that the largest
carthquake (Fig. 2) took place in an area away from the main grouping
of eruptions.

After the final pair of eruptions in the sequence occurred, well
away from the source of the principal eruption, and within a few
minutes of cach other, seismic activity rapidly came to an end, less
than a dozen earthquakes being recorded during the following eight
hours.

('ONCLUSIONS

(1) This earthquake swarnm, which oecurred at the extreme nor-
thern end of the Tonga-Kermadee are, was characterized by an unu-
sually lorge area of activity for the relatively small carthquakes in-
volved (the largest being of M, = 5.1).

(2) The swarm was followed by a substantial submarine eruption,
which produced not less than 0.06 km3 of dacitic pumice, indicating
an eruption magnitude of 8.0, and a thermal energy output of the
order of 6 x 10 J, Eruptions probably took place at two localities
35 to 40 km apart.

(3) The changes of rate of ecarthquake occurrence during the
swarm showed two distinet stages, one similar to that in a foreshock
sequence, and the other like that in an aftershock sequence, with the
largest shocks occurring in the middle of the swarm. The foreshock
stage was much more vigorous than that preceding a normal large
carthquake. The decay coefficient p in the second stage was close to
-1, a value characteristic of aftershock sequences.

(4) The swarm was characterized by a very high average value of
the coefficient b (about 1.8), which tends to confirm its voleanie origin.

(5) The frequency-magnitude relationship varied during the swarn.
he coefficient b decreased from 1.8 at the beginning to 1.1 in the mid-
dle of the sequence, when the largest shocks occurred, and then started

Vlw
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to increase sharply, reaching the very high value of 2.5 during the final
stage of the activity. ILvents interpreted as voleanic eruptions took
place exclusively in the later stages, after b had reached a level of about
2.2, Tf the changes in b are related to the stress changes, the variation
in b suggests an initial increase in stress until the oceurrence of the
largest shocks, followed by a decrease until stability was reached, the
swarm then ceasing. Low values of b coincide with high values of rate
of oceurrence, showing that it was high stress conditions that produced
the larger number of shocks.

(6) The source dimensions of individual earthquakes were unusually
Iarge and the average displacements and stress drops unusually low.
These values of the source parameters imply very low strength for the
source material which is interpreted in terms of pre-existing faults and
fractures in the area; in short, a zone of major weakness.

(7) Changes in the residuals of the average displacement show that
variation of source properties took place during the swarm. The displac-
ement increased from the beginning of the swarm until the occurrence
of the largest shocks, and then decreased during the second stage of
the sequence. The time variation of the displacement shows an inverse
correlation with the variation of the coefficient b, and a direct correla-
tion with the variation of the rate of oceurrence. Larger values of the
displacement (or small source size and high stress drop) imply a higher
strength in the source material, while low values of b suggest high stres-
ses in the focal area, and conversely. Iigher strength of the material
and comparatively high stress resulted in the generation of a large
number of earthquakes, including the prineipal events, while lower
strength of material and correspondingly low stress produced earth-
quakes of smaller magnitude, in decreasing number, together with
voleanice eruptions. The correlation between source properties and b
values during the swarm is of opposite character to that found for
the Tnangahua aftershock sequence of 1968 (13).  This strongly suggests
a very different mechanism of generation for earthquake swarms and
aftershocks.  The relationship between stress field and strength of
material is crucial in the interpretation of this problem. It appears
that during this particular earthquake swarm the dominant role in
the generation of earthquakes was played by a highly concentrated
stress field of voleanic origin rather than by changes in strength of
generally weak material. Low stresses during the second stage of the
swarm resulted in the occurrence of a decreasing number of smaller
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shocks, even when the strength of the material was lower than during
the peak of the swarm activity. In view of the occurrence of a vol-
canic eruption it seems likely that the changing source properties reflect
the upward migration or intrusion of magma into higher, and weaker,
levels in the erust.

(8) The inferred stress variations have important implications for
voleanology. The eruptions took place under declining stress conditions,
when stress had reached a level considerably lower than that which
existed when the sequence of earthquakes began. The principal earth-
gquakes, on the other hand, marked the end of a period of increasing
stress. It is concluded that they took place when an obstruction of
some kind failed under conditions of widespread magmatic intrusion.
After the principal earthquakes, intrusion continued without encoun-
tering serious obstacles, culminating in a large eruption.

(9) T waves were generated by earthquakes in the swarm, and
were the strongest phases recorded at stations situated on the oceanic
side of the Tonga Trench. They were not recorded at stations located
on the continental side of the are. This, together with the fact that 7
phases arrived much earlier than expected at recording stations to
the southeast, suggests that they originated within the Tonga Trench
itself.
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