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Slab Decoupling in the Tonga Arc: The June 22, 1977, Earthquake

PAUL R, LUNDGREN ' AND EMILE A, OKAL

Departmeni of Geological Sciences, Northwestern University, Evanston, lllinois

The June 22, 1977, earthquake in the southern Tonga arc is a large normal faulting event with down-
dip rupture propagation ot a steeply dipping fault plane. We use 8 standard least squares inversion of P
end SH waves for the source time funciion to detennine a gource consisting of two subevents located at
depifis of 40~55 and 105125 km and s totai time duration of 50 5. The ratios of the spectral amplitudes
of the radiat modes 5p, 5o and 254 independently require & centroid depth of at least 100 km at their
lower frequencies. The body wave analysis suggests 2 moment of 1.04 x 10%, and the oS, speciral
amplitude sugpests a value of 1.8-2.0 x 10% dyn cm. The emerging pictuze is that of a complete rup-
wre of the sinking lithaspheric slab, starting from 40 km depth and propagating down to 125 km. This
indicates thas the decoupling of the overriding fithosphere from the slab in this arez of the Tonge arc

takes place by gravitational pull,

i. INTRODUCTION

Latge subduclion zone earthquakes at shallow depths are
usuably thrusting events at the interface of the two converging
plates. However, some of the lurgest events associated with
convergent plate boundaries invelve normal faulting and have
been interpreted as representing breaking of the subducting
slab [rom the suboceanic lithosphere under the gravitational
pull exerted by the sinking lithosphere [Kanamori, 1971a;
Abe, 1972a,b]. Typical examples are the Sanriku earthquake of
1933, the March 30, 1963, Aleutian event, the Peruvian shock
of May 31, 1970, and the August 19, 1977, Indonesia earth-
quake, most of which occurred seaward of the wench. The
laver invoived the largest scismic moment relcase in the past
23 years; however, some controversy remains as to the vertical
extent of its ruptwe. Silver and Jordan [1983} and Spence
[1986] have constrained it to very shallow depths (15 and 28
km, respectively) and have interpreted it as an expression of
the bending of the lithosphere, while Given and Kanamori
[1980] determined a rupture extending to 60-90 km, implying
a ncarly complete breaking of the slab, and supporiing the
concept of decoupling of the iwo pieces of lithosphere. in a
recent study, Welc and Lay [1987]) described & different case
of decoupling in the Banda arc actually laking place through a
very large (3 x 10% dyn cm) thrust eanthquake, involving over-
riding of the Australian comtinental lithosphere over the
detaching stab.

In this paper, we focus on the June 22, 1977, Tonga earth-
quake. This eveni, by far the largest earihquake in the Tonga
arc in the past 25, and possibly 65 years, occurred arcward of
the trench and had a normal faulting focal mechanism. Figure
i shows the general location of the epicenter in the Tonga arc,
In order 10 assess the regime of rupture of the slab, it is in
particular crucial to identify which of the two nodal planes
{subvertical or subhorizantal one) is the actual fault plane.
We uge body wave deconvolution of long-peried seismograms
Io retrieve the time function of the source and to optimize the
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depths of individual subevents. These results indicate that
rupture extended over 80 km vertically, a picture also sup-
poried by the study of radial mode spectral amplitudes and
implying complete breaking of the subducting slab by
gravitational pull along a steeply dipping fault plane.

2. THE JUNE 22, 1977 TonGA EVENT
Location and Size

This earthquake took place at 22.9°8, 175.8°W, midway
between the trench and the voleanic island are. Its conven-
tional magnitudes were given as m, = 6.8 (PDE), 6.3 (ISC);
7.2 (station PPT, Tahiti); and M, = 7.2 (PDE, Pasadena,
Berkeley), Megnitudes read at PPT (Papecte, Tahitl) were
my =121 M, = 1.8 [Talandier and Okal, 1979]. Published
estimates of the moment My of the event are (in wnits of 10%
dyn em) 1.4 [Daziewonski e al, 1987], 1.5 [Talandier and
Okal, 1979}, 1.7 [Tolandier et al., 1987}, and 2.3 {Sibver and
Jordan, 1983]. This generally amounts to an M, :M,
deficiency suggestive of anomalous depth, a long source dura-
tion, or bath. Indeed, Silver and Jordan assigned the event a
characteristic source duration T, = 66 s, making it a *‘slow"’
earthquake.

Depih

The depth of this event remains 8 somewhat controversial
issue, which provides the motivation for the present study.
Solutions based on first amival times are the Preliminary
Determination of Epicenters (PDE) determination (h = 65 kmt)
and the Intemationazl Seismological Centre {ISC) (h = 69 km)}.
On the basis of the interpretation of a strong second arrival as
pP. Talandier and Okal {1979] proposed A = 49 km. Thus it
is most probable that the earthquake rupture initiated at a
depth of 40-70 km, corresponding grossly with the ceiling of
the subducting slab at this location. However, the identification
of pP can be unreliable for an earthquake which, as we will
see, exhibits a complex source time function. On the other
hand, the aftershock zone is suggestive of extended vertical
rupture {e.g., Silver and Jordan, 1983]. Similarly, the large
number of high-order overione modes generated by the event
[Masters and Gilbert, 1981; Fukao and Suda, 1987] suggests
that the earthquake's centroid must be significantly deeper than
usual for events of this size. Also, it shouid be noticed that the
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Fig. 1. Seismotectonic map of the Tonga arc. The large diamend is
the epicenter of the June 22, 1977 eveni. Also featured is the
Louisviile Ridge,

ISC residuals at nearby stations are strongly positive and
become negative at distances of 20°40° It is not clear
whether this is due to lower than normal velocities in the
backarc struciures or o underestimation of depth as suggested
by Rezs and Okal [19871. Dziewonski et al.'s [1987] cenroid
depth, obtained by moment iensor inversion, is 61.3 km, actu-
ally shallower thar, but not significantly different from, the
ISC fitst arvival depihy similarly, Silver and Jordan [1983]
give a centroid depth of 65 km, which they “'prefer” on the
basis of the low-frequency spectrum of the moment release
funetion, but their moment rate release curve versus frequency
is less irregular at greater depths. On the other hand, Giardini
{1984] commented ihai moment lensor solutions atiempied
from P waves alone led 1o a deeper centroid (130 km) and
that a combination of P waves and surface waves resulted in
much poorer fits. Finally, it should be emphasized that the
moment of the earthquake and the depth to its centroid are
cicarly interdependent, as demonsirated, for cxample, by Silver
and Jordan [1983].
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Fig. 2. Equal-ares projection of the lower focal hemisphere of the June
22, 1977 Tonga main event. Solid circies represent compressionad first
motions; open circles represent dilatations, as read by the authors for this
study, The fauli planes traced are from the Harvard CMT solution.

This controversy strongly suggests that rupture propagated
venically during faulting. In this general framework, we use
the technique of body wave deconvolution with variable
source parameiers {o unravel the evolution of the source
characteristics during the rupture. Also, we conduct an
independent study of the excitation of the gravest radial modes
of the Eanth by the event to place further constraints on its
centroid depth.

Focal mechanism

Two focal mechanism solutions are avatlable for this event:
G.5. Stewart and I.W. Given [personal communication, 1978]
proposed strike & = 200°, dip & = 73°, slip A =297° The
Harvard centroid momeni tensor (CMT) solution [Dziewonski
et al., 1987; Giardini, 1984} is ¢ = 197°, § = 79°, L = 271°.

Figire 2 shows P wave first motions, picked in this study,
plotied with the CMT solution. Qur first metion picks ase in
agreement with this mechanism. A steeply dipping nodal
plane is well constrained by the data, but the slip angle along
it could in principle vary from 235° to 280°, A cross scction
of aftershocks perpendicular to the nodal planes of the focal
mechanism in Figure 3 shows a plane of seismicity dipping
75° to the west. This suggests that the steeply dipping nodal
plane is indeed the plane of rupture.

3. Bopy WAVE DECONVOLUTION
Method

In order to determine the complexity of the rupture and the
distribution of moment release with depth we used the least
squares body wave deconvolution method [Ruff and Kanamori,
1983}, extended to conditions of evolving source characteris-
tics as described in detail by Wiens [1983), Stein and Wiens
{1986), and Lundgren et al. [1988], of which a brief summary
follows.

Given & teleseismic body wave signal s{r), which can be
represenied as the convolution s{{y=m{) ¥ ety *i{t), we
soive for the source time function m{f). Grouping the
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Fig. 3. One-week aftershock distribwtion of the June 22, 1977, earh-
quake. Dismaond represents madu cvent. In Figure 3a, sficeshocks are in
Buap view, with the e inelosel by the dashad line showain Figure 3&
as a cruss section slony line A-B, papemdicolar o the sirike of the fault
plane.

impulse response of the Earth e(t) and the instument
respense (1) together, we write s(1)=g(t)* m(t), where
gly=el)” i(t) is the Green's function for a parlicular
mechanism and depth. The conveiution, in vector-matrix form
is s; = Gym; where G is the Green's funclion matrix,

We use s damped Lanczos inversion fo solve for the source
ime function m i the lesst-squares sense [Lanczos, 19615
Ruff and Kanamori, 1983}

m=G’s {H
with

G = (GTWG +d IY'GTW 2)
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where W = I(1/var(s)) weights the inverted data set, d is the
damping parameter, and T is the identity matrix. This formal-
ism is not restricied to a single stalion and can simultaneously
invert a multiple station dataset.

The application of the Lanczos inversion to complex body
waves, which we will call the least squares method, is
straightforward. At each siep, the depth and fault geometry
of an individual subevent in the source tme funciion are
chosen so as 10 minimize the squared ervor between residual
data and synthetics. The synthetic seismogram for that
subevent s then subtracted from the residual selsmogram, and
the process is iterated for the next subevent,

Application 1o the 1977 Tonga Event

We used P waves from the two Global Digital Seismo-
graph Newwork (GDSN) stations ZOBO {La Paz) and CTAG
(Charters Towers), and SH waves from the two GDSN sta-
tions NWAO (Perth) and CTAO. In these eardy siages of
development of the GDSN neiwork, we could not obiain a
large good quality data set; also, because of the very large
moment of the event, most P amivais were off-scale on stan-
dard World-Wide Standard Seismograph Network {WWSSN)
records. The seismic traces for the P waves were alipned with
respect to each other by the apparent onset of the first motion.
This alignment was maintained for all iterations. The elign-
ment for the two SH waces used was done in the same way as
the P waves hut with the additional constraint of deconvolving
the SH seismograms separsiely and aligning through smail
adjusiments based on the timing of their source time functions.

P waves

We follow the procedure described in detail by Lundgren
et al, {1988, We firss solve for the frst pulse in the source
by deconvolving P wave seismograms for the whole source
time function &t a range of depths. These results are presented
on Figure 4, showing a minimum error at a depth of 60 km;
however, because of the relutively flus well in the residual
curve [rom 35 to 65 km, we investigated systematically the
shupe of synthetics built for first puise depths of 25, 40, and
55 k. As shuwis on Figure 5, synthetics for the deeper source
(55 k) gives wo large an amplitude and a relatively poor fit
10 the first part of the waveforms, This is due 1o the fact that
during this first iteration of the method, the program stll
aticmpls to fit the whole seismogram rather thun the first part
alone. In particular, if the smplitude of the source lime func-
tion for the grester depth were sezled in order ta match the
amplitude of ihe first puise, then the overall error at this
greater depth would increase. For the lesser depths the fit to
the initisl waveform is achieved without any need for scaling
the deconvolved source time function. On s basis, we
prefer a depth of 48 km for the first pulse, as giving the best
fit 1o the initial part of the seismogram. The solution for the
25—km depth is almost indistinguishable from the 40~km solu-
tion but is 100 shallow to be located in the subducling slab.
We found that the 40-km depth was the depth nearest the
error minimum which Bt the inidal waveform, The slip for
the first pulse was determined to be 271° by deconvolving the
seismograms st a range of slip values for u constant depth of
40 km. Figure 4b shows that this parameter is also poorly
resolved by the data.

The depth and source time function of the second pulse
were determined by deconvolving the residual data, formed by
removing the contribution of the first pulse, over a range of
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Fig. 4. Deconvolution of F waves. {a} Plote of jeast squares residuals as function of depth of the first pulse. (B} Flots of
least squares residuals ag & function of slip angle for the first pulse, with depth constrained &1 40 km. (2) Deconvolution of the
residual seismogram data set: same sg Figure da but for the second pulse. {4} Deconvolution of the residusl seismogram daix

ses: same as Figure 44 but for the second puise.

depths, for a source time function windowed in time between
O and 80 s. The time window was ended at 80 s i remove the
effects of possible later spurious pulses. Figure 4¢ shows that
the error minimum for the second pulse occurs at & depih of
125 km. The optimal skip vector at this depth is found to be
290° (Figure dd).

The procedure was repeated for a possible third pulse. The
results gave minima at the depths of the first iwo pulses and
were very noisy. We do not regard a possible third pulse as
ciearly resolved or warranted by the data.

The combined results are shown in Figure 6. The source
ime Function has a toial duration of about 50 s and is com-
posed of two pulses centered ot 40 and {25 km. We computed
seismic moments of 6.8 x 10?7 and 3.6 x 107 dyn cm for the
first and second pulses, respeciively, for a total moment of
10.4 x 109 dyn cm. The centroid of these two pulses is at 69
%um depth, which is the same as the I5C depth and slightly but
not significantly deeper than the CMT solution for surface
WAVES.

SH Waves

Figure Tz shows the resulls of deconvolving SH seismo-
grams for NWAQ and CTAC for depth. The minimum occurs
at 55 km, as for P waves. The synthetics for the first pulse in
the source time function are shown in Figure 8a. The fit to the
first part of the waveforms does not require a depth shallower

than 55 km for the fitst pulse, as in the case of P waves. The
best slip was deiermined to be 230° by keeping the depth at

35 km and deconvolving for ship.
The synthetics [or the first pulse were then subtracted from

2080

ﬁW}ﬁﬁ 25 o

55 km

CTRO

i 1 i i i)
f  BO 190 180 200
Seconds

Fig. 5. Comparison of P wave data (thin line) and synthetics (thick fine)
computed from the first pulse in the source time function, [or depths of
25-55 k. Synthetics are compuled using a source time window of -
060 s.
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the data and the procedure was repeaied for the second pulse,
using 2 time window of (~B( seconds for the source lime
function. This is shown in Figure Te. A depth of 105 km is
determined for the second pulse, Figure 7d shows that a slip
of 310° is preferved for the second pulse.

Roth the P and SI wave results indicate downdip rupture
with two main areas of moment release. The depths
corresponding to the error minima for the first pulse for both
datasets were in good agreement with each other and a lower
value was retained only 1o achieve a belter fit of the inital
part of the £ seismograms. In contrast, for the second pulse,
the P waves preferred a depth 20 km greater than the SH
waves. This difference may reflect lower depth resolution by
SH waves, itself due o their lower-frequency content due o
greater attenuation, While the optimal slip derived from the P
waves agrees with the CMT sclution for the first pulse and
changes only 20° to a slip of 290° for the second pulse, the
SH waves give a greater variation in slip values between the
two pulses. The general charzcter of dip-slip normal fauhing
is, however, unchanged. In conclusion, the emerging picture

at this stage is that of a rupture initiating around 40 km, with
the first source probably exiending between 40 and 60 km.
The second pulse, abouwt half as intense as the first one, must
be significantly deeper, in the vicinity of 125 km. There is no
compelling evidence for a third pulse in the frequency range
characteristic of the P and SH teleseismic body waves.
Finally, there is some evidence for the development of a small
companent of sirike-slip in the second pulse.

We have inveried the P and SH waves simulianeously and
found that the inversions were dominated by the SH waves
which have much larger abselute amplitudes than the P waves.
Thus inverting both P and SH waves iogether gave the same
results essentially as inverting the SH waves separately.
Weighting down the § waves 1o alleviate this problem resulted
in the loss of the moment amplitude information and did not
alier the SH results substantially.

In an independent swudy, Christensen and Lay [this issue]
heve similarly used body wave deconvolution methods o
extract the source characteristics of & number of earthquakes in
the Tonga arc, including the June 22, 1977, event. These
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authors report that they were sble to constrain the entire
source of this event to depths no greater than 70 km. Since
their results differ considerably [rom ours, it is necessary o
discuss this discrepancy to some exient. Christensen and Lay
{this issuc} use a number of P wave deconvolution algorithms,
mostly Kikuchi and Kanamori's (1982} and Kikuchi and
Fukao's [1985]. While they prefer & source depth concentrated
around 70 km, significant sccondary minima of their normai-
ized approximation error functions do develop for depths of
135-140 km, in good agreement with our preferred depth of
125 km for the second pulse. These secondary minima are
robust, or even enhanced when the possible influence of any
lateral heterogeneity in the source region on muliistation inver-
sion is teken into account. In this respect, the fact that
Christensen and Lay [this issue] use a more complete set of
stations does not seem competling, We want to siress that our
S¥ results confirm our inierpretation based only on P waves;
Christensen and Lay do not analyze § waves.

On the other hand, we note that in yet another recent body
wave deconvolution study of the June 22, 1977, event, Ms.
Sugi and T. Seno obtained resulis very similar io ours |T.
Seno, personal communication, 1987]. At this point #t
becomes increasingly probable that subtle differences between
the two studies are probably responsible for their different
results. In particular, differing weighting and damping schemes
could affect the shape of the final normalized emor versus
depili curves.

In order to obtain more robust insight into the depth extent

of the 1977 Tonga event, we conduct in section 4 a detailed
study of its excitation of the three gravest Earth radial modes,

4. BXCITATION OF RADIAL MoODES

In this section we use spectral amplimudes of the Earih's
radial modes excited by the 1977 Tonga earthquake to obtain
independent estimaies of the event’s centroid at very low fre-
quencies. Our purpose is to alleviste some of the possible
trade-off beiween source geomewy and depth inherent in
moment tensor inversion {e.g., Woodhouse, 19811 by concen-
trating on the radial modes, whose excitation is relatively sim-
ple due to their high degree of symmetry, We are motivaled in
this study by the observation that 54 is poorly, if at ail,
excited by the Tonga source (Figure 9).

Theory

Because a radial mode of the Eanth , 5, involves neither
horizontal displacements (yy in the notation of Saite [1967])
nor shear iractions (ye), its excitation by a double-couple
source is entirely controlied by enly one coefficient (K, in the
notation of Kanamori and Cipar [1974]), characteristic of a
dipping fault plane, or in the moment tensor formalism of the
combination [M,, ~ g — My). In particular, the unique-
ness of this coelficient means that the relative excitation of
two radial modes ,Sp and , S, by a double-couple source is a
function of depth only. Thus the ratio R,, of the spectral
amplitudes of the two modes at & given station depends only
on the depth of the source hy,, on the  factors of the wo
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modes, and if the spectrum of the moment rate release func-
tiors Af {w} is not fat, on its relative values at the lwo angular
vigenlrequencies 05 and , g, Specilically,

Kolh) JOF M ag)

Bep = 7 (3}
P Kok SOF Mo
where, for each mode, the attepuation quality factor is
oF = £ (epl-t20) - exp-or, 2031 (@)

and 4 and # are the final and initial times of the analyzed
windows, measured after the origin time of the event.

In order to climinate any possible uncertainty about the
attenuation factors of the Earth's radial modes, we conduct
two experiments for the 1977 Tonga and Indonesian (August
19) earthquakes using exsctly identical time windows and sta-
tons in both cases. Specifically, we compare the ratios Ryp
and R4 of the spectral amplitudes of the three gravest radial
modes in both cases [ ot =(21227) 574 1000 =(20/607) 574
oo =(2/398) 57!}, The introduction of this second earth-

guake adds, in principle, an additional unknown to the prob-
lem, namely, its hypocentral depth. The laiter is in itself
debated and controversial {Given and Kanamori, 1980; Silver
and Jordan, 1983; Spence, 1986]. However, we will see that
our data set resolves the Tonga depth practically independenily
of the Indonesia one; again, this approach eliminates the unk-
nown O factors in {4}

We use Intemmational Deployment of Accelerometers (IDA)
dats at the thyce stations BDF, SUR, and NNA, We eliminate
other IDA stations, which did not provide records of compar-
ably high quality for both events. We make use of windows
of 655,360.s duration {approximately 1 week of data) starting
25.5 hours after the event in both cases. This rather late start-
ing iime helps clean out the signal from the fundamental Ray-
leigh modes and guards against nonlinearity in the instrument
response, given the very large mmoment of the Indonesian
shock. By using the same set of stations only 2 months apart
in time, we also eliminate any uncertainty in the instrument
responses. Finally, let us emphasize that the relative speciral
amplitudes of the radisl modes cannot be affected by horizon-
tal directivity effects since these modes are are by definition
insensitive 1o lateral displacement of the source.
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gbsence of (Sg in the Tonga spectum, and of 35¢ in the Indonesia spectrum.

Resulis and Discussion

Figure 9 shows samples of spectra at NNA {Nan3, Peru),
in the Irequency ranges of oS 1So and 25, It is clear that
184 is conspicuously absent from the spectra of the Tonga
earthquake, while present for Indonesia; for 25, the situation
is reversed. Spectral stacking of the three stations reduces the
noise and allows only temtative extraction of (S for the
Tonga event, while it drastically enhances this mode for the
Tndopesian earthquake (Figure 10). It fails totally to extact
55 g for the Indonesian event. From this set of speciral ampli-
tudes we can estimata *Tonga-to-Indonesia’* ratios

10Xt = (Ryghtonp 1 (R 1,051::5«»:& 506 (5)

in the case of 8q, and

30Xt = (Raoheop / (R 200t 2 1.3 (6)

in the case of ,5¢ The estimation of these constrainis lakes
inte account the level of noise in the spectrum and is in our
opinion conservative.

In other words, there is deficiency of at least 40% in the
excitation of 5o relative 10 S, in the case of Tonga, as
compared o Indonesia. According io equation (3), this can be
conirolled either by the influence of depth on the coefficients
Ko of by a swikingly deficient value of the moment rate

release spectrum M around the frequency of ;§q in the case
of the Tonga event.

The Iatier possibility deserves some discussion. Silver and
Jordan's 119831 analysis suggested a characteristic duration of
66 s, a figure in general agreement with our body wave nves-
tigation in section 3. For such 7., the deficiency of M {we)
with respect ta M (ot} is bnly 2%, in order to produce a 40%
deficiency, a source duration of at least 325 5 is needed, Such
an extzemely siow source would be reflected in the fundamen-
tal modes at periods comparable o, or shorter than, 600 s.
This is clearly not the case as evidenced from the spectrum of
o510 (Figure 9) and indeed from the results of Silver and Jor-
dan {1983], whose study involved fundamental modes at pre-
cisely these periods. Furthermore, a very slow source for
Tonga would tend ta reduce the amplitude of 55, even more
than that of Sg, while the opposite is observed.

We therefore seject this explanation and contend that the
deficiencies in excitation of Sy for the Tonga event and of
48¢ for the Indonesian event reflect the centroidal depths of
the events, In Figure 1! we explore systematically the
influence of the ceniroid depths of boih events on the two
ratios pX7a and ,08q. As mentioned earlier, by wusing
exclusively such ratios, we guard ourselves against possible
uncertainties in the focal mechanisms and in the attenuation
factors of the three modes. For each couple of depths we have
used the PREM model [Dziewonski and Anderson, 1981} to
compute theoretical values of the two ratios. These are con-
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Fig. 10, Same as lipure 9, for stacked spectra of the thtee stations NNA, BDF, SUR,

Note that this procedure extracts 5o

prominently for the Indonesian earthquake but only very tentatively [or the Tonga event.

toured on the top two frames, with the areas viclating the
observational constraints (5} and (6) shaded. The remaining
white area on Figure 1lc is the locus of solutions satisfying
both consiraints. We let the Tonga depth vary between 40 and
220 km, and the Indonesia depth vary from 10 to 100 km.
Both upper limits are clearly, but purposedly, excessive.

Tonga centroid depths comparable to the published CMT
value (65 km) or to the results of our body wave deconvolu-
lion (69 km) violate the 5o constraint for all Indonesia
depths, predicting 0¥ ta ratios of the order of 0.8; further-
more, they also violaie the ,S, constrainl, by predicting a
smaller excitaion of 5, by Tonga than by Indonesia, except
if the Indonesian earthquake is placed ai the node of excitation
of the latter mode (around 70 km). This is an exceedingly
deep and unlikely centroid for an event occurring seaward of
the trench, in an arca where the existence of brittle material at
such depths would be hard to justify.

On the other hand, & Tonga centroid depth of 100 km
satisfies both constraints for shallow values (say, less than 35
km) of the Indonesian centroid. This centroid would agree
with Giardini's [1984] suggested value of 130 km. The data
set clearly has more resolution of the Tonga depth than of the
Indonesien depth, and cannot be used to resolve the contro-
versy about the latter’s depth.

Thus, on the basis of the relative excitation of the Earth’s
radial modes, we require a ceniraid depth of at least 100 km
for the June 22, 1977, Tonga event. In particular, when com-
pared with the hypocenter of the first pulse, this centroid
confirms vertical propagation of the rupture, and rules out the
conjugate mechanism (rupture at & shallower depth on &

guasi-horizenta] fault plene). We propose to interpret this
preater centroldel depth as due to & slow, long-peried, exten-
sion to the second pulse evidenced by the body wave deconvo-
lution (at a depth of 125 km). Because this source would be
slow, it would not contribute significantly to the body waves.
In order to bring the final centroid w 100 km, the moment of
the second pulse needs to be abous 1.6 x 16% dyn cm, for a
total zero-frequency moment of the order of 2.3 x 107 dyn
cm. This is significantly more than suggested by the published
solutions [Dziewonski et al., 1987, Giardini, 1984; Talandier
et al, 1987] but in excellenl agrecment with Silver and
Jordan's {1983) preferred vatue, If the slow source is aliowed
to propapaie deeper than 125 km, the total moment is reduced
correspondingly. Regarding Silver and Jordan’s results, their
‘rpreferred™ value of ths static moment is obtnined at a depth
of 65 km but would be similar for a centroidal depth of 100
km, with a somewhat longer characteristic time. Thus our
model is in agreement with these suthors’ results.

Finally, an independent measurement of the zero-frequency
moment can also be obtained from the comparison of the
stacked spectral amplitudes of oS¢ for the Indonesian and
Tonga events

AbSor _ Mea) | Ko (100 km) spr)
AlSe  Mogy | Ko(25km) sz gy

N

{where subscripts T and [ represent Tonga and Indomesia
respectively), measured on Figure 10 to be 0.26 . For o8, the
excitation coefficient Ko varies less than 10% between 10 and
120 km, so that the result will be robust with respect to uncer-
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Fig. 11, Relative excitation of the three gravest radial modes by the
Tonga and Indomesia events. In Figures 11a and 11b, we contour values
of 1o¥rn nd 20X 741, respectively, and shade the areas violating the
observed constraints, In Figure llc we combine the two consiraints:
crosses comrespond o solutions violating the 1S g constraint (equation
(53); asterisks indicate violation of the 5y consiraint (equation (6)).
This diagram requires a minimal centroidal depth of 100 km for the
Tonga event. o

tainty in the centroid depths, We use the Harvard CMT solu-
tion for the Indonesian event (8 = 24% A= 287%), yielding
58 (indoresisy = ~0.36, and the focal mechanism of the second
pulse for the Tonga event (Sg (onge) = ~0.20]. This translaies
into a moment Mg runpey 0.49 times that of the Indonesian
earthquake, or 1.8 x 10% dyn om using the Harvard value for
M o ttadonnia) |Diewonski et al., 1987], or 2.0x 10% dyn cm
using Given and Kanamori's {1980] slightly larger estimate, A
total moment of 2% 10%® dyn om would require a “'slow™
component of just under 10%* dyn cm at a depth of 134 km.
Finally, it should be noticed that the excitation, by the
1977 Fonge event of a substantial tsunami (1013 cm Pacific-
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wide} cannot help diseriminste between the two models pre-
ferred by ourselves and Sugi on one hand, snd Christensen
and Lay on the other: Okal [1988] has shown that deptlt is
only a minor parameler in tsunami excilation: more
specifically, for comparabie values of the total moment, lhe
amplitudes of tsunamis penerated by the iwo sources dilfer by
a fsctor of only 1.5 at a typical station such as PPT. Because
sf the difficulty of separating an absolute messurement of the
high seas component of the tsunami from the effect of shoal-
ing. as well as the uncertainty on the total moment, the
tsupami amplitude information canmot be used lo reject our
model,

5, Discussion AND CONCLUSIONS

As determined from the source functions of the body
waves, the 100-km centroid of the radial mades, and the distri-
bution of aftershocks, the source of the June 22, 1977, Tonga
earthquake extended veriically over more than 80 km, suggest-
ing complete rupture of the sinking lithospheric stab, The
taisl moment obtained from body wave deconvolution is
1.0 x 10 dyn cm, somewhat Jess then the 1.4-1.7 reporied in
the literature. However, in view of the “'slow’ characier of
the event reporied by Silver and Jordan [1983), this
discrepancy simply reflects the limited frequency spectrum of
the body waves. Our radial mode study suggests & larger
moment in the 1.8-2.0 = 10%® dyn cm range, in agreement
with Silver and Jordan's estimate. The combination of moment
and depth extent clearly makes this earthquake one of the larg-
est intermediate depth events ever recorded, second only to the
Benda Sea earthquake of 1963 [Usada and Abe, 1981; Wels
and Lay, 1987].

T addition, both parts in our study can rule out interpreiing
the mechanism of the Tonga event as rupture on the conjugate,
guasi-horizontal plane, It is clear that the mechanism of rup-
ture of the iithospheric slab by thrust delamination along &
gently dipping plane, s evidenced by Wele and Lay {1987] in
the Banda Sea, resulis from the exceptional situation of buoy-
ancy due to the presence of continental material on the Aus-
tratian plate,

As shown on the tectonic cartoon (Figure 12}, the 1977
Tonga eveni corresponds to the same decoupling process
between the oceanic plate and the slab, as already recognized
for the 1933 Sanrikw, 1965 Aleutian, 1970 Peny, and 1977
Indonesian earthquakes {Kanamori, 1971ab; Abe, 1971ab;
Civen and Kanamori, 1980). The small component of strike-
slip developing in the later stage of the rupture is also shown
on Figure 12. Its direction is in agreement with the expected

Trench

Oceanic
Lithosphers

Oro
A

Oceanic
Lithosphere

100 km

Fig. 12. 'Tectonic cantoon. Sense of motion on fault is indicated by
RITOWS.
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relative motion between a detached slab, sinking vertically (or
at best along the line of stezpest descent in the Benioff piane)
under its own weight into the mantle, and the ocesnic litho-
sphere, whose absolute motien in the area is oriented NS9°W
IMinsiter and Jordan, 1978], about 14° dlockwise of the direc-
tion of dip of the slab.

However, significant differences do exist between the situa-
Hons at the various subduction zones where large normal fault-
ing evemis have been reported, Perhaps most sirikingly, the
Tonga event occurred 50 km arcward of the trench, as
opposed to just above it or slightly oceanward as in the case
of the Sanriku, Alewtian, and Indonesian earthquakes. The only
simifar case is that of the Peruvian earthquake; however, the
lauter, taking place in a strongly coupled subduction zone, with
a fow dip angle, did not extend to intermediate depth. The
1977 Tonga is also rather unique in that it is not in an obvious
aftershock relationship with a large interplate thrust fault earth-
quake, as are clearly the Peru, Aleutian, and possibly Sanriku
shocks, The ondy large canthuake having laken place in the
area, prior to the 1977 event is the October 11, 1975, earth-
yuake, which took place about 250 km to the SSE. However,
Christensen and Lay lthis issue] interpeet fts miechanism as
intruplate, & conclusion upheld by s relatively low moment of
onty 1.4 to 1.9 x 10% dyn cm [Christensen and Lay, this
tssue; 1. Tatandier, personal communication, 19874

Hit this respect, the Tongs shock is closest to the Indonesia
one, which oceurred independently of a major thrusting event.
‘This ¢learly illustrates the relatively decoupled nature of the
Tanga sulwluction zone {Iiyeda and Kanamori, 1979; Uyeda.
1987 and indicates that the rupture of the sinking slab in this
region s an intraplate phenomenon, controlled by gravitational
slab pull, rather than due 10 a rebound activated by the caili-
sjon process,

Finully, we wish to discuss the location of the June 22,
1977, Tonga carthquake in telation to the subduction of the
Louisville Ridge, This prominent feanwre of the South Pacific
Rasin floor, generally regarded as the trace of a hoispot in the
protongation of the Eltanin Fracture Zone, intersects the trench
around  26°S and separates two tegimes of subxduction: to the
north, the Tonga siab dips about 53°, while to the south, the
Kermadee siab plunges a steeper 65°. As noted on a global
scale by Kelleher and McCann 11976] and Vogr et al. [1976},
the region at the mench-ridge interscetion features a substantial
deficicney in shallow, interplate seismicily (see Figure t},
although the few mechunisms available arc in general compati-
ble with thrust fauiting at the trench. Holocene volcanism is
also deficient between fatitudes 20° and 26°S. Alihough the
June 22, 1977, event occurred 300 km to the north of the
Louisville ridge collision zone and because the fatter's sirike
on the Pacific ocean is about N23°W, its trace on the descend-
ing slab is expected to lie in the immediate three-dimensional
vicinity of the 1977 fault zone. In a potentially similar situa-
tion in Vanuam, Chung and Kanamori {1978] have explained
the occurrence of a moderately large (Mg = 5 x 10% dyn om)
intermediate depth earthquake as movement, predominantly of
the strike-slip type, along a consumed passive teclonic feature,
in that case the d'Entrecasicaux Ridge. In the case of Tonga,
boih the size of the 1977 event {30—40 times larger in terms of
M) and its focal mechanism suggest 1o interpret it in terms of
total decoupling of the descending sfab, rather than reactiva-
tion of motion along the ridge. However, one can speculate
that the generally buoyant character of the ridge [e.g.
Cazenave and Domirh, 1984], which presumably inhibits the
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subducticn, may contribute to the local accumulation of stress
induced by the gravitational slab pull, and may be eventually
responsible for the large size of the event.

Christenisen and Lay [this Issue] present a model in which
the 1977 Tonga earthquake is the expression of the release of
tensional stress accumulating locally under the strong coupling
resulting from the collision of the buoyant Louisville Ridge
with the trench, Their modei must eventually predict very
large thrust events, which will release the stress at this locked
location. The moment of the 1982 event {about 10% dyn cm)
clearly does not qualify it as such. Apart from the June 22,
1977, event, the historical record provides only one truly iarge
event in the region, on Aprit 16, 1937. Gutenberg and Richter
{1953} list it ss M = 8.1, and the Seismological Seciety of
America [1980} as M = 7.9; all listings show that it is deep,
and we have relocated it at 310 km, using armival times avail-
able from the International Seismological Summary. Thus we
confirmn that no truly large interplate subduction earthquakes
are known in this portion of the Tonga arc, at least for the
pasi 63 years. Therefore, and in conclusion, we prefer a
model in which this portion of the subduction is deconpled; in
that framework the 1977 earthquake can readily be interpreted
as the rupturing of the whole siab under gravitational stab puil.
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