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During the years 1981-1983, three intense seismic swarms tock place in the Tahiti-Mehetia area of
French Polynesia at the presumed jocation of the Society Island hot spot. The 1981 swarm featured
4000 earthguakes, with a maximum magnitude M, = 4.3, in the immediate vicinity of the island of
Mehetia; the 1982 swarm occurred along the flank of the major Teahitia seamount, and involved
more than 9000 events; a second swarm occurred at Teahitia in 1983 and involved 3000 events.
Although no precise constraint can be placed on the depth of individua! events from their travel
times to Polynesian stations, features in the evolution of the Mehetia swarm are generally
consistent with the probable ascent of a magma body toward the surface., In the case of Teahitia,
the recording of abundant tremors of both high and low frequency, particularly intense during
the 1983 swarm, is directly similar to cases of documented volcanic eruptions. The swarms are inter-
preted as episodes of active volcanism, part of the process of building the next island in the chain.

INTRODUCTION

The purpose of this paper is to report three intense seis-
mic swarms which occurred in 1981, 1982, and 1983 in the
Tahiti-Mehetia area of the Society Islands, and to analyze
- them in the framework of the evolution of the underiying
hot spot, presently believed to be in the early stages of for-
mation of the next island in the chain. In terms of the
importance of volcanic edifices, the Society Islands make up
the second best developed among Pacific Ocean hot spot
chains. Duncan and McDougall {1976 have confirmed that
the linear progression of their ages with distance is compati-
ble with the motion of a rigid Pacific plate over a hot spot
fixed with respect to the Hawailan one. More recently,
Henderson and Gordon [1981] have proposed that the same
magma Ssource may have contributed, at least partially, to
the formation of islands on the Manihiki plateau and in the
Tokelau and Gilbert chains.

A major difference between the Society and Hawafian
islands, however, is that the largest island of the Soci-
ety Chain, Tahiti, is presently inactive, strongly eroded and
fringed by a coral reef; it is estimated that its caldera
collapsed about ! m.y. ago, while the last documented epi-
sodes of volcanismm go back approximately 400,000 vears
[Becker et al., 1974]. On the other hand, the easternmost
isiand in the chain, Mehetia, located about 130 km east of
Tahiti, is an extremely small and steep cone (only 2 km?
above sea level but with a maximum elevation of 435 m),
along which no coral barrier has yet developed, and where
preliminary analyses indicate alkalic voleanism [Mottay,
1976]. Thus it is likely that the hot spot is presently in the
early processes of building the next isiand in the chain. In

this respect, the Society Islands offer us the rather unigue
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opportunity to look in real time at the transitional period to
a new major volcanic edifice, an episode possibly compara-
ble to the early genesis of the island of Hawaii, about 1
m.y. age. Mehetia’s situation is also somewhat reminiscent
of Loihi Seamount, southeast of Hawaii [Clague et al.,
1981}, although the petrology of the Society Islands (and,
in particular the general lack of tholeiites on Tahiti) suggests
intrinsic differences between the two chains.

Over the past 20 vears a systematic study of the sefsmic
activity in the immediate vicinity of Tahiti was made possi-
bie by the operation of the high-gain short-period stations
of the French Polynesia Network on Tahiti, Moorea, and
Rangirca: results for the period 1963-1979, compiled by
Talandier and Kuster [1976] and Okal et al. [1980], have
identified approximately 30 seismic epicenters in a 100,000
km® area centered about 60 km east of Tahiti (see Fig-
ure 13.  Approximately halfway between Tahiti and
Mehetia, Telandier and Kuster [1976] also identified two
sites of repeated seismic swarms, whose characteristics sug-
gest active volcanism. Bathymetric surveys of these two
sites later confirmed the existence of seamounts topping at
180 and 2100 m below sea level, respectively, and for which
the names ‘‘Moua Pihaa’” and *“Rocard’ were proposed.

Since these studies were published, the Tahiti-Mehetia
area was the site of three major seismic swarms, whose
intensity was by far greater than anyihing previously
recorded in Polynesia: First, in (981, about 4000 earth-
quakes occurred on the southeastern flank of Mehetia;
then, in 1982, a swarm of more than 2000 recorded earth-
quakes took place in the vicinity of a known seamount, top-
ping 1600 m below sea level, located 40 km from the
Tairapu Peninsula, and for which the name ‘‘Te-ahi-tia’’
(the standing fire} was proposed by the Tahitian Academy
(see Figure 2). Finally, in July 1983, a short-lived seismic
swarm at Teahitia involved 3000 earthquakes, and was fol-
lowed by several months of more or less continuous trem-
ors. While the Teahitia area had a history of discrete carth-
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Fig. 1. (top) Map of the instrumental seismicity of the Tahiti-Mehetia area (adapted from Okal er of. {1980]}). Perma-
nent seismic stations are shown as solid circles (with code); the solid friangle identifies the temporary station at
Tautira, operated during the 1982 swarm. Stars are epicenters of seismic activity predating the two major swarms
(nurnbers refer to Table 3 of Okal et af. [1986]). The solid squares are the sites of volcanoseismic activity: MP, Moua
Pihaa; R, Rocard; larger symbols are used for the three major swarms: M, Mehetis 1981, and T, Teahitia 1982 and
1983, The two faint raked arrows, drawn in the azimuth of sbsolute motion of the plate, identify poiential lineations
of volcanic activity. (botiom) Detailed section of Mammerickx et al’s {19751 map replacing the top box into the
framework of the Society chain and the nearby Masnihiki plateau. The horizontal is oriented along the direction of
absolute motion of the Pacific plate.
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Fig. 2. Bathymetry of the Tahiti-Mehetia area, adapied from GERCO maps 327 and 358 [Monti and Pauior, 1974,
Note that Moua Pithaa and Teshiva seamounts were charted pricr 1o their activity but that Rocard seamount was iden-
tified only later {open star). The crater identified by the French Mavy survey southeast of Mehetis is shown as 3 white

star,

quake activity prior o the onset of the 1982 swarm, the
1981 swarm at Mehetia ocowrred in an area which had been
seismicaily quiet, at the detection level of M, = L5, since
the implementation of the full network in 1965, The study
and interpretation of the seismic swarms are the subject of
the present paper.

NETWORK AND DETECTION CHARACTERISTICS
Network

The French Polvnesia seismic network has been described
in detail by Talandier and Kuster [1976] and Oksl et al.
[1980}. 1ts principal characteristics are its multiple subarray
configuration and its special instrumentation allowing rou-
tine gains of 10° at 1 Hz and 2 x 10% at 3 Hz, more than
an order of magnitude greater than for standard installa-
tions on oceanic islands. For the purpose of detection in
the Tahiti-Mehetia area, the only relevant starions are the
five stations on Tahiti and nearby Moorea, and the four sta-
tions on the atoll of Rangiroa, 350 km 1o the north. In
order to improve the seismic coverage of the 982 Teshitia
swarm, an additional, temporary station {coded TTR) was
operated starting March 30, 1982, at Tautira, the castern-
most village on the peninsula, only about 40 km from the
epicenter (see Figure 13. This station was not operating in
i983. During the 1981 Mehetia swarm, a 2-day expedition
to this uninhabited island included the operation of a porta-
ble station on March 27 and March 28. Unfortunately, this
corresponded to a period of major quiescence of the swarm,

and very little information could be gathered from this por-
table station,

Muagnitudes and Energy
Magnitudes are estimated using the formula
loght, = logd + loga + 2.1 (1}

[Talendier and Kuster, 1976, Okal ¢f af., 19806], where A4 is
the peak-to-peak amplitude in microns at a period close to
i ¢ and & is the epiceniral distance in kilomeiers. The
numerical constants in this formula are designed to lock the
upper end of this magpitude scale onto the teleseismic my,
and are similar to those used with the Hawall Volcano
Observatory (HVQ}) Wood-Anderson instrument for seismic
studies of Kilasea and Mauna Loa events.

An estimate of the seismic energy involved in the individ-
val events was obtained using Gutenbery and Richter's
[1954] retation

logE = 2.9 + 1.9M, — 0.024 M} 2

where £, is in joules. This formula was used in previous
studies of the regional seismicity, where it was also Found to
maich the relation log E, = 4.8 + 1.5 M, [Gulenberg and
Richrer, 1954]. It provides a comparative basis for discuss-
ing the regional output of seismic energy by various epi-
sodes of selsmicity.

The detection thresholds for seismic activity centered at




TALAMBIER AND OKAL: YOLOANOSEISMIC SWARMS N TAHITI AREA

MEHETIA, 19581

Number of corthquokes

R

-t
o
o
po—
C.'i.._}
o

3 L 1} : 1
HAHE APR MAY JUNW SUE ABG BESE OOT

HOY BEC

Fneargy released

{ Lil ] I
. o al
. | jJ ik

JHEL AUG BER QT

L g

HOGv BEC

AR APR MAY JUN
Fig. 3, Histogramy of the munber of earthauakes {top. otal num-
ber: 3540; M, = (.9 and seismde energy refeased (botiom, total
energy: 8.6 3 100 1), using 3-day windows, for the total duration
of the 1981 Mehetia swarm (301 days),

Mehetia and Teshitia can be estimated at A, = 1.1 and
0.8, respectively, but detection helow magnitude 1.5 at
Miehetia and 1.0 at Teahitia is affected by dav-to-day varia-
tions in the level of background seismic nolse; on particu-
Iarly quiet days, events were detected with My = 4.9 at
Mehetia and 0.5 at Teahitin, Although these thresholds
must e considered excellens in the oceanic cnvironment,
they remain higher than in the case of densely instrumented
sland sites, such as Kilaves or Mauna Loa. In particalar, it
iz clear that smaller events, of the type recorded at Kitauea
directly on the flanks of the volcane, would, i they exist,
totally escape defection.  Any comparison between these
voleanic edifices must involve either a “‘magnitude filtering™
of the Kilauea data set, or an extrapolation of the
frequency-magnitude refations in Poivnesia, which would
suggest up to 50,000 events at Mehetia (52,000 evenis at
Teahitia in 1982; 25,000 in 1983) at the M, = 0.1 level
These figures are then comparabie 1o the 10,600-30.060
events recorded at Kilauea during swarms lasting several
months [Kovenagi, 1968].

OVERVIEW OF THE SwaRMS

The 1981 seismic swarm at Mehetia started abruptly on
March 6, 1981 af O0:35 UT, and lasted until December
1981, with some sporadic activity inte 1982, Figwre 3
describes its history, showing both the number of recorded
earthquakes and the energy released, using 3-day windows;
Figare 4 emphasizes the initial two weeks of the swarm,
using 6-hour windows., It is immediately evident that
this swarm features several distinct episodes, which will be
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more folly described in a later section. The largest event
oceurred on March 15, with a magnitude M; = 4.3,

Figure 5 similarly presents the history of the number of
evenls recorded and selsmic epergy released during the 1982
seismidc swarm at Teabitia,  Activity started abrupily on
Fiarch 16 at 1417 UT and increased regelarty wstil March
T, inveliing mosily low-mageitnde carthquakes,  After
March 27, earthguakes were accomparded by seismic trem-
oty recorded by ozl five swations of the Tahiti-Moorea
subarray, which fasted more or less permanently ontil April
% (see Figure 6}, Tremor acivity then decreased and disap-
peared on April 18, Earthquake activity decreased regularly
antil May 19, After that date it dwindled 1o 2 number of
rare, cccasional events. The largest event was an M, = 3.4
earthouzke on Aprl b Obvious differences with the
Mehetin swarm are the shorter duration and more homoge-
neous character of the Teahitia one,

Figure 7 deseribes the history of the seismic activily at
Teahitiz during the 1983 swarm: it started very abruptly on
by 12 bt was relatively chort-ived: after two very active
days the intensity of the swarm decayed regularly, and it
died off on July 24, The maximun magnitude reached was
2.5 on July 150 From July 12 to July 18, high-Frequency
remors were present; very intense low-frequency remors
tack aver on July 21 and lasted nesrly continuously since
August 11 This festure is a fundamental difference
between the two swarms st Teghitiag its observation counld
however ke the resuit of a somewhat different epicenter,
involving & more favorable path around the magmatic
siructure.
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Fig. 4. Same as Figure 3, for the first 20 days of the swarm, using
f-hour windows, totaling 1199 events and 6.5 x 10'0 §. Note the
change of character of the two curves arcund March 135, when the
mmber of earthguakes decreases sharply, but the encrgy released
reaches & peak.
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Fig. 5. Same as Figure 3, for the 1982 Teahitia swarm, using l-day
windows, for a total of 8038 carthquakes (M, = 0.5), 3.8 » 107 7,
over 77 days.
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Location  techniques are bhased on  Kleiw's [1978]
HYPOIMVERSE program. Foor different crasial models,
each involving three lavers over a half-gpace, are used {or
(1} cceanic crust in the Tahiti-Mehetia area, (2} the north-
western Tuamotiu platean, (3) the Tahiti and Mehetia vol-
capnic edifices, and (4) the edifice of the Rapgivea aiclh
These models were obtained {rom seismic refraction experi-
ments [Tolondier, 1982] and are shown on Table 1. Accord-
ingly, first arrivals from the Mehetia swarm are &, waves at
all stations; from the Teahitiz area they are always P,
waves at the Rangiroa stations and at AFR on Moorea,
always P, waves at TVO and TTR on the peninsula, and
can be either {(depending on the exact location of the epicen-
fery at the remaining stations of the Takiii subarray (PAE,
PPT, and PPN). (We use the symbol P, for the direct
crustal phase, although the najure of the crust is, of course,
basaltic in the oceanic envirommeni.} High-speed paper
playbacks of recorded signals allow reading errors for
impulsive signals of no more than +0.025 5. This figure is
neghigible  when  compared with other sources of uncer-
tainty, such as station anomales, and the accuracy of the
crustal moedels sed.

The accurate determination of hypocenters i the vicinity
of Mehetia suffers both from the relatively large distance {o
the closest station (TVO on the Tabrapu Peninsula, 120 km
from Mehetia) and from the repartition of all stations in
two subarrays, concentrated sround azimuthe NIOE and
N75°W from the epicenier. In particular, bypocentral
depths could not be constrained by travel times alone. The
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Fig. 6. Histograms of duration of scismic memors recorded at the
Tahiti subarray during the 1982 Teshitia swarm. {top) High-
frequency tremors.  (hottom) Low-frequency tremors. MNote that
the tremor activity starts well into the seismic swarm and alse ends
up rather abruptly well before the end of the seismic activity (see
Figure 5} Mote also inverse correlation between the two kinds of
sremors, Sampling windows are 12 hours long.
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Fig. 7. Same as Figure 3 for the 1983 swarm aft Teahitia, using 6-
hour windows, for a total of 2471 earthguakes (M, = 0.5, and
2.0 % 10° 3, over 15 days.
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TABLE 1. Seismic Structures Used in Relocations
Tahiti Goeanic Model Tuantory Plateau Rangiros
Thickness, o, Thickness, o, Thickness, o, Thickness, e,

fayer m ks krn km/g koo ks ko ks
Ocean 4.0 1.5G 2.0 150

1 0.4 200 (.4 2.6 1.4 240 2.0 3.30

2 5.8 4.37 1.8 4.37 2.8 463 4.8 4,65

3 [ X4 7.64 6.6 7.64 4.5 £.83 4.5 5.83
Mantie 8.25 §.28 810 g0

only available depth constraint came from the portable sta-
tion operated for 2 davs on the island of Mehetia in late
March 1981 It recorded only one event of low rmagnitude,
which unfortunately went undetected by stations of the per-
manent network. The $—P interval for this record suggesis
a depth of 13 km, which according to Table 1 could be rep-
resemiative of the Mohorovidid (Moho) discontinuity. We
chose to use this figure as a starting value for all Mehetia
relocations.  Significantly, HYPOINVERSE then failed to
adjust the focal depths and elected to keep sheir valoes con-
strained. Similarly, in the case of Teahitis we used a start-
ing depth of 12.8 km, which the station repartition was
insufficient to constrain further. This situation is in cop-
trast with the case of Loihi, where the many staiions of the
HVO network, providing homogeneous azimuthal coverage
over 90°, and at distances as close ag 33 km, make it possi-
ble to resslve focal depths to a precision of abouil § km
[Kiein, 19821,

We subjected to epicentral relocation 140 events from the
Mehetia swarm, with clear arrivals both in Tahiti and
Rangiroa, using the HYPOINVERSE routines. Since read-
ing errors can be neglected, station residuals consist of a
station correction, resulting from a local deviation of the
crustal thickness under the station from that uged in the
model, and of a possible path effect. For clustered epicen-
ters recorded ar a distance large compared to the size of the
cluster, these parameters will not vary significantly for indi-
vidual events and can be modeled as a single siation correc-
tion. These corrections, listed in Table 2, were obtained by
averaging residuals from initial locations of the evenis, and
then used in refocating the 140 events. Table 3 shows the
improvement in residuals and hypocentral ervor parameters
resulfing from the relocations.

The final locations obtained for the 140 events are given
in Table All. They were computed using between six and
nine P, arrivals as well as the 5, arrival on the horizontal

large uncertainty in hypocenival depth this definition actu-
ally overestimaies its size. Results from Table 3 show the
following:

First, standard residuals, afready low for the inltial loca-
tions {average value 0.068 3y are significantly improved by
the relocations (average value 0,042 5), confirming that the
most random parameters (reading errors) are of a negligible
nature,

Second, large semiaxes of the horizosnial [ —o  ellipses
{“HCE” in Table Al are again significantly reduced by the
relocations (from an average value of 8.6 km 1o an average
of 5.4 km); despite ihe general orientation of these axes
along the bisector of the vectors pointing to the Tahiti and
Rangiroa subarrays, this last vahue is definitely smaller than
the horizomtal extent of the epiceniral ares, as shown on
Figure §: the error ellipses are about the size of the clusters
in the bottom box, while the total source area (approxi-
mately 40 km in length) is manpy mes larger. This indicates
that the source area of the swarm is truly elongated in the
NMW-E5F direction,

Finalty, despite a similar reduction in their absolute
value, the vertical semiaxes (“VUE™ in Tzble Al) remain
about twice as large as the horizonial ones. They are much
less meaningful, since the program did not seadjust the
depihs and thus the refocations lack depth resolution.

The influence of the use of § times at PPT oo the reloca-
tion of the earthguakes can be discussed as follows: The
simultanecus use of P and 3 at PPT is equivalent (o fixing
the fotal distance raveled by the rayv to PPT. For hypocen-
rers located at or below the Moho (his grossly resulis in con-

TARLE 2. Station corrections used in relocations

Correction, $

short-periods at the central station PPT {the other stations Station Mehetia Teahitia
are not equipped with horizonial insiruments).  Also
included in Table Al are the standard residuaks (“SR™) and AFR 01 w311
the vertical and horizontal projections of the standard devi- PAE ~0.16 ~0.03
ation (1—o) ellipsoids (“HCE" and “VCE"). Following . et oot
Klein [1978}, we define the great axis of the horizontal TVO 6.3 0.2
ellipse as the largest among the horizontal projections of the TTR +0.11
three principal axes of the error ellipsoid. Because of the
- PR +0.10 (.00
Tappendix tables are available with the entire article on micro- VAH +0.02 ~0.27
fiche. Order from American Cieophysical Union, 2000 Florida Ave- PT +0.01 -0.12
nue, N.W., Washington, D.C. 20009. Document B84-003; $2.50. RUV ~0.07 ~0.48
Payment must accompany order.
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TABLE 3. Distribution of Three Error Parameters for Mehetia
Earthquakes for Inifial and Final Locations

Origin time
Standard Error

Horizontal
Standard Error

Vertical
Standard Error

Seconds fnitial Final Kilometers initial Final Kilesineters Initizal Final
0.0 - 0.4 & Z [iS G 4 -2 ¢ 0
0.0 - G662 4] & 12 & 2 -4 0 7
8.07 - 0.03 i i3 i3 2 17 4-5 4 28
(.03 - G4 A 3-4 4 31 -8 7 38
.04 - 0.08 Li 28 45 & 27 &40 18 32
G408 - 0.06 15 [ k] t3 23 i3 70 22
06 - .07 34 15 67 i 149 1520 25 2
007 - 6.08 3% & 7-5 25 4 2025 4 i
G408 - 604 21 2 o] 22 4 3530 5 3
005 - 440 6 [ G-ifk 15 i 30.35 3 1
10 - 11 2 G {15 18 4 3540 t i
0.8 - 512 4 G L5-28 6 3 43-45 i Q
O.1d - 0013 ] 0 25 3 i 45.50 i §]
013 - 014 & 3] 253G G 4] 50-65 { i
014 -0.15 0 & 3435 I 4] 5580 i ¢
HLi5- 016 ] 0 3540 &3 (] 80495 i 4]

straiming the epicentral distance o this station {this iz o
because of the very low inclination on the horizontal of any
mantle ravy. O the other hand, for sources whose irue
location is above the Moho, the observed 5P depends
both on epiceniral distance and depth.  Since we constrain
the depth ai the Moho, the inclusion of § wave daia
imsproves the relocation of earthguakes below the Moho,
while it degrades epiceniral relocations of events whose roe
depth g above it but it witl siill improve the relative loca-
tion of events whase true depths are comparable. Thiv is
apparent on Figore B the top frame displays relocations
using oniy P data, the bottom one uses both P and 8. Two
clear clusters become apparent in the latter. [t is probable,
however, that the apparent distance between the clusters
maostly reflects differences in focal depths. A decrense in
true focal depth would tend o increase the appareni dis-
tance io Tahiti. The two clusters correspond to events sepa-
rated temporally, with the porthwestern ones occurring dur-
ing the first weeks of the swarm, while the sourheastern
cluster became active later.

It is possiisie to conclude that the relative locaiions of the
epicenters of events of comparable depths are probably
accurate to betrer than 5 km, On the other hand, the rela-
tive position of the whole ensemble of epicenters is some-
what less well consirained, probably  no  Better  than

A similar procedure was used for the Teahitiz swarms of
1982 and 19831; we chose 19 derive a second ser of station
corrections {(listed in Table 23, independently from the case
of Mehetia, since these corrections can also be affected by
the seismic ray path (o the station, which is necessarily
shorter for Teahitia. As in the case of Mehetia, initial loca-
fions were used to infer station corrections, which were then
used to relocate 281 events (142 in 1982 and 139 in 1983,
for which clear first arrivals could be picked at all five (or
six, inclading TTR: fewer in 1983} stations of the Tahii
subarray and in at least one station (usually PMO) of the
Rangiroz subarvay, Table 4 iz a paralle]l to Table 3 and
shows the improvemnent provided by ihe relocations for

events of the 1982 swarm. The fundamental features {rom
this data set are similar 1o those ar Mehetia, namely, the
ow values of the residuals and the precision in relative relo-
cattons of epicenters on the order of =35 km {assuming
commaon depths), No § wave arrivals were used in the
Teahitiza relocations, since a few attempis showed no
pmprovements over the solutions obtained exclusively from
Fowave daia. The extent of the 1982 swarm is shown on
Figure 9, with individual epiceniers listed in Table A2; Fig-
ure 10 and Table A3 present the data for the 1983 gwarm.
Relocations of the 1983 events are less precise, the average
HCE being about 16 km. There were affected by the gener-
ally smaller magnitudes of the events, the shutdown of fem-
porary station TTR in fate 1982, and the loss of relemetry
from TVO following hurricane Reva in March 1983,

Correlation With Bathymeiric Features

Following the 1981 swarm, an echo-sounding campaign
was conducted along the southeastern flank of the island of
Mehetia by the French Wavy patrol ship Lo Poimpolaise.
This survey identified an elongated, steep trough at a depth
of approximately 1700 m, whose presence was confirmed in
April 1983 by H. Craig (personal communication, 1983)
aboard R/V Melville. The location of this presumed crater
(17.95%% and 148.04°W), shown as a circled dot on Figure
&, falls in the zone seismically active during March 2-25. [is
major axis, orienied east-west is about 1.5 km long.

Ia the case of Teahitia, and as seen on Figure 2, adapted
from the GEBCO maps [Monfi and Pouror, 1974}, a sea-
mount topping above 2000 m below sea level had been
charted prior to the swarm. This seamount appears to have
grown on the flank of the volcanic edifice of the main
island in a shoation very similar to that of Lothi with
respect to Hawail, Echo-soundings taken in April 1983 dur-
ing a ermse of /Y Mealville have identified two craters at
depihs of only 1608 m (H. Craig, personal communication,
19683y A dive of the submersible Cyong in December 1983
fias confirmed their existence and revealed at least one area
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Fig. 8. Effect of the use of § wave arrival times at PPT on the relo-
cations of the 140 major evenis at Mehetiz. {top) Relocations using
only P wave times, (bottom)} Relocations using S fimes. Noie that
the epicenters on the bottom figure tend to regroup into two chus-
ters; Figure 11 further shows the temporal migration of seismicity
between the two clusters: on the contrary note that the epicenters
farthest to the south are dispersed by the addition of 5 times, sug-
gesting a shallow character. The siriped Hoe providss an estimate
of the extent and orientation of the 1-g “HCE" loeation error.

of hvdrothermal  activity  (J1.-L. Cheminde, personal

cormmucation, 1983}

Evororion OF THE SWARMS AND NATURE
OF THE EVENTS RECORDED

Selsmic activity developing in the form of swarms (rather
than of classic foreshock - main shock - aftershock patterns)
has been generally observed in areas of active volcanism or
extensional tectonics,  Swarms directly  associated with
nrajor eruptions are often (buwt not always) shori-hved
{lasting from | week to a few months); the seismic activity
which preceded the eruption of Mount St. Helens in 1980,
of 2 months” duration, would be a typical example of a vol-
canic swarm [Endo er of,, 19811, On the other hand,
swarms known not to be associated with eruptive veleanism
have also been widely documented {c.g., the Matsushiro
swarm of 1965-1967 {Magiwara and fweta, 1968]). With
some exceptions, they tend to be of longer duration.

Meherio, 1981

in this case, the systematic analysis of the evolution of
the characieristics of the events in the swarm (ocation, fre-
quency of occurrence, magnitude and speciral content)
reveals 4 different periods of activiry (See Figure 1)

Perigd 17 March 6 to March & The swarm  starts
abruptly, with a large number of earthquakes (on the aver-
age more than 240 events per day) of relatively low magni-
tude (M, = 3.3). This activity is concentrated about 6 ki
southeast of the island. Seismograms have a high repeat-
ability, with P and § waves featuring high frequencies and
simple wave shapes {(see Figure 122). As discussed below,
we interpret these events as being at least as deep as the
Moho, and thus the epicentral locations as probably
accuraie,

Perind 2: March § 1o March 25. The number of events
decresses considerably {only 27 per day on the average), but
the activity remains substantial, with the two largest events
in the swarm cccorring on March 15 (M; = 4.3) and March
25 (M; = 4.0}, respectively. The March 15 event is not

TABLE 4. Distribution of Three Error Parameters jor Teahitia Earthquakes

(1942 Swarm) for [nitial and Final Locations

Oiigin time
Standard Brror

Horizontal
Standard Error

Vertical
Standard Error

Seconds initial Final Kilometery Initizl Final Kilometers Initial Final
0.00 - 6.0t 3 25 0-1 G 0 0-2 i ¢
.01 - 0.02 5 54 12 0 5 2-4 { 0
0.02 - 0.03 g 40 2-3 i 23 4-6 0 9
0.03 - 0.04 16 il 34 5 23 &8 0 i6
0.04 - 0.05 9 5 4.5 5 37 B-10 3 22
0.05 - 0.06 42 ks 56y 9 26 13-15 9 45
0,06 - Q.07 44 1 6-7 2 in 15-20 20 16
0.07 - 0.08 4 1 78 8 b 20-25 24 g
0.08 - 0.09 0 0 8- 22 4 35-30 22 g
0.09 - 0,10 0 0 916G i4 0 30-35 1H 3
0.10 - 011 1] 4] 10-15 55 4 35-40 3 4
011 - 02 & O 15.20 20 i 40-45 4 I
412 - 0.13 1] 1] 20-25 0 G 45-530 3 2
313 -0.14 1] 0 25-30 1 0 50-65 9 i
14 - 0.15 4] 0 30-35 0 1 65-80 13 1
.15-40.16 0 0 35-40 0 8] 80-95 4 i
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truly represeniative of this episode of the seismicity, being
both shallower and of lower frequency. Apart from this
event, seismograms remain homogeneous in their characler-
istics, while locations move somewhat to the south to the
area of the presumed crater.

Period 3: March 26 1o May 30. The activity continues to
decrease (on the average only [3 events per day) and is char-
acterized by higher-magnitude earthquakes. The signature
of the seismograms becomes significantly different: their
spectrum evolves toward lower frequencies, and the dura-
tion of P, and 5, increases, leading io occasional ringing,
and in certzin cases to the occurrence of two distinct arri-
vals of P,, separated by about 1.2s (see Figure 13). The
constancy of this figure precludes the development of
several sources but rather suggests & multipathing phenome-
non. Multipathing of P, was indeed observed in Rangiroa
for seismic refraction arrivals originating in the Mehetia
area [Talgndier, 1982]. Finally, high-frequency sarface
waves develop after §, in the seismogram (see record for
station PAE on Figure 128, All these characteristics sug-
gest that foci become shallower and are by then located in
the crust, which would mean that the epicentral locations
could be less accurate, S waves are generally of smaller
amphtude than P. Epicenters remain clustered until April
17 and then disperse somewhat. The cluster is clearly
tocated southeast of the crater; this migration from summit
to flank is directly comparable to the pattern observed at
Loihi by Klein [1982].

Period 4 Jume I to December 31 and into 1982, The
level of seismicity decreases with some renewed activity in
November and December {on the average 11 events per
day). Characteristics of the seismograms vary widely, as do
the epicenters, falling in any of the previous three zones as
well as outside them. Spectral content of the signals is gen-
erally lower frequency, with occasional signals duplicating
those of the preceding periods: i such occurrences,
epicenters also coincide.

In addition, the temporary station operated on Mehetia
at the end of March recorded repeated puffs of seismic
noise, whose characteristics could be compared to high-
frequency tremors such as those recorded f{rom Teahitia in

17.26 %
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Fig. 9. Spatial extent of the Teahitia swarm of 1982, The islands of
Tahiti and Moorea are outlined, with the stations of the Tahiti
subarray given by their three-fetter code. The light circle sketches
the 2000-m isobath, as inferred from the GEBCG map (Figure 2).
The 142 events recorded by the whole subarray, and at least one
station on Rangiroa, are shown as individual crosses. See Figare 12
for temporal evolution of the epicenters.
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Fig. 10. Location of the Teahitia swarm of 1983, Area depicted is
the same as on Figure 14,

1982; they were not recorded by the permanent stations on
Tahiti, but our experience of the Teahitia swarm as well as
data reported for Kilauea {(R. Y. Kovanagi, personal com-
munication, 1981} indicate that voleanic tremors rarely
propagate over distances greater than 100 km. Thus i is
possible (and the data from the ternporary station suggest
even likely) that seismic tremors accompanied the Meheiia
swarm at least during its third phase. In particular, earth-
quakes similar to those accompanied by tremors at Teahitia
were observed at Mehetia after March 235,

On the other hand, the only T waves {propagated in the
SOFAR low-velocity acoustic channel in the water column)
received from Mehetia were generated by the major earth-
quakes in the swarm. No additional activity of any nature ¢
could be detected on this basis. This situation is fundamen-
tally different, for example, from that of Macdonald vol-
cano 1700 km to the southeast, whose presence and activity
have been discovered and monitored exclusively through T
waves [Johnson, 1970; Talandier and Ckal, 19821,

Teahitia, 1982

Figure 5 shows a history of the evolution of the swarm,
both in terms of numbers of events detected, and of seismic
energy released. The miost intriguing pattern concerning the
Teahitia swarm is the apparent migration of the seismiciy
evident on Figure 14. For aboui 5 weeks the relocated epi-
centers move regularly from east to west along the southern
flank of the Teahitia Seamount. However, the relocations
used in this figure did not adjust hypocentral depth, and the
epicentral migration may be an artifact of the change in irue
depth of the hypocenters. It is easy to show that the shal-
tower the true depth of the source, the cioser to the record-
ing network the relocated epicenter, under the assumption
of a constant hypocentral depth coinciding with the Moho.
Thus the pattern observed on Figure 14 could be a true epi-
central migration to the west, an ascent of the hypocenters
toward the surface, or a2 combination of both., In particu-
lar, and starting approximately March 29, a pattern of com-
plexity appears in the P, seismograms recorded at PMO
(Rangiroa), featuring two successive arrivals, separated by
1.1 5. Just as in the case of Mehetia, this suggests a shal-
lowing of the source; it is worth noting that this date coin-
cides with the development of sirong tremor. Whether or
not a vertical component of migration is present, the order
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Fig. i1. Migration of seismicity at Mehetia (1981). The 140 evenis located in Figure 8 are separated in five characteris-
tic time intervals, Note how the swarm begins in the immediate vicinity of Mehetia, then moves to the crater area
{shown as circled dot on the second frame), to the southeastern corner during the month of April, and then becomes
much more diffuse. Locations plotted as resulting from the use of P and PPT § times.

of magnitude of the rate of migration of seismicity remains
I km/d, a figure comparable to the progression of seismic-
ity during slow intrusions in moderately active rift zones,
such as Loihi or the southwest rift at Kilauea; more active
systems such as the eastern rift at Kilausea would be some-
whay faster {Klein, 1982].

_The Teahitia swarm has many differences with Mehetia:
first the whole crisis is much shorter-lived, with the activity
becoming practically negligible after only 6 weeks; second,
the swarm is much more homogeneous in character, with
the number of earthguakes growing steadily for about 2
weeks, and then decaying regularly; finally, and most
importantly, the two curves shown on Figure § are similar
to each other, indicating no drastic change in the magnitude
distribution of earthquakes, in obvious contrast with phase
2 at Mehetia.

Additionally, a large amount of seismic tremors were
recorded from Teahitia during the period March 27 to April
17. Their evolution with time is shown on Figure 6, with
typical examples presented on Figure 15. These tremors are
basically of two fypes: high-frequency ones, with seismic
energy peaked in the 7 Hz range, of a rather spasmodic
nature, following sequences of small but sharp earthquakes,
and low-frequency tremors, peaked at 2-3 Hz. It is worth
noting that low-freguency tremors occur only during periods
of (relative) guiescence of their high-frequency counterparts
(e.g., March 29, April 4, April 9, April 16).

The largest event recorded at Teahitia is the M, = 3.4
earthquake of April 1, 1982; this event and three more in
early April were reported felt by a few inhabitants on and
outside the peninsula. This relatively low level of magimum
seismicity is in sharp contrast with the case of the [981
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Fig. 12a. Short-period records of the M, = 3.5 event of March 8, 1981 (Mehetia). The four (op traces are P arrivals
from the Rangiros subarray and the bottom one &, frora PAE on Tahitl. Note high-frequency character og Poand
absence of ringing at Rangirca or surface waves at PAE (note that low-frequency energy at TPT is noise, since it is

present before the P arrival). Tick marks are seconds.

Mehetia and of the 1971-1972 Loihi swarta, during which
events as large as &; = 4.3 were recorded. T waves were
recorded only from the largest Teshitiz events and could not
be used to identify otherwise unsuspected activity.

Teahitia, 1983

As compared 1o the 1982 crisis, the 1983 Teahitia ewarm
had very short-lived selsmic activity (only 12 days), lower
magnitudes (maximuim My = 1.4}, and the seismic signature
of its events was very homogensous. In particular, the pat-
tern of double P arrivals at the Rangiroa stations was pre-
sent for all events of the 1983 swarm. As explained above,
we interpret this as meaning thai the whole sequence took
place at very shallow depihs, probably within a few kilo-
meters of the seafloor. As shown on Figure 7, the activity

started abwuptly {with about 500 events in each of the first 2
days) and decayed very gradually vngit Julv 26, Figure 10
shows that seismic activity concentrated on the western
flank of the seamount. A patiern of slight migration from
east to west (again probably reflecting shallower sources)
may be present but is not significant due to larger uncertain-
ties on the cpicenters of ithese smaller events, High-
frequency tremors accompanied the earthquakes during the
whole seismic episode; low-frequency tremors developed
after the carthguakes ceased, and lasted for several months
{sec Figure 16). Their cumulaiive duration is considerably
more intense than in 1982, and they are s1ill going on as of
April 1984,

A mini-swarm of about 300 earthquakes, preceded by an
M, = 1.6 event took place beiween December 18 and 21,
1983, As the final version of this paper was being prepared,
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Fig. 12b. Same as Figure 12¢ for the M, =

4.3 event of March 15, 1981, at Mehetia.

Mote this time the low-

frequency components of P_ at Rangiroa staiions, the ringing P waves lasting for several seconds with a characteristic
frequency of 1.3 Hz, and the strong surface wave following S, at PAE. This surface wave is also present in a later
portion of the record at Rangiroa. This event s interpreted as being shaffower than the March & one shown on Figare

12a. Tick marks are seconds.
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Fig. 13, Same as Figure 12, for the Aprl &, 1981, event &t
Mehetia. Note complexity of P wave shapes, with at least twe dis-
tingt arrivals evident at most stations. The time between them
remains constant (A7 = 1.2 5) for several events, suggesting a struc-
tural origin such as multpathing for this phenomenon. Tick muarks
are seconds.

a new 30-day swarrn of 9000 earthguakes took place starting
March 3, 1984, It featured shallow evenis with a maximum
magnitude A, = 3.7, several of which were felt on Tahii.
They were accompanied by intense tremor, mostly high fre-
quency, and located a few kilometers east of the area active
in 1983.

Frequency-Magnitude Relations

A pumber of frequency-magnitede (& valee) nvestiga-
tions were carded out using all carthguakes recorded
between March 6 and Ociober 1, 1981, al Mehetia; between
March 16 and May 31, 982, at Teahitia;, and between July
12 and 26, 1983, at Teahitia. This technique models the
number N of earthguakes with magnituede M with a rela-
tionship of the form

logh =a — b M £3)

[Guienberg and Richier, 1944]. Values of b zignificantly
larger than the worldwide average (B = 0.9 are taken to
involve rock undergoing thermal weakening or excessive
fracturing [Mogi, 1963]. In particular, documenied volcanic
seistnicity has been associated with b values varying from
1.4 to more than 3 [McNuti, 19831, Talandier and Kuster
[1976 reported b values of 1.0 outside swarms, and ranging
from 1.5 to 3.2 during swarms at Moua Pihaa. [n the case
of Mehetia, our results, which use magnitude windows of
0.2 units, indicate an average b value of 1.13 % 0.08 for the
whole sequence; however, if we restrict the data set 1o the
first 2 days of the swarm, the b value increases to 1.4} =
G.11. This change of & value illustrates ithe dramatic
increase of the number of larger earthquakes occurring after
March 8. These results are summarized in Figure 17. In
the case of the 1982 swarm at Teashitia, an investigation for
the whole period March 16 to May 31 vields a well-
constrained b value of 1.46 x0.12 (Figure i18). An attempt
to use shorter sampling periods failed to unveil significant
variations of this coefficient with time. The figure & = 1.46

A

is in excellent agreement with the value found for the first
two days of the 1981 Mehetia swarm. A remarkably similar
figure of b = 1.50 =0.16 was obtained for the 1983 swarm,

While the range of b velues obtained af Teahitia and dur-
g the first phase of activity at Mehetia falls short of those
reported for events of Minikemi's [19741 B type, during
such major eruptions as Paviof, 1575 {6 = 1.9~ 2.6), for
the summit earthquakes at Loithi (b = 2.13), or even for the
Moua Pihaa swarms (b = 3.2), thev are comparable 1o
results obtained for A-ivpe events ar Fuego, Guatemala
(b = 1.3), and for the flank ovenis at Loihi {Talandier and
Kuster, Y976, Klein, 1982; McNutr, 1983, In particular, the
b values reached during the three Polynesian swarms are sig-
pificantly higher than found at sites of recurrent tectomic
intraplate seismicity such as Regions A and € in the
southeentral Pacific [Okal er of., 1980], whose seismic activ-
ity was presumably not associated with active volcanism,

While high b values have generally been recognized as
indicative of volcanic geismicity, Okade er al. [1981] have
guarded against the use of & values for short time samplings
in the study of the evolution of voleanic swarms: their dats
at Mount Usu show the late development of large earth-
guakes and the disappearance of smaller ones, which would
lead to negative b, Thus it may noi be warranted to assign
a sudden decrease in b values fo a variation in the physicai
properties of the rocks involved. However, a peneral trend
toward fewer but larger carthquakes is clearly presend ar
Mehetia after March &, similar in character to the phenom-
ena reported by Klein [1982) a1 Loihi and Kilauea, and
which he describes as an evolution of the activity from rift
to flank. A similar patiern was also found at Mount 5t
Helens and Bezimianny (5. R, McNutt, personal communi-
cation, F983).

In suramary, the volcanic pature of the seismicity
obiserved during the 1981 and 1982 swarms in the Tahiti-
Mehetin area can be asserted on the basis of (1) the short-
Hved swarmlike character of the activity, (2) the large &
values, (3} the later identification of craters at both sttes and
of hydrothermal activity at Teahitia, and {4} the svolution
of the swarms reminiscent of those at Hawail and Loihi and
the abundant tremors recorded from Teahitia {and suspected
at Mehetia on the basic of records from the temporary
static).

DsCUssIon

Since the two sites are located under the ocean, ocur pur-
pese in this section should be to conduct a kind of detective
story, using the variation in the characterisiics of the seis-
micity to infer the magmatic processes which may have
accompanied the swarms. Unfortunately, two problems
hamper our potential insight into these processes. First, our
lack of hypocentral depth resolution obscures one of the
crucial parameters in the evolution of the swarms, and sec-
ond, the characteristics and evolution of volcanic swarms
are known to vary substamiially from one volcano to
another. We will nevertheless attempt to draw a parallel
between our observations and other examples of velcanic
seismicity.

Earthquakes from documented voleanic activity have
long been studied. AMinakami [1974] has reviewed their
properties at Japanese volcanoes and established a clagsifica-
tion in four types: A-type earthquakes, characterized by a
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Fig. 14, Migration of seismicity at Teahitia (1982). The 142 relocaied earthquakes are separated in five time intervals.
Note the general westward motion of the seismicity. See text for a discussion of the possible influence of 4 change in
depth on the extent of migration. The circle sketches the approximate 2000-m iscbath, as inferred from the GEBCO
map (Figure 2}
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Fig. 15a. Typical sequence of repeated small earthquakes, intermixed with high-frequency tremor, as recorded at the
Tahiti subarray on March 28, 1982, from Teshitia. Tick marks are seconds.
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Fig, 15b. Detail of the beginning of the sequence shown on Figure
i5¢. Note that the phenomenon starts by an zpparent incregse in
the amplitude and frequency of the ambient noise {arrows), fol-
lowed by more substantial events. A very similar behavior is
reported at Kilauea by Aki and Koyanagi [19817. Tick marks are
seconds.

high-frequency spectrum and a seismic signature comparable
to that of tectonic earthguakes; B-type events, character-
ized by a lower-frequency speciral content and precursory to
the outhreak of eruptive activity, explosive evenis corre-
sponding to aerial eruption of the volcano: and seismic
tremor. (Explosive events, recognized mainly through their
strong airwaves, would not be expected from deep underwa-
ter locations, where the hydrostatic pressure prevents the
release of gases from the magma.} The distinction between
A- and B-type gvents has been widely used {(e.g., Frdo et al.
[19811 at Mount St. Helens), with A-tvpe earthquakes being
understood as a preliminary, somewhat deeper, step and B-
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Fig. 15¢. Typical high-frequency tremor, foliowing record shown
on Figure [5z by about 15 mn. Note that the seismic amplitude
does not fall to either the frequency or the amplitude of the back-
ground noise, but rather that seismic energy peaked around 7 Hz is
sustained for long periods of time. Rangiroa station PMO has been
substituted for AFR on the top trace to highlight the absence of
recorded tremor at large distances (350 km). Note on the other
hand, that the decrease in amplitude with distance from TVO (45
km) to PPT (90 km) is not substantial, suggesting a deep tremor
source. Tick marks are seconds.
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type ones being more divectly concurrent with eruptions or
intrusions. In their early study of the Tahiti-Mehetia area,
Talandier and Kuster [1976] have distinguished between so-
called o and @ events, which grossly parallel 4 and B types.

On the other hand, Minakami’s classification is far from
being universal: for example, eruptive cycles at Paviof Vol-
cano in the Aleutians, totally lack A-type seismicity
[McNuif, 1983], while those of Fuego, Guatemala, lack
standard B events {Yuan ef al, 1984]; also, Larrer [1981]
reports difficulty in applying the classification fo Ruapehu
and Ngauwruhoe in New Zealand. He prefers to introduce
the notion of volcanic and tectonic earthquakes, the word
“tectonic”” simply describing an event not bhelieved to
involve rock directly altered or compressed by a magmatic
process, but siill taking place in the context of the distur-
bance of the island by the volcanic swarm. Similarly,
Havskov er al, [1983] identified four different types of
events from the 1982 eruption of El Chichon, only one of
whick is identical with Minakami’s. Finally, Minakami
himsell identified an additional class of events (‘C type’")
in a detailed study of earthguakes at Mount Usa [Minakami
et af,, 1951]. In the present case, and with no definitive
control on hypocentral depth, it is rather difficult to assign
the seismicity observed at Mehetia and Teahitia to either the
A or B types of Minakami’s [1974] classification. Generally
speaking, the evolution which we observe from a simple,
high-frequency P, waveshape to a lower-frequency, more
complex, seismogram, with concurrent development of
tremor at Teahitia, is direcitly comparable to evolution from
A type to B type. However, patterns such as the decrease in
magnitude, and the disappearance of § waves in B-type
events would clearly not apply in the present case.

Ag discussed above, one of the characteristics of voleanic
scismicity most crucial to placing the seismic swarm in the
context of magmatic processes, namely hypocentral depth,
coubd not be constrained by owr relocations. The only
travel time data which can be used to gain an estimate of
depth are § wave arrival times: their use tends fo improve
relocations for earthquakes truly located at or below the
Moho, while #t degrades them if the source belongs to the
crust, On this basis, we think that we can interpret the
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Fig. 15d. Exampie of low-frequency tremor, peaked around 2 Hz,
as recorded in the Tahiti subarray on March 2%, 1982, Note more
pronounced decay of the amplitude at 2 Hz between TVO and
PPT, suggesting shallower source than in the case of high-frequency
tremor. Tick marks are seconds.
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third period in the activity of Mchetia (March 26 to May 31,
1981} and the large March 15 event as being shallower than
the earlier events, and the whole 1982 Teahitia swarm as
taking place within the crust. Similarly, the ringing of P
waves found at Mehetia after March 25, 1981 {and alsc,
exceptionally, on March 15}, is characteristic of extremely
shallow events since it must involve efficient coupling with
the water column over depths which cannof greatly exceed a
typical P, wavelength (say 3 km; see Ward [1979] for an
investigation of the same physical problem at longer
neriodsy. The development of substantial surface waves
the 1-Hz range (Figure 124, while towslly controlied by
details of the structural lavering of the velcanic edifices,
would, in a flai-lavered situstion, constrain the focal depth
to about M4, or approximately 1-2 km below sea level
[Harkrider and Okal, 1982). The enprire 1983 swarm at
Teahitia is certainly no more than a few kilometers deep.
Volcanic tremor, consisiing of more or less continucus
seismic agitation accompanying certain phases of volcanic
activity, has been reported and studied extensively. Its char
acter can be spasmodic, featuring a repeated number of
individual, identifiable seismic events, or harmonic, in
which case the frequency content of the signal is predomi-
pantly menochromatic. Deep seismic tremors of spasmodic
nature, and origmating about 30 km below Mauna Loa,
were identified by Ewion and Murote [1962] as representa-
tive of a filling of magma conduits preceding the 1959 erup-
tien by 3 months. Harmonie tremors located at 36-35 kn
depth were found by Aki and Koyenegi [1981] to be caused
by magma oscillation i longitudinal cracks, and {0 repre-
sent a continuous, ongoing aspect of the voleano’s activity,
not directly related to any given eruption. These authors

TEAHMITIA, 1983
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Fig. 16, History of the high-frequency and low-frequency {remors
at Teahitiz, 1983. This figure is similar lo Figure 6 for the 1982
swarm. Note the anti-correlation between the two types and the
preponderence of low-frequency tremors, which lasted continuously
into the March 1984 swarm.
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Fig, 17. Freguency-magnitude plots for the 1981 Mehetia swarm.

ftopy Full swarm, (boitom) Study Bmited to the first 2 days of the
swarm. Windows of 0.2 units of magnitude used in both cases.

also noticed an evelution of the dominant frequency of the
tremor with time (from about 7 to 3 Hz) during an episode
of tremor (iypically a few hours), which they imterpreted as
eracks joining with esch other and thus increasing the char-
acteristic length of the oscillator.

The sequence of repested small earthquakes followed by
tremmor observed in 1982 at Teahitia and presented on Figure
154 s compasable to observations during PavioPs 1981
eruption {S. R, McNutt, personal communicaiion, 1983)
{although Paviof’s tremor was lower frequency); it can be
thought to represent a succession of small crack openings,
followed by movement and oscillation of the magma in the
eracks. This is comparable to Larter’s [1981] ““intrusion’
earthquakes or to Minakami ef of.’s [1951] “C-type”” events.
As scen on Figure §5¢, the amplitude of these tremors does
not significantly decay with station distance (in the range
40-90 km); this would suggest a deep origin; however, the
tremmors are concurreni with earthquakes believed to be
located in the crust. As seen on Figure 15b, the initial
waveforms, which start by what could be taken as an
increase in the amplitude and frequency of background
noise, are reminiscent of harmonic fremors observed at
Kilavea by Akl and Koyenggi {19811, The amplitude of the
ground metion (about 0,0ipm) is also comparable. On the |
other hand, the pattern of decrease of the wave frequency
during an episode of tremor is absent from the Teahitia
iremaors,
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Fig. 18, Freguency-magnitude plots for the (fops 1982 and {boi-
tomy 1983 swarms at Teahitia. Windows of 0.2 undts of magnitade
are used.

The iotal duration of the episodes of high-frequency
tremor following small earthguakes, as compiled from Fig-
ure &, for the period March 17 to April 17 15 5500 minutes.
If we interpret them as representative of crack opening and
magma transport in Akl end Koyanagds [19811 formalism,
we come up with a “reduced displacement’ of 130 m?, cnly
4 times less than the cumulative value over 18 vears at the
Hawaii volcanoes. Since no swarms of a magnitude similar
to the 1981-1983 sequences have taken place since the estab-
lishment of the Polynesian seismic array, the comulative
reduced displacements could thus be of the same order of
magnitude at the two volcanic chains, over an interval of I8
vears. A dwect comparison of the swo voleanic edifices is,
however, difficult, since the characteristics of the swarms at
Teahitia and Hawaii are different and the tremors are not

directly comparable. In particular, the Kilausa tremors
" were not connected with a particular eruption.  Alse, Aki
and Koyanagi {1981} and Chouet [1981] have argued that
the guantification of seismic tremors grossly underestimates
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the amount of lava ejecied at Mauns Loa and Kilavea and
sugeest that part of the transport of the magma through the
lithosphere escapes seismic detection. Since the Hawaii
velcanoes are the only ones for which this kind of guantifi-
cation has been performed, it is not clear that exactly identi-
cal situstions would exist at other locations. In particular,
and as we argue below, the volcanic systern in the Tahiti-
Mehetia ares is probably in a much sarlier stage of iis devel-
opment than is Kilauea, where the plumbing is well esiab-
fished and the shield-building steady, In this respect, the
opening of cracks under Teahitia could involve a higher
density of rvesistive barmiers [A&), 1979], leading to the
puffs of carthguakes staring ihe high-frequency tremor
sequences,

While high-frequency tremors (peaked ar % Hz) bave also
been reported concurrently with the ejection during the 1943
erupiien  of the Mexican volcano El Paricutin [Flores,
1645}, fountaining phases of volcanic activity are usually
accompanied by intense lower-frequency harmonic tremors,
only a few kilometers deep and peaked at 2—3 Hz, This
has been widely reported, in particular at Kilauea {Feron
and Murata, 19621, Aso [Kubotera, 1974, and other sites
[MeNutr, 1984]. At the same time, seismicity and spas-
maodic fremor activity have been reported to strongly
decrease {e.g., af Pods, 199 [Giendel, 1981)). This sug-
gests that the high-freguency iremers ave indicative of
magma making its way up the plumbing of the volcano,
while low-frequency ones accompany the venting and foun-
taiping  process,  Foumntaining  probably  alse acts in a
pressurg-cooker mode, allowing sodden release, at least in
the shallowest parts of the plumbing, of the siresses which
otherwise lead to the opening of the cracks generating the
high-frequency tremors, It s remarkable on Figures 6 and
i that a similar pattern of wmverse correlation of the (wo
kinds of tremors is present at Teahitin during the months of
March and April 1982 and n 1983, Puffs of activity similar
to low-frequency tremors were alse occastonally observed,
although their origin could not be positively localized, as
carly as Januarv and as late as Sugust 1982,

As seen on Figure 154, the decay of the amplitude of
low-frequency tremors with station distance s stronger, sug-
gesting that they originate at shallow depths. We will spec-
vlate that they may be associated with eruptive processes,
although a direct comparizon with the case of Kilavea {pos-
sibly again unwarranted) would suggest thelr {otal attenua-
tion into the background noise after 90 kum, even faking into
account the greater sensitivity of the Polvnesian stafions.
Their wtal duration during the 1982 swarm is very limited
(47 mnj. On the other hand, in 1983, they lasted for more
than 30 mm, abowt half as long as the high-frequency
Irenors.

Om the basis of the above discussion, we propose the fol-
lowing scenario as an interpretanion of the swarms:

Mehetio, 1981

The swarm starts on March 6 with a series of small earth-
quakes, iocated deep under the mland, presumably below
the Moho. By March 9, and in 2 pattern reminiscent of the
Lothi swarm, fewer bur larger esrthguakes take place; the
epicenters move closer 1o the vaderwater crater. Addition-
ally, a unique lavge shallow earthguake takes place on
March 15, It may represent tectonic release under the pres-
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sure of the deeper magmatic nfrusion. After March 25 the
poor fit of § wave wavel times, as well as the presence of
surface waves and ringing P, waves suggests transition to
shallow depihs, certainly above the Moho; this ascent of the
seismic activity is probably associated with the upward pro-
gression of a bubble of magma. Low-frequency evenig may
represent episodes of B-type seismicity, alihough the evoli-
tior of A values is toward lower figures; it is suggested that
tremor was taking place at the end of March; submarine
eruptions may have cccurred: necessarily ialdng place below
ihe SOFAR channel, they would not have generated 7T
waves hecause of the impossibility of degassing at 1700 m
depth. At least part of the kafer seismicily may due to the
rejease of infraplate tectonic stress accumulated in the plate,
as indicated by the guiescence of the area priov to the
swarm, These events are move spread out spatially, and
would correspond io Letter’s [1981] “voleanotectonic™ or
“tectonic’’ classes. Their presence may act to lower the
average b value of the whole swarm.

Teghitin, {582

The swarm begins abruptly on March 16, 1982, by a
number of small, simple events, possibly as deep as the
Moho; these may represent country tock fracturing under
the increased magma pressace; i is likely that the east-wesi
migration of the selsmichiy also includes a component of
shaflowing, as suggested by the fater development of ringing
phases. By March 27 a pattern starts of numerous cracks
opening inside the seamount, followed by magma filling glv-
ing rise to high-freguency tremor.  Occasionally, an erup-
tion takes place, accompanied by low-Trequency tremor;
the pressure release temporarily shuts off the crack opening
process, and thus the high-fraguency tremors disappear.
Again, no T waves are generated by the eruption, which is
too deep. During this phase, three major sarthquakes are
felt on Tahfit. On April 17, after kasting 3 weeks, the wem-
ors stop, signaling the end of the eruptive process, and since
previous seismic activity has draiped the intraplate tectonic
siress, the seismic swarm dies off guickly during the monih
of May.

Teahitia, 1983

The vojcano awakes again through a serles of small, shal-
low earthquakes concentrated on s western flank. This
activity may take the form of z lateral intrusion from the
1982 plumbing, and thus the swarm gets directly into the
final seismic stage of shallow events accompanicd by high-
frequency tremor. This pattern lasts only 2 weeks, but
eruptions probably more intense than in 1982 continue for 6
months. In December 1983 a submarine exploration finds
evidence of ongoing hydrothermal activity., The interpreta-
tion of the small burst of activity in December s unclear,
but it may be premonitory to the large outburst of activity
in March 1984,

CORCLUSION: VOLCANIC POTENTIAL
OF Ty Tanit: MEHETIA AREA

We propose that the seismic swarmg at Mehetia and
Teahitia are representative of magmatic phenomena which
have culminated in volcanic eruptions at Teahitia in §982

FALANDIER AND QAL VOLOANOSEISMIC BWaARMS B TAHITI AREA

and 1983 (and probably also at Mehetia in 1981). This vol-
canic activity and the much weaker swarms at Moua Pihaa
and Rocard Seamounis [Telandier and Kuster, 1976] prove

that the Society Island hot spot is alive and active east of .~

Tahiti.

Petrological studies of Tahiti have repeatediy failed to
identify the tholelites typical of hawailan volcanism
{McBirney and Aoki, 1968]. Tahitian rocks have been
found to be generally more alkalic. Studies of Mehetia
basalts by Mortay [1976], M. (. Garcia (personal comrmun-
cation, 1981} and Grell end Ckal {1984] have also docu-
mented their strongly alkalic characrer; the steep shape of
this small isiand mdicates a viscosity higher than at typical
hawaiian voicanoes. On the basis of this evidence, and by
comparison with alkalic rocks from posterosional stages of
volcanism, such as the nepheline-normative Honolulu series,
Brousse ond Maottay 11979 have argued that Mehetia is an
example of late-stage voleanism and, since the island is very
small, that the hot spot itself bag faded considerably since
the time it built Tahitl and is therefore dying or dead.

Recent evidence {rom Loihi Seamount may however con-
siderably alter this line of thought: Moore er al. [198Z] have
reported both tholeiites and alkali basalts at Loihi, a sea-
mount evidently in the growing stage, and fed by a very
healthy hot spot. On the basis of both race elements and
isotopic signatures, Frey and Clague [1983] have thus pro-
posed that tholetites are emplaced only during the steady
shield-building episode of the life of 3 hawaijan island, with
more alkalic rocks present both ar the early and late stages
of its activity., The alkali basalis at Mehetia could then sug-
gest an early stage of island building. This view is alse
upheld by recemt dara showing much higher 63He values at *
Mehetia than on Tahits [Creig and Risorn, 19831, in divect
parallel with values from both Loihi and Maui higher than
at Kilavea [Rury e al., 19831, and by trace element analyses
of basalis from Mehetia fsland and crater area) and
Teahitiz which have failed 1o evidence the trends character-
istic of post-erosional series [Grall and Okel, 19341 fipally,
using & model of diffusive porosity for the building of a
voleanic edifice, FLacey ef ol {19811 have argued thar its
carly stages must be characterized by a steeper siope, all
other parameters including viscosity remaining equal.

Thus we interpret the recent activity at Mehetia and
Teahitia as episodes in the ongoing process of the building
of the next major volcanic edifice in the Sociery Islands
chain. [espite the fact that only Mehetiz has succeeded in
rising above sea level, three other sites (Moua Pihaa,
Rocard, and especially Teahitia) are active, and spread over
an area grossly 80 km by 60 k. Figure 1 shows that the
spatial distribution of volcanism in the Windward group of
the Soclety Islands is arranged along two lines grossly paral-
el to the absolute motion of the Pacific plate: the northermn
one passes through Mehetia, Rocard, TFeahitia, and Tetiaroa
(this small atoll located 50 km north of Tahiti may represent
a stilfborn member of a previous stage of activity of the hot
spot, later sunk by loading {rom the neighboring and much
larger Tahiti). The second line, about 60 km to the south,
links Moua Pihaa, the Tairapu Peninsula (Tahiti-Iti}, Tahiti
itseif, and Moorea, This situation s strikingly similar to the
lavout of the presently active and recent volcanges in |
Hawzii, along two lines 30 km apart and running from
Haleakala to Kilavea and {rom Kahoolawe to Loihi, as
reported by Jackson ef al. [1972]. Although an explanation
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has yet to be found for this fascinating pattern, it could be
a common property of Hawalian type island chains.

Finally, and in the absence of systematic archives, i is
extremely difficult to compile the historical seismicity of the
Tahiti-Mehetia area, and a fortori, to estimate the possible
recurrence rate of its volcanic activity, There exist several
accounts of earthguakes felt on the island of Tahiti, as well
as Polynesian legends mentioning large fires on the island of
Mehetia. However, as reported by Talandier and Olkal
[1979], an isclsted account of a felt earthguake could be
due 10 a seismic shock as distant as Tonga, felt in Tahiti
through its T waves. On the other hand, a unigue report of
a swarm of earthguakes felt on Tahiti 15 given by Lespingse
[1919], who writes:

Numerous earthquakes of variable intensity [were feli} srart-
ing Movember Zist [1918], and wp 1o the end of the vear,
Some days, seismic tremors were felt every hour.

Such g swarm would share the basic characteristics of the
J982 Teazhitia activity, being only much more intense and
prolonged (only three earthguakes were felf over a period of
a few days in 1982, none in 1983}, This suggests that the
Tahiti-Mehetia area has the potential for large-scale volcanic
activity. A period of guiescence of between 20 and 63
vears, suggested by this report and the lifetisne of the seis-
mic network, falls within the broad range of shserved recur-
rence of eruption at moderately active Hawailan volcanoes.
MNeedless to say, the Tahiti-Mehetia arez cught (o become
the target of a broad multidisciplinary exploration, involv-
ing geophysical, petrological, and geochemical studies and
experiments to help solve the many problems which seismol-
ozy has unearthed,

The volcanoseismic activity of the Tahiti-Mehetiz hot
spot would have gone undetected, were it not for the seismic
imstrumentation of the nearby islands. None of the 23,000
evenis reported here were detected at teleseismic distances.
in the absence of systematic monitoring at lower magnitudes
the only events reported felt could have heen mistaken for
isolated earthquakes of tectonic origin. This raises the gues-
tion of the true level of underwater volcanic activity in
remote acean basing. In situations where the active sea-
mount has grown  shallow depths (e.z., Macdonald Sea-
mount) and penetrates the SOFAR channel, adequate detec-
tion is possibie through T waves even from large distances
[Tulendier and Okal, 1982].

However, if the seamount is smali and eruptions ocecur at
large depths, degassing or water vaporization will be absent
andg no acoustic signal will penetrate the SOFAR: thus vol-
canic episodes will be detected only if they feature sefsmicity
above the worldwide detection threshold of my = 4.7,
Fast-spreading ridges such as the Fast Pacific Rise are an
example of underwater voleanism which muast be going on
but is not routinely detected.

The zbove discossion suggests that there bust exis
unsuspected active volcanoss on the floor of the world's
cceans. Their number can only be speculated.
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