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ABSTRACT

A dramatic short-term increase in seismicity
and ground deformation took place at Rabaul
Caldera on 19 September 1983, and marked
the start of a period of frequent episodes of
high seismic energy release and concurrent
rapid ground deformation. Together with
increased background levels of seismicity and
ground deformation, these phenomena are
interpreted as indications of higher rates of
magma injection at shallow depths within the
caldera, which greatly increases the likelihod of
an eruption at Rabaul in the near future. A
modest volume of magma, about 100 million
m?, could be available for eruption from two
shallow reservoirs, but a somewhat deeper and
much larger magma body - residual from the
latest major eruption about 1400 yr BP - may
also exist beneath the caldera.

INTRODUCTION

Signs of renewed activity at volcanic
calderas are viewed with considerable
interest and concern by volcanologists
because of the demonstrated capability of
these volcanoes to erupt with great
violence and cause widespread devasta-
tion. Owing to the uncertainty about the
nature of precursors to large-scale erup-
tions at calderas, volcanologists were
disturbed by the dramatic increase in seis-
micity and ground deformation which
started at Rabaul Caldera on 19
September 1983.
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The caldera at Rabaul is of medium
gize, measuring 14 km from north to south
and 9 km from east to west (Fig. 1).
Present indications are that the caldera
was formed 3500 years BP, and was
subsequently modified by two more major
eruptions, the most recent of which was
1400 years BP (HEMING, 1974; WALKER et
al., 1981). Several small volcanoes have
developed within the caldera since the
latest major eruption, mostly around the
perimeter of the caldera. The historical
record of eruptions of these post-caldera
volcanoes dates back to 1767 AD and
mcludes at least five recognizable eruptive
episodes, the most recent of which was in
1937-43. Two of these episodes (1878,
19387-43) involved simultaneous eruptions
on opposite sides of the caldera (BROWN,
1878; SAPPER, 1910; FISHER, 1939). Dacite
is probably the most abundant rock type
at Rabaul, occurring as ignimbrites and
airfall pumiceous tephra.

In 1971, following two major tectonic
earthquakes of magnitude (M) 8.0 in the
Solomon Sea (EVERINGHAM, 1975), the
condition of Rabaul Caldera began a
progressive change marked by uplift and
tilting (Fig. 2) concentrated at a source
slightly east of the centre of the caldera,
and seismicity in a ring-structure (Fig. 3)
believed to define the caldera bounding
faults (MCKEE, 1982; McKzs et al., 1985).
The seismicity was characterized by
occasional swarms of hundreds of
shallow (0-3 km depth) earthquakes, at
intervals of several months to several
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Fia. 1 - Topography and bathymetry of Rabaul Caldera, including intracaldera and satellite
volcanoces. Contours on land are in metres, and isobaths are in fathoms (about 37 m intervals).
After HeMING (1974) and MCKEE et al. (1985).
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years. An increase was noted in the
number of earthquakes in successive
swarms, or crises (Fig. 4), and back-
ground seismicity was  significantly
greater than before 1971. Uplift, moni-
tored by approximately annual levelling
surveys, appeared to take place steadily
(Fig. 2), although relatively large episodic
elevation changes (of the order of several
centimetres) may have occurred in asso-
ciation with the seismic crises. Gravity
changes also reflected the uplift in the
caldera, apparently with little or no
change in subsurface density distribution.

This slowly evolving situation gave way
in 1983 to a dramatic increase in seismic
activity and ground deformation. This
increase may have been linked to a
nearby major tectonic earthquake (M 7.6,
200 km east of Rabaul) which took place
in March 1983. The current phase of
intensified activity at Rabaul Caldera has
been marked by frequent episodes (crises)
of high seismic energy release and concur-
rent rapid ground deformation. These
phenomena are believed to signify higher
rates of magma injection at shallow
depths within the caldera, which greatly
increases the likelihood of an eruption at
Rabaul in the near future.

CRISIS PERIOD: SEPTEMBER 1983 - MAY
1984

Seismicity

Background levels of seismicity (our
detectability limit is about M;—1) rose
more or less stedily from a «normal»
level of about 10 events per day in August
1983 to about 50 per day before the first
seismic crisis on 19 September 1983 (Fig.
5). Background seismicity reached a peak
of about 350 events per day in late-April
1984, but declined to about 160 events per
day in May 1984. From September 1983
to May 1984, 15 major seismic crises
occurred, at intervals of 1 to 47 days, and
a large number of minor crises or swarms
also took place. Major crises typically
involved hundreds of earthquakes in the
space of less than one hour. Caldera

earthquakes were mostly high frequency
tectonic-like events in both crisis and non-
crisis periods. Small numbers of emergent
(unlocatable) low frequency seismic
events were also recorded, but no system-
atic patterns of their occurrence were
observed although a higher incidence of
them occasionally preceded seismic crises
by a few days. Usually, the strongest
events were felt at MM III-V in Rabaul
town and took place at or near the begin-
ning of a crisis. The strongest caldera
earthquake in the period September 1983
to May 1984 was a magnitude (M;) 5.1
event in the crisis of 3 March 1984. This
is only slightly weaker than the strongest
event in the whole period of unrest, i.e.
since 1971, which was a magnitude (M)
5.2 earthquake in October 1980. The total
amount of energy released seismically in
the crisis period to May 1984 is provisio-
nally estimated to be 2x 10! ergs.

The seismicity of individual crises was
usually confined to limited regions within
the elliptically annular caldera seismic
zone. The most active regions of this zone
before September 1983 were the eastern,
northeastern and western parts, rendering
a pattern of seismicity resembling a pair
of parentheses (Fig. 3). However, in the
current crisis period, the northern part of
the caldera seismic zone was also active
resulting in a horseshoe-shaped concentra-
tion of seismicity (Fig. 6). The continuing
low seismicity in the central part of the
caldera emphasized the annular seismic
pattern. Most of the earthquakes occurred
at depths of 0-3 km and no trend of shal-
lowing seismicity (which could indicate the
imminent outbreak of an eruption was
recognized).

Seismic «b» values (expressing the
proportions of stronger and weaker earth-
quakes) appeared to show a weak increas-
ing trend, from about 1.4 in September
1983 to about 1.6 in May 1984. Such a
trend, signifying a proportional increase in
the incidence of weaker earthquakes,
could represent a decrease in rock
strength, a decrease in the level of stress,
or the development of a less-uniform (or
more non-uniform) stress field in the
caldera (SCHOLZ, 1968).
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FiG. 2 - Elevation changes for September 1973 to May 1984 on stations of the Rabaul Caldera
gravity network. Partial contour lines are elevation changes relative to BM21.



SEISMIC AND GROUND DEFORMATION CRISES AT RABAUL CALDERA

// * Kabiu
/ Ny’ Rabsianakais
b S

Sulphur Creek i~ ARAL

/
i J
|

Davapia Rocks
Matupit
Island

AViL

Number of earthquakes
5-9
RPT

ATKA  Seismic station [

ATKA

401

Fi1G. 3 - Pattern of seismicity in Rabaul Caldera for February 1977 to June 1982 Isoseismal lines
refer to the number of earthquakes listed in the index. Earthquake epicentres were contoured
using a grid of 500 x 500 m squares. Most of the earthquakes were at shallow depth (0-3 km).

Earthquakes plotted had magnitudes M > 1. After MCKEE et al. (1985).
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Tilt and Uplift

Tilt measurements at Rabaul are
obtained from tiltmeters (watertube and
electronic), and from the use of a simple
surveying technique («dry tilt levelling »)
on small arrays of benchmarks. Generally
low rates of tilting were observed in
Rabaul Caldera before 19 September
1983, the maximum rate being about 4-8
microradians per month measured at a
station near the southeastern coast of
Matupit Island (Fig. 7). The pattern of tilt
vectors indicated a deformation source
immediately southeast of Matupit Island.
The sharp increase in tilt rates which
occurred on 19 September was preceded
by one month of slightly higher rates. A

14000

1

12000

10000 +

8000

6000

Number of earthquakes per month

4000

2000

1972 1974 1978

TALAI - ITIKARAI - MORI

considerable amount of the tilt since 19
September 1983 took place through a
sequence of rapid deformation events
(crises) which accompanied the seismic
crises. The biggest individual tilt crises
were of the order of 50 microradians at
stations about 1 km from the deformation
source near Matupit Island. In addition,
progressive (i.e. non crisis) tilting also took
place, at rates of 25-30 microradians per
month around Greet Harbour. The
increased tilt rates during the current
crisis period are shown in Fig. 7. Tilt
vectors in the post-September 1983
events continued to indicate a source of
deformation near Matupit Island. Since
the addition of new stations to the dry tilt
network in October 1983, a second source

1878 1388 1882 1984
Year 24/B56-2/25

FIG. 4 ~ Monthly Rabaul Caldera earthquake totals for July 1971 to May 1984. The seismic
detectability limit for the Rabaul seismic network is about M, — 1. After MCKEE et al (1985).
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of deformation has been suggested. The
location of this possible second source is
immediately east of the Vulcan headland
(Fig. 7).

Eight levelling surveys were carried out
on the main levelling line in the northern
part of the caldera between November
1983 and May 1984. These surveys
showed a trend of continuous uplift, with
an average rate of about 50 mm per
month at the southern end of Matupit
Island (Fig. 2). This compares with
previous rates of about 8 mm per month
for the preceding decade. The increased
rate of uplift is shown in Figure 8, where
about 25% of the uplift since 1971 has
taken place in the last year (May 1983 -
May 1984). In detail, the uplift since
September 1983 took place both steadily
and, at times of seismic crises, episodi-
cally. The largest measured uplift in a
crisis was about 60 mm.

As a first approximation, «point
source » modelling (MoGI, 1958; EATON,
1962) of the sources of the tilt and uplift
has been carried out. For the crisis period,
analysis of the tilt data from the north-
eastern part of the caldera indicates a
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focal depth of 2 km for the centre of the
«Matupit» source. The possible source
near Vulcan is estimated to be about 3 km
deep. Assuming that the deformation
sources are in fact bodies of magma,
undergoing volume rather than pressure
changes, the volume increase at both
sources during the crisis period can be
calculated to be about 15 million m?.
Slightly smaller volume changes are indi-
cated from analysis of the corresponding
uplift data. This is due to shallower source
focal depth estimates.

Modelling of the deformation before the
crisis period is largely restricted to level-
ling data because of inadequate tilt data
before 1981. Analysis of all the levelling
data indicates that since the start of
unrest (1971), the focal depth of the
Matupit source was steady at about 1.5
km and the maximum uplift at the surface
was about 3.5 m. Calculations indicate
that the volume of this deformation
source is about 50 million m? This
volume figure may be conservative as the
source focal depth of 2 km, indicated by
analysis of the recent tilt data, is probably
more realistic and would imply a greater
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Fic. 5 - Daily Rabaul Caldera earthquake totals for 19 August 1983 to 31 May 1984. After

McKEE et al. (1985).
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Fic. 6 ~ Earthquake epicentres in Rabaul Caldera for the period 1 September 1983 to 31 May
1984, and topography including caldera outline and intra-caldera and satellite volcanoes
(sunbursts). Earthquake locations have rms errors < 200 ms derived from registrations on usually
7 or more stations. About 95% of the earthquakes were at shallow depth (0-3 km). Earthquakes
plotted had magnitudes M, > 1. Grid is from the 1:50,000 scale topographic map Blanche Bay
Sheet 6245 111, and has 1 km intervals.
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Fia. 7 - Tilt vectors (microradians) in Rabaul Caldera for the periods (i) January-30 September
1983 (broken arrows), and (i) 1 October 1983-31 May 1984 (solid arrows). Inflation centres are
shown as large filled circles. The striking south-trending tilt vector (78 microradians) at the head
of Sulphur Creek inlet was associated with local subsidence initiated by the major crisis of 22 April

1984.
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volume change. A calculation of the
volume change at the Vulcan source is not
possible as the time of its reactivation
since the last eruption is unknown.
However, on the basis of similar volume
changes at both sources in the current
crisis period, if the Vulcan source was also
active since 1971, about 50 million m® of
magma may have been stored there also.

Grauvity

Gravimetric changes measured on a
network of about 40 stations in and
around the caldera appear to be closely
correlated with uplift in the caldera since
measurements began in 1973. The great-
est measured change between September
1973 and August 1983 was about - 250
microgals at the southern coast of Matupit

Ah(m)

November 1971 - May 1983
0.4 —

0 | | |

Island. Between September 1983 and
May 1984 the change at the same location
was about — 100 microgals. These changes
can be fully explained by the measured
uplift if a density of about 1.9 g-cm™ is
assumed in the Bouguer plate corrections.
Such a density value is appropriate
for near surface lithology within the
caldera.

The apparent absence of a gravity
anomaly associated with the inferred
magma body beneath the entrance to
Great Harbour is possibly due to lack of
density contrast between the intruded
magma and its surroundings. This
suggests that the combined effects of
hydrostatic head and buoyancy have
allowed the magma to rise to a level at
which its density matches its surround-
ings. At the estimated depth of the
magma body (about 2 km), a density of
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FiG. 8 - Uplift versus distance from the inflation centre near Matupit Island. After MCKEE ¢f al.

(1985).
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2.5 g.em™ can be derived (GARDNER et
al., 1974) for the crustal rocks from their
seismic velocity of about 4.5 km-sec™!
(average of values from CIFALL et al,
1969; FURUMOTO ef al, 1970; FINLAYSON
and CuLL, 1973; COOKE, 1977; ALMOND
and McKEE, 1982). This value of density
would be appropriate for a hydrous, inter-
mediate magma (about 3% H,0 and 60%
Si0,) at a pressure of about 1 kbar
(KusHIRO, 1978).

Horizontal Deformation
Horizontal deformation measurements

using a laser EDM  instrument
commenced in December 1983. All

distances measured within the caldera
showed evidence of dilatational strain
(Fig. 9), while base line measurements
outside the caldera did not show any signif-
icant changes. Horizontal strains were
most pronounced in the Greet Harbour
area. Fairly steady, radially-symmetrical
expansion of about 25 microstrain per
month was observed at the mouth of the
harbour. However, rapid changes of about
30-40 microstrain accompanied seismic
crises of 3 March and 22 April 1984. Sub-
stantial horizontal deformation also took
place in the southern part of the caldera.
This lends support to the suggestion of a
second inflationary source in this region,
although the overall pattern of horizontal
strain vectors could perhaps be modelled

A MUKA

—— 1 DECEMBER 1983 — 1 MARCH 1984
————3> 4 MARCH 1984 ~ 24 APRIL 1984

Fic. 9 - Horizonal distance changes (mm) in Rabaul Caldera for the periods 1 December 1983-1
March 1984 and 4 March-24 April 1984, Base stations RVO and MUKA are shown.
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by one NE-trending tabular body linking
Vulecan and Tavurvur volcanoces (N,
Banks, pers. comm. Oct. 1984). The
apparent lack of broad deformation
extending beyond the caldera is consistent
with the shallowness and relatively small
size of the inferred magma intrusions.

DISCUSSION

Eruption from Two Sources

The change in condition of Rabaul
Caldera since September 1983 is marked,
but there has been generally little or no
acceleration in the rate of change of the
various parameters observed. It is there-
fore difficult to precisely forecast the
future course of events, which could
include the onset of eruption or a gradual
return of the caldera to lower levels of
activity. Calculations based on deforma-
tion monitoring indicate that about 100
million m® of magma could have been
injected into shallow reservoirs since 1971.
An erupted volume for this magma could
be as much as 0.25 km® (assuming the
ratio of the densities of magma and erup-
tives would have a maximum value of 2.5,
and that all of the magma would be erupt-
ed). This volume of eruptives would be
modest by most standards. However, the
prospect of eruption at two different
points in the caldera is disturbing.
Although simultaneous eruptions from
opposite sides of the caldera took place in
1937, and the total volume of tephra
erupted (0.3 km?®) is similar to the volume
which could be available at present for
eruption, in terms of the potential
hazards, there may be some important
differences between the 1937 eruptions
and the next one(s).

Most of the tephra in 1937, was erupted
from Vulecan, but in the present situation a
considerable volume of magma is appar-
ently available on the opposite side of the
caldera. This puts the township of Rabaul
in greater danger. A second consideration
is that the Matupit magma body is in
a region covered by a greater depth of

TALAI - ITIKARAI - MORI

water than was the eruption focus of
Vulean in 1937. This implies that a longer
period of potentially wvery dangerous
phreatomagmatic activity could occur in
the early stage of the next eruption if a
vent was established directly above the
magma body. However, as most of the
post-caldera eruptives have emerged from
vents developed on the caldera bounding
faults, it is possible that magma may be
channelled to nearby existing sub-aerial
volcanoes.

Dacitic Magmatism and Seismic
Precursors

On grounds of uniformitarianism, the
predominance of dacitic rocks in the
voleanic sequence at Rabaul suggests that
future eruptives are also likely to be of
dacitic composition. The apparently slow
evolution of the current unrest may well
be consistent with the movement of
viscous dacitic magma. The causes of the
unrest and its recent intensification are
not known, but it is interesting to note a
possible connection with preceding strong
regional earthquakes. It could be that
activity in the period November 1971 -
August 1983 was triggered by the nearby
major tectonic earthquakes in July 1971
and represented slow, steady accumula-
tion of magma at a shallow level beneath
the caldera. The intensification since
September 1983 could be the result of a
much higher rate of magma injection
which may have been induced by the
nearby major tectonic earthquake of
March 1983.

The source of the dacitic magma is
uncertain, but it is possible that the 1400
yr B.P. eruption left a large residual body
of dacitic magma beneath the caldera and
that the observed deformation and seis-
micity were caused by leaks of still-liquid
magma which fed shallow reservoirs
above the larger, deeper, crystallizing
magma body. Some support for the
possible existence of active residual
magma from the latest major eruption lies
in the striking chemical similarity of erup-
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tives from some of the post-caldera volca-
noes and the tephra of the 1400 yr B.P.
eruption (HEMING, 1974), and the
presence of a nearly aseismic zone in the
centre of the caldera. It could be argued
that, periodically, batches of magma have
become available from the residuum of
the 1400 yr B.P. magma body and that
their eruption has resulted in the develop-
ment of the Vulcan headland, Davapia
Rocks (The Beehives), and Matupit Island
(Fig. 1). Some tephra from Tavurvur and
Sulphur Creek also have chemical similar-
ities with these rocks.

Role of Mafic Magmatism

Mafic rocks are also present in the post-
caldera volcanic sequence at Rabaul. This
diversity of magma chemistry thus leads
to the speculation that more than one
body of magma exist beneath Rabaul
Caldera. Mafic magmas are probably of
mantle origin, whereas, felsic magmas
have probably evolved in higher levels of
the crust over long periods of time. There
is now evidence (JOHNSON et al., 1985) to
suggest that some eruptions result from
the mixing of chemically different
magmas (SPARKS et al., 1977), and indica-
tions of this phenomenon are present in
the deposits from several Rabaul erup-
tions (WALKER et al., 1981).

Mafic magmatism could affect Rabaul
Caldera in a variety of ways. Assuming
that a residual body of dacite is present
beneath the caldera, the rise from depth
of relatively cool, volatile-poor and there-
fore sluggish mafic magmas could termi-
nate at the base of the dacite because of
greater buoyancy of the latter. However, if
a batch of mafic magma was particularly
hot, rich in volatiles and therefore more
mobile, it could force its way through the
dacite and erupt at the surface. These
extreme cases and all intermediate scenar-
ios would, however, cause come disrup-
tion to the body of dacite. The transfer of
heat to the dacite or any significant
degree of magma mixing could culmi-
nate in eruption from the body of dacite.

The fact that an eruption has not already
taken place at Rabaul (since the commence-
ment of the current unrest in 1971),
suggests that, if mafic magma is involved,
it has not been sufficiently mobile to
break through the assumed body of
dacite, or the disturbance to the dacite by
mixing of mafic magma has not been suffi-
ciently extensive to cause the kind of
exponential disruption which would lead
directly to an eruption.

If the current unrest at Rabaul Caldera
is the result of activation of pre-existing
dacitic magma caused by inter-mixing with
mafic magma, the following scenario could
be envisaged. Following a major seismic
disturbance, an initial small injection from
depth of mafic magma into a body of dacitic
magma may have triggered convective
overturn and expansion of the dacite
which resulted ‘in magma migrations
(beginning in 1971) into reservoirs at a
shallow level beneath the caldera.
Because of continued supply of dacitic
magma, these shallow reservoirs
expanded slowly. After another strong
earthquake, a new  injection  of
mafic magma may have caused the
intensification of the unrest (starting in
1983) by inducing a higher degree of
agitation of the dacitic magma and an
increased rate of magma migration into
the shallow magma reservoirs.

Caldera Formation

Deformation surveillance results are
consistent with small, shallow intrusions,
but it remains possible that the existence
of a large active magma body at greater
depth is being missed by current surveil-
lance. A rather forbidding scenario is that
if simultaneous eruptions were to begin at
several places in the caldera, rapid decom-
pression of the postulated large dacitic
magma body could result in vesiculation
of large quantities of magma and lead to
an escalation of activity to the scale of a
major eruption. In this context, the ellipti-
cal pattern of seismicity (Figs. 3 and 6)
could be of great significance, as it
probably marks the caldera bounding
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faults, and the role of these faults in chan-
nelling magma to be erupted at the post-
caldera volcanoes has in past eruptions
been of major importance.

An unresolved question at this time is
whether the elliptical pattern of seismicity
is an indication of a process of de-coupling
along the caldera faults which could lead
to further caldera collapse.

ADDENDUM

Activity at Rabual Caldera declined
from June to December 1984, although a
brief resurgence took place in October
which included a crisis on the 18th involv-
ing a M} 4.9 earthquake, and measured
deformation of 100 mm uplift and 90
microradians tilt at the entrance to Greet
Harbour. At the close of 1984, background
seismicity was about 60 events per day,
and rates of ground deformation were
about 1-2 times pre-crisis levels.
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