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NOTES ON NEAR EARTHQUAKES, INTERFERENCE,

AND THE PROBLEM OF VOLCANIC TREMORS AT RABAUL, NEW BRITAIN,

ABSTRACT.

This report discusses the seismic activity in the Rabaul area and
it relates to volcanic activity and the local tectonic setting.

It is intended to supplement earlier, more detailed studies of the
geological and volcanic aspects of the work in the region (particularly
by Dr. N.H. Fisher, L.C. Noakes and G.A. Taylor) by setting them in the
light of recent seismic research carried out at Rabaul.

To some extent it is intended to be a compendium of information
on many topics which are related to the regional vulcanicity or to the
work of the Vulcanological Observatory in Rabaul, so that a compre-
hensive picture may be given of events as far as they are known to have
occurred in the region.

It asks more questions than it solves - although it provides a
possible solution to the question of the "anomalous" class of micro-
earthquakes on the Rabaul records, and solves the problem of the
“sinusoidal harmonic disturbances™ which for years has bedevilled
workers at Rabaul. Possibly a lesson may be learnt from the fact that
this problem was solved more or less by accident, and in spite of,
rather than because of an extensive programme of research into the
subject.

It is to be hoped that a corresponding degree of luck may be
available to solve the other, more weighty, problems that it raises.
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NOTES ON NEAR EARTHQUAKES, INTERFERENCE,
AND THE PROBLEM OF VOLCANIC TREMORS

AT RABAUL, NEW BRITAIN.

by

J.H, Latter,

Chapter 1

GENERAL _BACKGROUND

GEOGRAPHY OF THE AREA.

The town of Rabaul is situated on the Gazelle Peninsula at.the
north-eastern end of the island of New Britain, which forms an arc,
convex towards the south-east, at an angle of about 56° to.the New
Ireland-Solomons arc in the north and about 40° to the New Guinea arc in
the South. .

Rabaul is upnique in that it is the only town of comparable'size
which lies ‘almost entirely within a caldera of Recent age. ‘Its present
resident population numbers about 36,000,

The north-eastern portion of the Gazelle Peninsula, east and
north of the Kergvat and Warangoi Rivers, is comparatively low-lying
country, nowhere above 2300 feet, and supports a large native population,
It is extensively plarnted with coconuts, cocoa, bananas, yams, taro and
other crops. The indigenous vetetation comprises rain-forest, secondary
forest and kunai grasslands.

west and South of the Keravat and Warangoi Rivérs the country
is more rugged and rises to a maximum height of some 7,900 feet in the
south Baining Ranges. In common with the rest of New Britain, excepting
only isolated coastal districts, notably around Talasea, this area is
sparsely populated and is covered almost entirely in virgin rain-forest.

The islands, New Ireland, whose southern ranges are plainly

" yisible from Rabaul, and Bougainville, which belongs geographically to

the Sclomons, are alike regions containing rugged topography with
scattered areas of settlement, In this respect they resemble the mainland
of New Guinea, which, bezause of its relatively enormous size, has larger
coastal plains and highland valleys, both with greater pcpulations, (a
point of importancze in weigking potential damage due to volcanic eruption),
and a number of major rivers which drain wide areas,

The climate is tropical throughout the region and humidity is
generally high, even in the highland areas above about 3,000 feet. At
Rabaul conditions are normally better, and the rainfall lower, during the
season of the south-east trade winds, from about May to October, than
during the north-west monsoon season, On the south coast of New Britain
the reverse helds true,

2.GEOLOGY.

The north-east end of the Gazelle Peninsula is composed of Recent
volcanic rocks which overiie coral limestone of Pleistocene to Recent age. -
At _Rabaul, on the Caldera floor at the east end of Kamerere Street, a
borehole, begun at 55 feet above sealevel passed through 98 feet of
unconsolidated velcanic meterial before entering coral limestcne.
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Eisewhere in the tow: there are sections which show that the volcanic

succession fells iato two distinct parts; boreholes pass through about ~
- 50 feet of unconsolidated pyroclastic deposits; largely andesitic pumice,

_into an old beach deposit and through inte underiying basait, On the

" eastern side of the caldera, towards the southern end of the town of

Rabaul, the pumice cuts out and basalt flows frem Palagiagia and

Rabalanakaia craters are exposed. -

The lavas and pyrcclastic deposits of the older volcanoes, the
Mather (Kombiuj . and the North and South Daughters (Towanambatir and
Turangura), are dominantly basaltic. These voicanoes were active before
the pericd of caldera subsidence, which was clesely succeeded by eruption
of Palagiagia,

The three more recent craters, Tavurvur {Matupi), Rabalanakaia
and Sulphur Creek prcduced lavas ranging from basalt to andesite; Vulcan
(Baluan) produced andesitic pitchstone and pumice.

Yasuo Miyake and Yoshic Sugiura (37) have published the following
analyses of random samples collected from Rabaul veclcanoes, comparing
them with samples of rocks from Fuji and Aso volcances in Japan.

Percentage Tavurvuar Velcan  Kowbiu Aso (Iwasaki) (Iwasaki
(mean) Pelagiagia Fuji and
(mean) Ikawa)
Rabalanakaia Fuji
S10, 47,82 61,75  59.98 53.92  49.31 57.87 Y e
Ti0, 0,22 1,08 0.92 . 0.8 0.60 0.82
PR 18,82 14,44 14,77 18,67 19.86 17.80 )
Fegly 4.2 3.05 2.93 2.65 3.93 3.07
Fel 6.35 2.67 4.17 5.93 €.43 5.31
M=0 0.23 0.1z 0.13 0.14 0.22 0.20
Mgo  5.45 1,52 2,12 3.80  5.11 2.63
Ca0 12,04 7.93 8.¢3 Q.27 11,08 6.80
N320 2.44 3.55 3.58 2.50 i.97 3.52
K90 0.55 1.88 2.02 1.86 0.60 1.43
Po0s C.44 ¢.72  0.83 0.27 0.16 0.27
Hg G- - 0,65 0.20 0.21 0.51 0.91
HyO+ 0.20 0,08  0.i2 w & "
TOTALS 99.73 ©G.45 100.£° 100,51 99.73 100,463
"At Tawyl Poind rorth of Rabaui pumice and tuff overlying about v

190 fee: of limesteone is exposed in cliff sections on the coast.

Dr. MN.H. Fisher (iB) has described the limestone as Pleislocene to Recent
in age, Urderlying the limestore are beds of brecciated velcanics, East
of Kokopo limestone of Pliocen2 to Pleistocene age is exposed, from Cape
Gazelle south %o the Warangei River., Dx. Fisher kas peinted out that tke
evidence at Tawui Pcint 1zdicates that vulcanism at Rabazl has continued
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at intervals since the Pleistocene and has been accompanied by uplift,
Similar pyroclastic deposits to those at Rabaul occur in Southern New
Ireland, Since they are not associated with any recent cones they have
been included in the Pleistocene (see (71) "Explanatory Notes to accompany
a Geological Sketch Map of Eastern New Guinea" Australian Military Forces
Publication, 1945 7).,

East and south of the Keravat and Warangoi Rivers Upper Tertiary
limestene unconformably overlies the metamorphosed Baining Series, which
is regarded as basement in the area, Uplift in the Baining Ranges
exceeds 4,000 feet and probably reached a climax at the end of the
Tertiary.

No detailed regional mapping has been carried out over the
greater part of the Gazelle Peninsula. Recent investigations have been
made in the Torim and Towanakoko Rivers on the south side of the Baining
~ Range and on the granodicrite areas (intrusive in the Baining Series) at
Vunalama on the north side, but the results of these surveys have not yet
been published. A preliminary treatment of the geology of New Britain
is contained in Geological Bulletin No. 3 of the Territory of New Guinea,
1042, by N.H. Fisher and L.C. Noakes (20).

The geological sketch Figure 1 accompanying this report shows in
a generalised manner the areas occupied by velcanic rocks of upper
Tertiary to Recent age in the Territory of Papua and New Guinea., It
includes Mt, Yelia which was identified as a volcanoc only as recently as
1962, Certain areas, notably Mt. Lamington and the Hydrographer's Range,
and the D'Entrecasteaux Islands, show evidence of both long extinct and
recent vulcanicity. It is considered probable that volcanic activity
began in these areas in the Pleistocene and continued intermittently
until Recent times. It is possible that Mt. Yelia may fall into the same
category. ; ' .

3. OCEANOGRAPHY AND REGIONAL STRUCTURE

The main features of the structure of the E. New Guinea area are
listed in this section. A discussion of their significance is reserved
for Chapter S5, (see also Figure 1), 2

The Central Highlands and the Owen Stanley Range of New Guinea
form the backbone of main late Tertiary uplift in the area. To the
south-west is the major downwarp of the Fly-Digoel depression, and to the
north-east the Sepik-Ramu-Markham depression. Along this latter occur
the epicentres cf both shallow and "intermediate" earthquakes (those whose
focus lies between 70 and 300 kilometres deep in the earth’s mantle are
normally classified as “intermediate"), indicating that this zone remains
tectonically active, Active also, and the locus for the majority of the
mainland New Guinea earthquakes, are the ranges immediately to the north
of the Sepik-Markham depression, from the Bewani Mountains in the west to
the Sarawaged, Cromwell and Rawlinson Ranges in the east, The zone of the
Northern ranges appear to be tectonically continuous with the south-east
facing arc of New Britain, which is one of the most active areas in the
region., In the western Sepik District, to the north of the Torricelli and
Bewani Mountains, which form part of the Northern Ranges, is a low-lying
area near Aitape which extends westwards to the Pual and Bewani River
depression. Along this line have occurred some of the larger shallow
earthquakes of New Guinea. To the north of this zone is the narrow
uplift region of rthe Cyclops-QOenake-Serra Mountains. Bordering the north
coast of New Guinea and New Britain from Kairiru Island to Rabaul is the
Inner Volcanic Arc of the Bismarck Archipelago. From Manus to the Feni
Islands east of New Ireland is the Outer Volcanic arc, Between the two

+ A C.14 result of 42 to 48 thcusand years was determined for a shaly
mudstone containing plants which was drilled at a depth of 30-40 feet

from a borehole put down at the new Keravat Gaol. The mudstone underlies -
pyroclastic deposits.
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is the stabie area of the Bismsrck Sea. To the north and east of the
islands of the Outer Volcanic Arc, paraliel to the coast of New Ireland,
lies a deep oceanic trougk. South of central New Britain is another
deep trough which runs eagt-north-east towards the southern end of New
Ireland and ther curves abxuptly to the south-east to run parallel to the
south-west coast of Beugainville. Both these troughs are the locus for
numerous intermediate and some deep earthquakes (at depths greatér than
300 kilometres). A structural map, Figure 1 illustrating these main
features is attached to this report.

4, RECENT VOLCANIC CENTRES -

For a full account of the individual volcanic centres the reader
is referred to "The catalegue of the Active Velcanoes of the World"
Part V by N.H. Fisher (2!). Omitting the volcanic centres of the Gazelle
Peninsula, which are discussed fully in the next section, and enumerating
the centres west along the line of the Inner Volcanic Arc, we find:-
the Father (Ulawun) and its three neighbouring volcanoes, the North Son,
Lolobau Island and the South Sen, the Morth Son appears to be extinct:
further west, Gallsseulo, Page, Lollo, Mululus and the volcanoes of the
Willaumez Peninsula, Benda, Bola and Garbuna, all of which are dormant,
show similarities to the Rabaul velcanoes: basalt, pumice and andesitic
pitchstones are represented. Vitu and Unea Islands are extinct volcanoes:
offset from the main arc.

The group of volcances at the western end of ‘New Britain, Bulu,
Munlulu, Langila, Talawe and Tangi, of which only Mt. Largila is active,
likewise seem to have produced dominantly basaltic material.

Ritter, Umboci and Sakar Islands, which are all dormant or extinct
centres, have a characteristic basalt with phenocrysts of olivine and
augite. The rock bears strong similarities to a coarse-grained basalt
extruded from the South Daughter volcano at Rabaul,

Continuing westwards, Tolokiwa, Crown Island, Long Island,
Bagabag Islard, Karksr Island, Manam, Bam, Blupblup and Kadevar complete

' .the chain of active or recently active volcaroges of the Inner Arc. Only

Long Isiand, Maram and Bam are active at present, All are basaltic in
type: Mapam characieristically erupts basalt. An unusual feature of this
volcane, whick is almost continuously 2ctive, is that eruptions of nuees
ardentes have been repsried from it (see “An Experiment in Veolcanic
Prediction (56)" by G.A. Taylor).

The only volcances of Recent age in the Outer Velcanic Arc are the
Manus centres about St. Andrew's Strait, Baluam, Lou, and the recently
active Tuluman (where the material is domirantly pitchstone), and pessibly
Lihir Island to the east of New Ireland.

The New Guinea maimland volcanoes, (discounting those which are
considered to be Pleistocene in age, (the Mt. Hagen and Mt. Karimui Groups,
and the Papuan volcanoes, Bosavi, Murray and Favenc), with the exception
of the recently discovered Mt. Yelia, form a rough arc aleng the north side
of the Owen Starley Mouztains in Papua, Those active or recently active
are Mt. Lemington. Mt. Victery, Geropu (or Waiowa volcane) and a number of
centres in eastern Fergusson Islard in the D'Entrecasteaux Islands. Mt.
Trafalgar, and several other peaks to the ncrth-east of Mt. Victory, have
also been active in the Recent Era, All these volcanoes extrude andesitic
material with some dacites: hornblende-andesite is the dominant lava. From
the three centres which have been active in historical times, Mt. Victory,
Goropu and Mt. Lamington, eruptions have been Pelean in type, with the
fermation of domes, except in the case of Goropu. ~

From its gecgraphical position, Mt. Yelia would seem to belong to
the extinct Pleistocene volicances of the Central and Western Highlands,
its appearance, however, suggests more recent activity, First reports
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indicate that andesite was among the lava extruded from this centre.

The three volcanoes on Bougainville, Mt. Balbi, Mt. Bagana and
Lake Loloru, of which Mt. Bagana is almost continuously active, (the
others being dormant), belong to the Solomons arc, and have affinities
with the volcanoes of the Papuan arc. Like the latter, the Bougainville
volcanoes appear to be of Pelean type, and form endogenous domes in the
craters., Savo Volcano in the British Solomon Islands Protectorate is of
the same kind. Andesitic and Dacitic lavas:are recorded from these
centres.

It is evident that a difference exists between the volcanoes of
the Inner and Quter Volcanic Arcs of the Bismarck Archipelago, which
appear comparatively basic in composition, and those of the Papuan and
Solomons arcs which are dominantly andesitic,

Catastrophic eruptions may originate in either kind, as'is shown
by the Ritter Island explosion of 1888 and the Mt. Lamington eruption
of 1951, and, as mentioned above, G.A. Taylor has shown that even the"’
basaltic volcanoes may produce nuees ardentes.

5. VOLCANIC CENTRES AND THERMAL AREAS OF THE GAZELLE PENINSULA

The sunken caldera of Blanche Bay++ in which Rabaul is situated
contains five recently active volcanic centres, with a further three
extinct volcanoes outside the caldera wall. Within 10 miles of the
Blanche Bay Caldera are two other extinct volcanoes, Watom Island and
Mt. Vvarzin. In the centre of the Gazelle Peninsula is the long extinct
Mt. Sinewit Complex, comprising several peaks, apparently of Tertiary age.

The only thermal areas reported outside Blanche Bay are near the
Warangoi River.

Mr. N.H. Fisher (18) has postulated that Submarine activity
commenced on the site of Blanche Bay, (possibly in the Pleistocene),
and that a large volcano was built up, with the Mother, the North Daughter
and the South Daughter as parasitic cones on or near its flanks., Basalt
flows and extensive boulder beds, agglomerates and tuffs were erupted from
these, and possibly other centres, Especially in the upper part of the
succession pyroclastic rocks predominate, The Mt. Varzin centre, some
miles south of the caldera, is also composed mainly of pyroclastic material,
watom Island is composed largely of basalt flows. It represents a series
of major eruptions from the central vent, the last of which was probably
catastrophic, blowing most of the upper part of the mountain away.
Collapse of material into the central cavity left by these catastrophic
eruptions caused general subsidence and formation of the caldera.
Evidence suggests that in the later stages of the caldera-formation both
Palagiagia and the South Daughter were active, the former blowing a whole
section of the caldera wall away and the latter masking the wall with a
series of basalt flows. After formation of the caldera a number of erupt-
ions took place from the southern side, possibly from Karavia Bay, whose
submarine contours suggest that it was once a great crater. The Beehives
are part of an ancient cone of pyroclastic material which was probably
formed at about this stage. Probably both Tavurvur and Matupi Island, as
well as Vulcan in historical times, were formed by submarine volcanic
activity. As late as 1877 it is reported that traces of a crater existed

+ Recent volcanic centres exist on Mount Gilwe as rift zones of small
craterlets on the mountain (lava extruded was basalt), and near Wau
(rhyolite). There is a late Pleistocene to Recent crater at Kompiam
where the material extruded was basalt. (D.B. Dow (personal communication))
See Figure 1.

++ See Figﬁre 3
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in the centre of Matupi Island. A brief summary of eruptions which .have
taken place in historical times is given in the next chapter,

Present volcanic manifestations in the caldera are confined to
fumarolic activity in Tavurver and Rabalanakaia craters and on the outer
flanks of these craters, {where fumareles extend down to the shore on the
west and north-west sides of Tavurvur and to Sulphur Springs on the shore
south of Rabalanakaia), and to hot springs and seepages at Sulphur Springs,
on the shore at Rapirdik, in SuiphurﬂCreek and in Vulcan Embayment,

Y

The norma] level of temperatures in both Rabalanakaia and Tavurvur
cyaters is 98.100% centigrade. Mt Tavurvur this temperature range is
occasiornally exceeded by one or twe degrees, Fumaroles on the outer
slopes of these volcances are generally at a slightly lower temperature,
except for peints in a narrow gully that runs west from Tavurvur crater to
the shore,

The temperature of the kot springs and seepages usually varies
widely, both from the amount of recent rainfall and the consequent height
of the water..table, and, in the case of those points that lie between high
and low water mark, from the level of the tide, as well as from possible
volcanic causes. The temperatures of points in Vulcan embayment range no
higher than 65° Centigrade, while those at Sulphur Creek are generally
below 50°C., (they are all below high water mark), those at Rapindik,
similarly below high-water mark, lie in the range 45-65°C. Hot springs
below high water mark at Sulphur Springs measure from 70-79°C, +

In recent years a survey was carried out to determine the hydro-
thermal potential of the area with a view to its use as a town power v
supply, and a report was published by F.E. Studt, (52)

Mr. Studt notes "The most striking hydrothermal feature is the
completé absence of hot springs more than a foot or two above sea level.
The springs occur typically along the shoreline between high and low water’
levels, and since the tidal range is omly 2-4 feet the distribution.is
extremely limited."....... After noting that there may be much unseen
seepage offshere, he goes on to say "The limited distribution of springs
could be due to the presence of a cap-rock of some description, so disposed
that the hot water escaping arcund its edge appears only at the shoreline,
But since steam penetrates to the surface a short distance back from the
beach, such a cap could not be very impermeable, A much more likely
explanation is that there is insufficient thermal.artesian pressure to
raise the hot water far above the coldwater table, This implies that there
is no great depth of hot water near the coast,” He suggests that .the hot
water rises to the water-table in the zone of very recent subsidence between
Rabalanakaia and the Caldera wall and then percolates seawards.

6. SEISMIC HISTORY

The level of seismic activity in the area is high, Felt shocks
are numerous, and intensifies up to 9 on the Rossi-Forel sczale have been
repcrted, Shocks originating at considerable distances from New Britain
are sometimes felt im Rabaul,

C.F. Richter (46) mentiozs the fellowing earthquakes (Magnitude
7.8 or over) as having occurred in the New Guinea region:.-

+ In February 1958 Mr. G.A. Taylor drew attention to the fact that one
of the seepage points at which hot water emerges onto the foreshore
at Rapindik had changed in tedperature by no more than ore degree in
the past eight years,
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EPICENTRE

Date } G.M.T. [Latitude ILongitude Magnitude Depth Area

South East

7 Oct. 1900 2104 40 140° 7.8 Shallow N.N.G.
24 Jan. 1902 2327 8o 150° 7.8 " Trobriand Is.
14 Sep. 1906 1604.3 ™ 149° 8.4 - E. of Huon Gulf
1 Jan. 1916 1320.6  4° 1540 7.9 » Feni Is,

6 May, 1919 194112 59 154° 8.1 & W. of Buka
20 Sep. 1935 014633  34° 141%° 7.9 . N. of Lumi
30 Jan. 1939 021827 6%° 15540 7.9 " S.Bougainville
30 Apr. 1939 025530 10%° 15355 8.1 . B.S.I1.P,

Apart from the 1916 and 1919 earthquakes, the Gazelle Peninsula
has experienced the following severe shocks:-

(Intensities 7 or greater)

Date

G.M.T,

EPICENTRE

Latitude Felt

South

Longitude
East

Remarks

24 Feb, 1910
1923
1927

Dec. 1933

28 May 1937

7 Jan. 1938

12 Sep. 1940

13 Jan, 1941

11 Oct, 1951

23 Apr. 1953

10 Qct. 1955

0320

1525

1320

1628

0138

1626

0857

"severe"
Rabaul

"severe"
Rabaul

"severe"
Rabaul

"severe"
Rabaul

Volcanic origin Vulcan Is. Int, 8
(R.'F.)
Rabaul

Rabaul
Int. 7
(R.'F.)
Rabaul

? a little W. of S.W. of

4.5 153.3 Int, 7-8
(R.F.)
Rabaul
4.5 152,7 Int, 9
(R.F.)
Rabaul
4,5 152.7 Int, 7
(M.M.)
Pondo
4.5 153.3 Int, 7
(M.M,)
Rabaul
Int, 6-7
(M.M,)

Kokopo

50 153°

Followed by heavy
swell from south-east

Preceded eruption

Many after shocks

Many after shocks

Widely felt

S-P (12")

Mag. 7% (Pas.)
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Only minor damage is known to have occurred im Rabaul, and no
casualties, as a result of these earthquakes. However there have been
"gasualties in at least three of the large earthquakes in the region., The
20th September 1935 shock ia the Aitape area killed many hundreds of natives
and dislodged millicrs of tors ef rock and soil: a severe earthquake on
30zh April 1939 in the British Solomon Islands caused 11 casualties in the
Russell Islands; and the earthguake of 13th January 1941 (Greenwich date)
cauged the deaths of 4 uative children in the Central Baining area of the
Gazelle Peninsula, Minor damage is not infrequently reported in earth-
quakes in the region. See Chapter 3 for a full account of seismic activity.
See Figure 2 (sketch map showing earthquake epicentres.in the Rabaul area).

7. MISCELLANEOUS EVENTS

A variety cf phenomeza at Rabaul have been correlated, rightly
or wrongly, from time to time with volcanic or seismic activity. They may
be grouped under the following headings:-

(a) Apparent changes of level

(b) wWaterjets, steam explosions.

() Teunamis, and tidal disturbances
(d) Subterranean noises

(e) Submarine noises

(f) Explosions

(g) Lights
(a) Apparent Changes of Level

The phenomena that fall under this heading range from extreme
changes of level due directly to volcanic eruption to apparent changes of
a few inches, whose reality, in some cases, has yet to be proved.

At the one extreme are the dramatic changes occasioned by the
two eruptions of Vulcan., In the 1878 eruption Vulcan Island was built up
to substantial proportions in a single night; in 1937 this island was as
rapidly linked to the mainland (four days after the eruption began the new

‘erater was 600 feet high and 1600 feet across, and had a basal diameter of
3,400 feet).

Less dramatic, but evidently considerable uplift accompanied the
ruption of the Sulphur Creek craters in about the year 1850, Native
eyewitnesses of the evert, whose testimonies were recorded by Rev, Fr.
George Boegershauser,” M.S.C., early in this century, stated that a large
area of land rose during a severe earthquake at about nine o'clock on the-
norning of a feast, Immediately afterwards eruption commenced at the site
of the Sulphur Creek Craters,

At this peirt it should be noted that there is, of ceurse, no
truth in the widespread story that the two rocks in Blanche Bay known as
the Beehives (Dawapia Rocks) rose during the 1837 eruption. They are com-
posed of dippirg beds of pyreclastic material and orce formed part of an
ash-cone whose c¢rater lay to the south-east of their position.

The only recorded instance of sudden change in level due to an
earthquake was the disappearance of the Matupi Island causeway leaving a
depth of abeout 10 feet-of water during the earthquake of lst January 1916,
The causeway rose again about 2 or 3 feet during the earthquake of 5th -
May, 1919. Followirg reports of slow changes in the topegraphy of the

+ N.H, Fisher (18)
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Rabaul Golf Course, stadia readings were made of pegged points in April-May
1956 by a Surveyor of Commonwealth Department-of Works. In November 1958
the ground adjacent to the third tee was said to be rising, and a second

. line of levels was read across the area by Surveyors of the Department of
Lands, Surveys and Mines. In March 1959 permanent bench-marks (6 large
bolts) were established in the area said to be rising, with the intention
that levels should be checked quarterly and after any large earthquakes,
from adjacent benchmarks in supposedly stable ground. This was done after
a tremor occurred on l6th May 1959: no change in level was detected.

Since that date, as far as the writer is aware, there has been no checking
of these levels. In January 1938, following the 1937 eruption of Vulcan
and Tavurvur, a line of levels was run from Nodup © on the north-east
coast across Namanula Hill to the 0ld Government Wharf in Rabaul and
thence to Matupi Causeway, Rapindik and Toboi, in order to determine
whether an apparent rise in sea level about that time was due to subsid-
ence of the land or to unusually high tides., The Surveyor, an experienced
man, had difficulty in closing this survey with the required degree of
accuracy, even allowing for cumulative instrumental errors. It has been
 suggested that slight vertical movement in some part of the area might
have beenresponsible for this irremovable error. Records of this survey
were unfortunately lost in the Japanese occupation. More recently,
similar unexplained difficulties in closing theodolite levels, in connect-
ion with a hydrographic survey in the area, have been attributed, very
tentatively, to the same cause,

The only precise indication of change of level so far obtained
resulted from a resurvey in January 1940 of points laid out in January
1938 on the foreshore near Matupi Island Causeway. A definite rise of
2.16 inches had taken place over the two year period. There is every
indication that this part of Blanche Bay is unstable and alters in level
fairly frequently.

Recent measurements of water level at selected points around
Blanche Bay have been referred to a continuousiy recording tide gauge
on the Main Wharf. Apparent vertical movements of up to two feet nine
inches have been measured. ¥+ This matter is discussed fully in Section
S5 of the next chapter.

(b) Wwaterjets, Steam Explosions

Numerous instances of waterjets and steam-jets have been reported
to the Vulcanological Observatory in Rabaul.

Characteristically the waterjets occur between the Beehives and
Vulcan and take the form of a single pulse, which rises to a height of
20 to 60 feet and subsides rapidly leaving no trace of gas ebullition,
discolouration or turbidity in the water, They have also been seen to
occur between the airstrip and Matupi Island, between Toboi and the site
of the Japanese salvage camp, between the Beehives and Matupi Island, in
Matupi (Greet) Harbour, in Karavia Bay, and between Tavurvur and the South
Daughter in the area of Escape Bay. The majority occurred in 1958 and 1959,

Careful study of these occurrences points to three probable

. causes for the phenomena ¥#+ ;- three out of the twenty-six waterjets for
which precise records exist can probably be linked to the spontaneous
rupture of gas-filled tanks in wrecks on the seabottom. 0il slicks were

+ Alternative spelling - Nordup

++ & check carried out early in 1963 has cast doubts on the validity
of* these readings

+++ The reported waterjet on February 19th 1961, (see page 24 under
"Explosions"), was probably due to an explosion of wartime
ammunition, -
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observed shortly after the event in each case: such oil slicks are, however,
common in the area between the Beehives and Vulcan, where many wrecks are
thought to lie, and there can be no certainty that this hypothesis is

B. ccrrect, Seven waterjets seem to have been definitely of natural origin:
the list reads 23 follows:- ' .

1.

3.

4,

7.

On 29th November 1958 at 1430 hours L.M.T., Mr. W. Bates

of Public Works Department,saw a column of white vapour

rise from betweer the Beehives and Vulcan to about one )
third of.the height of the larger Beehive (174 feet)., It
lasted about one minute, Minor jets were seen to follow

this outburst, The area was inspected the following day

but no signs of disturbance were seen, Normal temperatures
were recorded on the seafloor at two points (at depths of
approximately 20 and 60 fathoms.)

On S5th March 1959 at 1724 hours L.M.T., Mr. J. Barrie of the
Vulcanclogical Observatory and Mr. B. Darcy observed a
water-jet rise to a height of at least 50 feet near the
north-west shore of Vulcan. They were able to reach the
area in the Department of Civil Aviation Crash-boat within
twenty minutes, Mr, Barrie wrote "~ Although the sea was
glassy calm no evidence of after disturbance of the water
was observed. The surn was too low to distinguish any

colour variation in the water, A lack of native activity
and/or dead fish precludes the possibility of dynamiting--",

On 6th April 1959 Captain Squires of the administration
vessel "Mangana” saw four small water jets rising midway
between the Beehives and Matupi Island. " No inspection was
made,

On 21st April 1959 at about 1700 hours L.M.T. two natives
of the Papuan village on the North Shore of Greet Harbour
saw a 60 foot high jet of "water and steam” rising from a
poirnt near Tavurvur volcano.

On 16th June 1959 at abeut 0730 hours L.M.T. personnel of
Department of Civil Aviation saw a jet about 50 feet high
in the vicinity of Tavurvur volcano. It continued for
about 10 minutes (the only record of its kind at Rabaul).
The report was delayed and investigatior was not made until
the following day when a large patch of discoloured water
was seen on the spot where the jet occurred. Mr. G.A.
Taylor wrote:- "the fact that the jet contirued for several
minutes strongly suggests that it was of the nature of a
geyser, Such a phenomenon is not to be unexpected in a
thermal area such as occurs in the Rapindik-Matupi area."

About the 26th December 1959, Mr. J. Fulford .observed on
two occasions fairly broad areas of marine disturbance near
Vulcan which sent up multiple sprays of water, lasting for
several seconds, Mr. W. Tebb, who accompanied Mr, Fulford
on one of these occasions, noted that miner outbursts
followed the main jet, A beariug on the disturbance, which
occurred between the Beehives and Vulcan, indicated that it
lay oz a line joining the Observatory and the east side of
the Beehives. The depth of water in this area is between
40 and 62 fathoms.

On 18th January 1960 at about 1615 hours L.M,T., Messrs,
L. Berkefield and B, Strange saw a jet rise from the sea
about half a mile north of the Vulcan Embayment. This jet

- was also seen from M,V. "Mangana“ which happened to be

entering harbour at the time; the master immediately altered
course and made an examination of the area within twenty
minutes of the time at which the jet was seen, No evidence
of the disturbance could be found. No associated seismic
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activity was detected on the Observatory Seismographs and

the cause of origin of the water jets on these seven

occasions remains obscure,
- C. Four water jets can definitely be attrlbuted to the dynamite method
of fishing which is commonly practised in the islands in splte of the
dictates of commensense and the law.

On the first two occasions (in September 1959) natives on the
shore moved into the bush as soon as a party from the Observatory arrived
on the scene., One group was seen to be carrying dead fish and the other
was awaiting the return of a native in a canoe from the area where the
jet occurred.

On the third occasion (lst July 1960) the master of M.V. "Mangana",
Mr. A. Savage, saw from his ship, which was lying at anchor off Vulcan
Lagoon, a water iet rise 50 feet above a low headland. He rounded the
headland and found several natives gathering fish from water 3 to 4 feet
deep. They immediately ran away. Finally, in October 1960, Mr. Berkefield
investigated a water jet in the same area, As he approached, a group of .
natives fled into the bush. A further two events which took place close
to the foreshore of Vulcan in January 1959 may be tentatively attributed
to bombing of fish in shallow water.,

It is possible that the natives used a natural event which they
knew occurred from time to time in the waters around Vulcan to mask,
rather cleverly. their own illegal enterprise,

D. At least ten water jets have occurred to which it is ;mpossible to
assign even a hypothetical origin.

E. A remarkable event occurred at about 1230 hours on 27th October, 1957,
A small hole opened in a patch of grass between the Bougainville Company's
wharf and the main wharf, on the northern foreshores of Blanche Bay,

remote from any known thermal areas. A column of white vapour emerged
vigorously to a height of 15 to 20 feet.  This emission lasted 10 minutes
or so and was followed by mild spasms of activity throughout the afternoon,
Mr., Strange, whose house was only some 30 yards distant, observed the whole
sequence of events., When examined at 2000 hours whisps of vapour could
still be seen rising from the hole, and the odour of HpS was strong. A
temperature of 38°C was recorded.

A similar event is said to have taken place at Toleap (Ratavul),
about 2 miles from the scene of this occurrence, on the north coast, No
date or reliable details of this event have been obtained, .

(c) Tsuramis and Tidal Disturbances

Simpson Harbour, which constitutes the north-west part of the
elongated ¢aldera in which Rabaul is situated; measures about 6,600 yards
in a north~south direction from the main wharf to the North shore of
Vulcan, and about 3,300 yards at its maximum width in an east-west direction
south of the airstrip. At the narrowest point, where it opens on the
south-east side into the larger stretch of water known as Blanche Bay,
between the shore of Vulcan and that of Matupi Island, it measukes about
2,100 yards. The deeper portion, with a maximum depth of about 60 fathoms
lies in a north-west/south-east striking trough between the Beehives and
Vulcan. North of a line drawn east-—west from the north-west end of the
airstrip, the harbour is everywhere less than 25 fathoms deep.

As a result of its enclosed nature and the comparatively steep
slope with which it shallows away from the open sea, it might be expected
that Simpson Harbour would be an ideal place in which to observe seiches.
Tsunamis (seismic sea waves) should-also be observed, although the many
small islands of the Duke of York Group should afford the town of Rabaul
some protection against them. It is evident both from observation and from
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tide-gauge records made in Simpson Harbour that phencmena of both these
kirds occur.

Following the cataclysmic eruption of Ritter Island in the
Dampier Strait at the south-east end of New Britain on 13th March 1888 a
tsunami entered Blanche Bay and caused the sea to withdraw as much as 10
feet, at Matupi Island, below the level of the lowest tide. It then rose
in several waves to the same height above high water mark (see (18)
N.H. Fisher, Geolegical Bulletin No. 1, Territory of New Guinea.)

Within a few moments of the severe earthquake which occurred at
2320 hours L.M.T. on lst January 1916, water level in Rabaul Harbour fell
15 feet and rose again rapidly., The causeway linking Matupi Island with
the mainland disappeared leaving a depth of about 15 feet.™  Following
the earthquake of magnitude 8.1 at 0541 hours L.M.T. 7th May, 1919, water
in, Rabaul Harbour fell 6 to 8 feet and rose again rapidly. Effects at
Kokopo, on the expcsed coast outside Blanche Bay were more severe. On
28th May 1937, (the day before the eruption of Vulcan), a severe earth-
quake of volcanic origin, with intensities up to 8 on the Rossi-Forel
scale, took place. It was followed over the next 10 to 40 minutes by
vertical fluctuations of 6 feet or more in water level., On the following
day, shortly before the eruption commenced, actual. elevation of the sea
floor occurred; raising a number of reefs above water level.

At 2000 hours on the day of the eruption a rise of 9 feet in
water level caused damage on the water front. .

A aa.foot tsurami affected Rabaul ﬁarbour a little over 8 hours
after an earthquake at 1708 hours G.M.T. on 4th November 1952,

Tsunami in Rabaul Harbour due to the 1960 Chilean earthquakes
began to arrive at 0300 to 0400 hours L.M.T. on 24th May 1960 and contin-.
ued throughout the day. The greatest rise of water level was about 4 feet
above high tide mark, (see Reports by G.A. Taylor and J. Barrie.et57} &ad

J.A, Brooks, (3)). i

Seiches were set up in Simpson Harbour as a result of the major .
earthquake which took place at 0228 hours L.M.T. on 14th January 1941,
The waves commenced at 0230 hours and lasted until 0700 hours. They
reached a maximum amplitude, trough to crest, of 1 foot between 0300 and
0400 hours. The period of the waves, as measured on a recording tide-gauge,
was 10 minutes.

Similar disturbances were noticed on 17th November, 1960 in
¢alm conditions when ripples described as "similar to those formed by one
side of a ship’s bow” were seen first moving from Matupi Island towards
Vulcan, and some time later from the foreshore near Matupi Island in a
rorth-westerly ‘direction towards the head of the bay. The height of the
ripple was estimated as 2 to 3 feet, and its speed as 3 -~ 4 miles per
hour. Four days later, during the afternoon of 21lst November, an unusual
wave was reported moving from Matupi Island towards the Cosmopolitan Hotel
in the north-east corner of Simpson Harbour. This, however, coincided with
a violent storm from the south and a sudden change in wind from the north-
west, and might possibly have been caused by abnormal weather conditionms,
Unusual tide conditions were also noticed on the east ccast of New Ireland
and near Talasea on 17th November, 1960,

+ Before the eruption of 1878 tsunamis are said to have ocﬁurred.
following severe volcanic earthquakes,

++ Probably scouring action and not due to subsidence - Editor.
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On 16th November 1961 four waves up to a foot in height approached
the main wharf from the south at a speed of 6 - 7 knots, followed by two
which travelled from east to west.

Tide gauge records indicate that waves with a period of 10 minutes
and low amplitudes are frequent in Simpson Harbour. Periods of 6 minutes
are also observed.

L]

Other disturbances in Simpson Harbour commonly take the form of
up-welling of sea water. One such was investigated on 6th November 1957
near the main wharf: it was attributed to influx of groundwater into the
sea,

Shoals of fish, when seen at a distance of a mile or more, may
give the impression that the sea is boiling. An "undulation or heaving"
seen in the harbour on 28th January 1959 was attributed*to this cause, as
a shoal of fish was seen in the area soon afterwards.

(d) Subterranean noises

Rumbling noises have been reported often in New Guinea earth-
quakes. It is generally considered that earthquake sounds are produced
directly by the transfer of elastic wave energy from the ground to the
air. Noises of this kind, variously described as sharp reports, deep
booms or rumbles, were associated with the major earthquake near Rabaul
in January 1941 and with many of its after shocks in the epicentral area,

& tremour on Sth January 1938, which was one of a swarm of
possible volcanic tremors characterised by high intensities and very
limited area of perceptibility, was accompanied by rumblings in Rabaul.

A sharp shock felt at entensity 2 (RF.) on'22nd October 1939 at Vunakanau,.
some 5 miles south of Blanche Bay, (one of a swarm of about 6 tremors),
was accompanied by "underground rumblings".

Underground rumblings were heard at the Rabaul Bowling Green
on 2nd June 1938 during a tremor of intensity 4 which was felt in the
town. Rumblings of volcanic origin, apart from those frequently assoc-
iated with actual eruptions, are reported to have been heard at about
1300 hours L.M.T. on the 29th May 1937, about 3 hours before the eruption
of Vulcan began; they were heard on Matupi Island and came from the
direction of Vulcan. On 1l4th April 1938, well after activity had ceased,
underground rumbling was heard on Namanula Hill., A series of rumblings
heard at Rapindik (15th January 1938) was definitely linked with land-
slips occurring on the flanks of Tavurvur volcano. More recently the
only subterranean noises reported have been caused by airlocks in
underground water pipes,

(e) Submarine noises

Between midnight and 0100 hours on 7th May 1938 sounds were
heard in Simpson Harbour which are considered to have been associated
with a gas upwelling in the harbour. ,

(f) Explosions

On February 19th 1961 at about 2030Thours G.M.T. natives living
near Vulcan were alarmed by a loud explosion which threw objects off
shelves and shook houses. The event is stated to have been accompanied
by an 80 foot high waterjet, but inaccuracy of stated times makes the
correlation doubtful. :

+ A small very short period tremor was recorded with initial compression
on the.Rabaul seismograms at 2038 hours G.M.T. .
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In all probability this event was an explosion of wartime
ammunition. '

(g) Lights

Mysterious lights are sometigies reported to the observatory,
They are usually proved to be due ‘tysgraSs-fires, One case however was
never satisfactorily explained: a g)J6w was seen in the sky above
Tavurvur volcano at 0210 hours L.M.T. on 5th November 1957. It was
witnessed by many people, but no consistent position for it was obtained.

CHAPTER 2 -

HISTORY OF OBSERVATION

1, Establishment of Observatory and Instruments used.

Scientific observation of the Rabaul volcanoes began after the
eruption of Vulcan and Tavurvur in 1937, Prior to- that date, press,
private and administration reports are available but no specifically -
geological or vulcanological reports.,

As a result of the eruption of 29th May 1937 Dr. C.E. Stehn,
Vulcanclogist in the Netherlands East Indies, was called in to advise
the New Guinea Administration; Dr. W.G. Woolnough and Dr. N.H. Fisher,
Government Geologist of the New Guinea Territory at that time assisted .
him in his investigations. :

Dr. Fisher remained in Rabaul, and an observatory was estab-
lished on the caldera wall at the present site on the north side of the
town., Regular observations of temperatures and conditions in the
volcanoes and thermal areas of Blanche Bay were carried out, and
investigations were made of other volcanic.centres in New Britain.

Tide records_ﬁere'made in Simpson Harbour, and bubble tilt-
meters were installed at the Qbservatory. Mr. C.L. Knight joined
Dr. Fisher as Assistant Vulcanologist.

Early in 1940 Dr. Fisher manufactured and installed a
seismograph*}.simﬂlar to those in use at the Hawaian Volcano Observatory,
. at the Rabaul Observatory and local epicentres of earthquakes were
- determined so far' as pessible. In April 1941 an observation pest was
completed on the caldera wall about 1 km., north of Tavurvur. A
seismograph, identical to that at the Observatory, was installed and
operated by an Asiatic assistant., When Tavurvur erupted irn June 1941
detailed seismic and volcanic observations were made and the course of
the activity was charted until the Japanese invasion put an end to this
woxk in January 1942,

Dr. Takashi Kizawa, a distinguished seismologist of the
Meteorological Research Institute of Japan, landed in Rabaul in May 1942,
and in December 1942 built an observatory on the north side of Sulphur
Creek. He used a 3-component Weichert Seismograph, a 2-component

- -

+ The seismograph comprised 2-compdnent horizontal seismometers
(mass about 350 lbs.), with magnification of 120, recording on
smoked paper at a speed of 30 millimetres per minute,
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horizontal tromometer, and an Omori type seismograph with a period of about
20 secondsys as a tilt meter, During 1943 and 1944 the Sulphur Creek
Observatery suffered several direct hits from allied bombing, and in 1944
the seismograph was practically destroyéd. A tunnel was dug in February
1945 near the village of Lat gft near the'Caldera Wall west of Vulcan, and
a 200 kg, horizontal Weichert™ seismograph was built from the remains of
the Sulphur Creek instruments., Later an B0 kg, vertical Weichert and a

20 kg. horizontal Omori (magnification 25-30) were built. Two 18 kg.
C.M.0, horizontal tromometers were also in use (magnification, 20:
Pendulum period 4-5 seconds), which had been salvaged from the Sulphur
Creek building. Observations were continued until October 1945, when the
instruments were handed over to the Australian Military Forces. ; .

: Dr. N.H. Fisher revisited Rabaul in 1946, but it was not until
April 1950 that a resident vulcanologist was appointed. In that month
G.A, Tayler commenced duty. He remained in charge of the Observatory until
May 1961. Continuous recording using an Omori Seismograph (two component
horizontal: magnification, 10) began on 20th June 1950 in temporary
quarters at Rapindik.,

Regular temperature readings were carried out weekly in the
Blanche Bay thermal areas,

After the Mount Lamington eruption in January 1951, J.G. Best
took over in Rabaul. Reconstruction of the main Observatory was completed
by the end of 1952,

In January 1953 tilt records commenced, using a north-south
component bubble tiltmeter at the.QObservatory. In this month .the first
seismic monthly bulletin was issued. M.A. Reynolds joined the Observatory
staff in November 1953 relieving Best in Rabaul, A three component
short-period Benioff Seismograph was installed in November 1953 at the
Observatory.

In December 1955 Dr., J.P. Webb, of the Seismology Department,
University of Queensland, calibrated and adjusted the seismographs. In
this month also J.E. Johnsen arrived to take over temporarily from
M.A. Reynolds.

In October 1957 a portable Willmore seismograph was added to the
instruments at the Observatory. In February 1958 Dr. D.S. Carder of the
United States Coast and Geodetic Survey 'visited the Observatory and gave
valuable advice on problems of local interference,

J. Barrie took over as Assistant Vulcanclogist from J.E. Johnson
in July 1958. Early in October 1958 the Rapindik station was closed (it
was by then irfested with termites) and the Omori Seismograph was dis-
mantled, In February 1960 2 sets of two component water-tube tiltmeters
were set up, at the Observatory and in a tunnel near the Golf Course east
of the Sulphur Creek craters. During 1959 the Omori Seismograph was
installed in this tunnel, which became known as the Rapindik or Sulphur
Creek Instrument Station. A recording tide gauge was installed on the
Main Wharf ir June 1960. Preliminary velocities of longitudinal waves
in Blanche Bay were determined during a geophysical investigation of
hydrothermal areas in October 1960, (see Chapter 4, section 3).

In May 1961 the writer, who had replaced J. Barrie in October
1960 as Assistant Vulcanologist, was put in charge of the Observatory,
and J,H. Herlihy was appeinted to the staff,

On l6th January 1962 the old three component short period
Benioff Seismograph was removed from the Observatory and installed in
the Rapindik Instrument station. The water-tube tiltmeters were removed,

-

+ V=40- 50, Ty = 4 - 5 seconds., ¥



16,

both from the Observatory and from Rapindik.

on installation of a United States Coast and:Geodetic Survey World wide
This equipment comprises a three component short period
seismograph and a three compenent long period seismograph, , Continuous

Standard Seismograph.

Work commenced at- the Observatory

recording on these instruments commenced on 27th February 1962.

On 23rd February 1962 nine tide markers, designed'to record the
level of maximum high tides, were installed at points around the shores of

Blanche Bay.

During March 1962 a vertical Benioff seismometer, recording by means
of a Helicorder, was set up in the Observatory,

A water tube tiltmeter, operating at a greater level of sensitivity
than previously, was installed at Rapindik during November 1962,

Mr. C.D. Branch took charge of the Observatory in February 1963,

Mr. N. Myers commenced work as technical officer in the same month.

Notes on the characteristics of the instruments maintained at Rabaul,

Instrument Compon- Symbol Tg Tp M Damping V Locality Remarks
ent Gailvo~ Pendulum Pendulum Static
meter Period Mass Magnif-
" Period ication
Z A 0,74sec 1,0sec, 107.5kg Critical 12,500 Observat-)
Short NS N 0.73 0.9%96 107.5 Ratio Under ory )
Period _ 100: 1 6,250 (04° 11’ )World-
B 33"s,1529) wide
i 10'16"E. )
EW E 0.75 1,0 107.5 Critical 6,250 w )Stand-
- )ardised
A Z2' 99.8 30,18 11,2kg, Critical 750 = )
NS N' 100.0 29.6 10.75 Critical 750 e ) Instru-
Long EW E* 100.0 29.75 10.75 Critical 750 Bl )ments
Period
Benioff, z zZh (0.75) (1.0) 107.5 ? (1,100 " Records
Short on Heli-
Period ‘ corder
Beniofxt, A Zr 0,35 1.26 ?(65kg) Slightly v Ragindik) Until
Short ) Under (5,000(04° 13*S )16 Jan
Pericd (1942 NS Nr 0,26 1.44 ;i - " 152012°'E) )1962 at
Model) EW Er 0.29 1.45 - . o » )Observ-
- )atory
Omori (Strong NS No - 3.6 15 kg. Critical 11,9 -
Motion) EW Eo - 3.8 . . 10.2 "
Willmore A Zw  (0,25) (1,0) 9.15kg. Ratio (500) Portable operated
between inter-
NS Nw Sy * " . 5: 1 and i’ mittently
EH Ew o " " 10 . 1 "

-



'3

»

17,

2, (Catalogue of Activity and Significant events in the Rabaul Volcanic Area.

The earliest activity of which there is any record occurred in
1767, Captain Carteret sailed through St. George°s Channel in that year
and noticed a vast column of smoke rising from behind the Mother and the
North and South Daughters., N.H. Fisher (18) suggests that either Tavurvur
or Rabalanakaia might have been in eruption, __

The next recorded eruption occurrédd=in about the year 1850.
Father George Boegershauser, M.S.C., of the-RBoman Catholic Mission at
Taviliu, Dr. George Brown (autobiography) (8)=and Mr. Wilfred Powell
(Wanderings in a Wild country) (40) collected and recorded accounts of
native eyewitnesses of the event. The eruption commenced at about 0900
hours on the day of a feast. It was preceded by a severe earthquake and
the uplift of a large area of land on the east 'side of Simpson Harbour.
Activity was confined to the small craters at the head of Sulphur Creek
(Matanata) which were kmown as Kururung Mage, although Tavurvur is said to
have given off much greater quantities of steam than normally. The
eruption was not large : material thrown out comprised stones and volcanic
ash., Basalt is exposed in the walls of the craters.

The 1878 eruption commenced, according to Dr. George Brown, on

Monday 4th February at a submarine centre on the north side of Keravia Bay.
The previcus day very violent earthquakes were felt, followed, on the
merning of the eruption, by tsunamis, Immediately before the eruption
clouds of steam were seen rising from the water in a direct line between
Vulcan and Tavurvur, The severe earthquakes felt around Blanche Bay were
barely perceptible at Dr. Brown‘’s home in the Duke of York Islands, about
23 miles away, Some signs of activity must have been apparent at least
5 days befere the eruption as natives reported to Dr. Brown on January 30th
that it was already taking place. Since, however, any major activity would
be clearly visible from the Duke of York Islands it is evident that the
eruption proper did not commence until 4th February. Dr. Brown visited the
new Vulcan Island, which was some 2000 yards in length and 1,100 yards in
width at its maximum dimensions, on lé6th February, by which time the erupt-
ion was over, Tavurvur erupted violently either at the same time or.a few
days after Vulcan. Boulders of fresh glassy basalt were ejected with great
violence. A new strip of land was formed in this eruption, 20 feet in
height, extending 150 yards off shore near Escape Bay. Dr. Brown states
that the eruption occurred close to the south wall of what, before the
eruption, was a very deep crater with almost perpendicular walls, The old
south wall was cnmpletely Hown away forming the site of the centre of the -
new crater, .

It is reported that prior to the 1878 eruption a native fishing
village existed on the Beehives., Dr. Brown noticed ocn 1l6th February 1878
that native houses which had previously been well clear of the water were
flooded at high tide. Subsidence was evidently considerable. At the .
present date, {1963). there is a wide expanse of submarine coral lying
some 45 feet below the surface on the north side of the rocks, especially
of the small Beehive., By contrast several small rocks near the north end
of Vulcan were raised several ‘feet above their former level, ’

It is interesting to note that the 1878 crater of Vulcan was
almost obliterated by 1955, forming only a shallow depression, much over-
grown, The Matupi Island crater was observed possibly in much the same
condition by Mr. W. Powell in 1877, :

As mentioned earlier, sharp changes of level at Matupi Island
Causeway accompanied the great earthquakes of 1916 and 1919, 1In 1916 the
causeway disappeared suddenly leaving a depth of about 10 feet of water
and in 1919 rose again suddenly by at least 2 feet, continuing to rise
gradually until by 1924 it had regained its pre-1916 level.

The 1937 erupticn was preceded by at least three days of very
small tremors which were felt in the immediate vicinity of Keravia Bay.
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Father George Boegerhauser at Taviliu Mission noticed that the movement was
prircipally in the vertical direction. A very sharp earthquake of maximum
Intensity 8 (Rossi-Forel) cccurred at about 1320 hours L.M.T. on 28th May
1937, causing landslides around Keravia Bay and development of cracks in
the ground on Vulcan Island. During the succeeding 15% hours no tremors
were felt, but at 0505 hours L.M.T. on Saturday morning, 29th May, a
moderately severe shock initiated a whole series of tremors which continued
right up to the time at which the eruption began (about 1615 hours L.M.T.
on 29th May). Distinctive features of these earthquakes were apparent
vertical or circular movement, high frequency and high intensity, They
were described as mild at Kokopo, Malabunga and Keravat and were not felt
at all at the Warangoi River. The eruption at Vulcan continued for about
27 hours without abating in violence, ejecting material to a height of
25,000 feet or more. Severe earthquakes continued to shake Rabaul for at
least the next 36 hours., Tavurvur erupted at about 1320 hours L.M.T. on
30th May, about 2! hours after Vulcan. The eruption was in the nature of
a steam explosion which restored the pre-1878 crater, Small subsidiary
eruptions occurred at 2 points from % to ¥ mile from Tavurvury to the
north-east, and near Escape Bay. For a full account of these eruptions

see N.H. Fisher's Geological Bulletin No. 1, Territory of New Guinea, 1939,
(18) .

Casualties in the 1937 eruption were 505 natives and 2 Europeans-
killed, as against only 1 native killed in 1878 (the higher casualties in
1937 being due to the S.E. prevailing wind). A north-west wind would carry
most of the ash out to sea., Many natives are believed to have been killed
in the 1850 eruption. Dr. Fisher calculated that about 400 million cubic
yards of material were ejected in 1937 from Vulcan, and 3 to 4 million
cubic yards from Tavurvur.

Since the severe earthquake of-28th May 1937 was definitely
established to have been of volcanic and not of tectonic origin, it is
certain that it was directly caused by the imminence of the eruption rather
than vice versa., For some months after the eruption earth tremors of
apparently local origin were felt near Rabaul, particularly in the Toma
area, It is considered that these may have been due to readjustments of
the volcanic forces after the eruption, Principal events after the 1937
eruption were as follows:-

1. 3rd January 1938 to 8th January 1938; tremors of apparent
volcaric origin, up to intensity 6-7 (R.F.) felt in Toma
area but hardly felt in Rabaul: apparently terminated by a
major earthquake at 0125 hours L.M.T. on 8th January 1938
(Intensity 7 (R.F.) at Rabaul), which probably originated
in a W.S.W. direction from the town.

2. 6th to Bth March 1938; a swarm of tremors, apparently of
tectonic origin were felt at Keravat and Toma (maximum
intensity 4 (R.F.) : during one of these, at 1030 hours
L.M.T. 8th March 1938 a sharp puff of steam was emitted from
Tarvurvur crater,

N.B. See Chapter 1, Section 7, 5, in which subterranean
noises are briefly discussed. At this stage, shortly after
the eruption of 1937, rumblings and similar phenomena at
Rabaul were rather frequently reported,

3. 3rd March 1940: 0930 hours and 1015 hours L.M,T., a series
of small steam explosions occurred in Tavurvur crater, due
to choking of principal vents by downwash material. A
thirty to forty foot geyser, with a period of about 10
minutes, was in action on the floor of the crater. This
activity culminated during the night'of 12th March 1940 .and

+ Excavation of Mr. Gilbert Renton‘’s house near Vulcan (which was less
than one mile from the 1937 crater) in February 1961 showed that the
ash which buried it irn 1937 was from 5 - 6 feet deep.

-

-~
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between 1200 hours and 1800 hours L.M.T. on l6th March, when
steam explosions projected mud, stones and dry dust to a
height of several hundred feet above the crater rim,

4, 17th June 1940; minor explosions heard in Tavurvur,

5. July 1940; increase of gas activity in Tavurvur. A series
of very active fumaroles developed on the east side of the
1878 crater, highly charged with SOo+ S

6., 3rd December 1940; a new vent opened in the 1878 crater of
Tavurvur,

7. Tth to 17th December 1940 the prl.l'lc:lpa]. fumarolfin the
1878 crater increased from a maximum temperature of 108°C
by approximately 10° daily to a temperature of 224°C.
Hardly any change in other fumarole temperatures.

8. Major earthquake of 14th January 1941 (0228 hours L.M.T.)
intensity 9 (R.F.) (Upper Warangoi, Keravat area), Intensity
8 (R.F.) (Rabaul). Preceded by severe tilting upwards to the
w.s.w.

9. 1lth to 18th March 1941: a new fumaroleE developed 40 yards
from the principal one in the 1878 crater of Tavurvur,
Temperatures 276°C and 312°C respectively. Over the next
month, increased production of gas, especially from vents
at the extreme north-east and south-west ends of a narrow
cleft running through the centre of Tavurvur,

10, 16th to 22nd April 1941; (B) measured 346°C, (F) at least 320°C.

il, 6th May 1941; both (E) and (F) exceeded the maximum limit of
360°C on the thermometers available,

12, 13th May 1941; gas issuing strongly from all vents and
fumaroles in Tavurvur' several landslips in the central area;
temperature of 382°C obtained at (E) by pyrometer; (F)
measuring 330°C. New fumarole formed (G).

13, 27th May 1941; increased gas production; central plug of
basalt in southern crater most active area; (E) measured
384°C, (F) and (G) inaccessible,

14, 3rd June 1941; increased gas from southern wall of crater
and a new vent developed on the crater floor; (E) measured
392°c, (F) and (G) inaccessible,

15, 6th June 1941, 0740 hours L.M.T. Tavurvur erupted from the
area of the central plug of basalt close to the southern wall
where the new vents formed, and within 100 feet of fumaroles
(E) and (F) in the 1878 crater. Minor local tremors. The
activity was considered to be due to lava rising in the neck
of the volcanc. Activity declined but remained fairly contin-
uous until:=

16, 12th September 1941; intense microseismic activity consisting
of continuous high frequency volcanic tremor, due to rapid
sinking of the lava in the conduit. Decline in activity.

17, 22nd October 1941; eruption recommenced at Tavurvur and
continued at intervals until observations were broken off
following the Japanese invasion in January 1942,

18, Octcber 1943; rise in Tavurvur crater measured at the Japanese
Observatory near Sulphur Creek; (S-P) intervals of earthquakes
shortened prior to eruption of Tavurvur in this month (date
not known).
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‘Dr. N.H. Fisher, who visited Rabaul in 1946, wrote, in

December 1950, "the state of activity at Tavurvur volcano
is comparable with that which existed prior to the 1937
eruption and is much less than during the period 1937-1941.,"

14th May 1951; fumarole in Tavurvur recorded temperature

of 105°C. Twu hot springs on the foreshore at Rapindik
suddenly ceased to flow., This may have been due to an
earthquake which reached Intensity 5 (M.M.) in' Bougainville
and New Ireland (0828 hours G. M.T. 21/3/51) - epicentre
6.2%s, 154,89%E, depth about 160 kilometers.

Note: Previous to 1950 the Rossi-Forel scale of earthquake
intensities was in general use throughout the Territory.
After 1950 it was supplanted by the Modified Mercalli Scale.

. 23rd April 1953, 16 hours G.M.T.; earthquakes (S-P = 12

seconds) did miror damage in Rabaul: intensities up to
7(M.M,) reported. Epicentre 4.5°S, 153,3°E.

March 1954; temperature of 106°C recorded at Fumarole C2
in Tayurvur crater,

28th March, 19335; sharg rise in temperature of point 6 in
Tavurvur crater to 108 Rabalanakaia temperatures increased
also.

15th June 1955; following an earthquake cf intermediate depth
(100 kilomeir res), at reported epicentre 395, 153%g, at 1536
heurs 6.M.T., south-east/north-west trending fissures opened
in Kamerere Street, Instrumental data at Rabaul indicated
that the earthquake originated towards the south-east and
this corclusion is supported, though not conclusively, by
the fact that the tremor was felt at Intensity 4 (M.,M,) at
Warangei Plantation and only at Intensity 2-3 (M.M,) at
Rabaul.

5th to 12th September 1955; sharp drop in temperature of
fumarole A2 in Tavurvur crater,

10th to 24th October 1955; sudden fall in temperature of hot
spring No. 3 in Sulphur Creek. Irregular movement noticed
cn Observatory tiltmeter on 23rd October,

7th November, 1955; sharp increase in temperature of point
Nc. 11 at Sulphur Springs, and sharp drop in temperature at
fumarele A2, Tavurvur crater,

12th to 13th December 1955; = irregular movement of Observatory
tiltmeter,

16th August 1957; seismic storm commenced 2t Rabaul, Climax
was reached at midday on 23rd August when a shock of Intensity
S (M.M,) was felt with similar intensity at Rabaul, Kokopo,
Warangoi, Namatanai, Londolovit, Aropa and Sohano., The early
shocks were from foci east of southern New Ireland, but later
shocks appeared to be from the eastern extension of the
Warangoi - Keravat Fault, During one of these closer shocks,
at 0242 hours L.M.T. on 19th August, one of the most vigorous
hot springs at Rapindik dried up suddenly. In all probability
this hot spring had been made by the Japanese by boring.

Earth mcvement probably blocked the pipe up which water was
risiag to the surface.

Ociober 1957; small "anomalous" emergent tremors, often
possessing an harmonic form, first noticed in large pumbers
¢1 the seismograms,
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31, 27th October 1957; at about 1230 hours L.M.T. a steam-vent
.. developed. on the shore between the main wharf and the
~- Bougainville ‘Company‘’s Wharf (see Chapter 1, section 7).,

32, 22nd December 1957; swarm of small imperceptible tremors,
' with S-P intervals of 3-6 seconds, recorded on the seismograph;
possibly deeper than normal,

33, January 1958; new upwellings of gas along the foreshore of
Greet Harbour near Rapindik. Similar activity observed in
" 1950, when ity was sttpnger.

34, September 1958; thermal areas in the se@ to the- south-east
of Tavurvur appeared to be more active, than usual.

35, 16th June, 1959; steam jet observed for about 10 minutes
rising from the sea near Tavurvur volcano. (See Chapter 1,
section 7, for other water jets of possible volcanic origin),

36. January 1960; minor fluctuations of temperature in Tavurvur
volcano. Some fumaroles were over 1009C for short periods.
Thirteen small earthquakes with S-P intervals of less than
5 seconds recorded at the Observatory.

37. February 1960; cumulative tilt since the beginning of
... January 1960.at Rapindik’ instrument.station amounted to a
) westerly dip of 13 seconds of arc.

38, June 1960; higher températures than usual recorded at point
94 on the beach on the west side of Tavurvur, (90-100°C).
Vigorous steaming and much discOIOuratxon in the sea at

* this peint.

39. August 1960; down-tilting to the south at the obsarvatory
and to the west at Rapindik amdunted to . about 5 seconds
of arc 'in each case. "Anomalous" emergent tremors numerous
on the seismograms. : ;_ ; ’

40, 31st October 1960; Observatory tiltmeters fluctuated in the
north-south plane. and dipped 8 seconds of arc towards the
east, This trend continued and by the end of November
cumulative tilt in this direction was 10 seconds of arc
beyond the normal, i

41, 15th November 1960; more than. 1,000 energy pulses of ‘unusual
type were recorded by the Observatory seismograph during
the night (see Chapter 3, section 3).

42, 8th December 1961; point 14 in the gully on the west side of
- Tavurvur temporarily increased in temperature to 102°C.

43, 2nd to 9th February I962; point 33 at Sulphur Springs
increased. from.a temperature of 44°C to 70°C, and then
decreased gradually to a temperature of 54°C,

44, 23rd February to 20th July 1962; observations on nine tide
markers around the shores of Blanche Bay read in conjunction
with the tide gauge on the Main Wharf, suggested that
vertical movements as great as two foot nine inches had

possibly occurred at Tayurvur (see'Chapter 2, section 4).%

+ A check carried out early .in 1963 has cast doubts on the validity of
these readings.
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45, August 1962; general levelling off of temperatures at 2
thermal points at Rapindik and 3 at Sulphur Springs, which
had previously shown marked fluctuations., The Rapindik
temperatures became constant at 66 and 67°C.

46, September 1962; apparent movement at Tavurvur and Namanula
Street Wharf, measured by tide markers, amounted to 20%
inches. '

47, October 1962; sharp increase of temperature at point 17 on
outer slope of Tavurvur. Apparent vertical movement
totalling 19 inches at Namanula Street Wharf,

48, 30th October 1962; tremor of possible volcanic origin felt
at Rabaul Police Station at 1025 hours L.M.T. (see Chapter
3, section 1, and Plate 1,7 g

3. Earthquake Report Network

With the co-operation of residents of the Territory, Mr. G.A.
Taylor set up a network of reporting stations (initially to obtain volcanic
information) which was later extended to cover almost the whole of the
Territory of Papua and New Guinea, and which has since been used extensively
for reporting earthquakes.

- Missicnaries, planters and other private persons, and officers of
the Administration, render valuable service in reporting changes of volcanic
activity, earthquakes and tidal and other disturbances,

Earthquake effects of over Intensity 3 (M.M,), and any changes of
activity that appear dangerous, are reported by radiogram to the Vulcan-
ological Observatory in Rabaul, charges, in the case of private persons,

being met by the Administration. In this way it has been possible to
build up a surveillance network throughout Papua and New Guinea. (See
accompanying locality may Figure 1, on which reporting stations are circled
and numbered, and Appendix & for the key to the numbers and for the station
co-ordinates (given to the nearest 5 minutes of arc).

Information most generally reported, in the case of earthquakes,
is Intensity (modified Mercalli)™ duration, and direction of the tremor,
if determinable, and any damage that may have been caused. Returas are
sent monthly in addition to any special reports by radiogram, and import-
ance is placed on the value of "Nil Returns”,

4, Establishment of Marine Datum Level at Rabaul

Before the war Dr., N.H. Fisher established a rough working datum
with the aid of a bench mark placed by H.M.A.S. "Moresby" in 1941, near the
Burnt Wharf in Rabaul during an hydrographic survey to dgterm:ne changes
due to the eruptlon of 1937, J.G. Best records "The elevation of the 1941
bench mark is referred to a datum which in turn is referred to average mean
low sea level and average mean high sealevel. From these two levels a mean
sea level was calculated, the accuracy of which is not known as the duration
of the readings was not specified.” (Unpublished report J.G. Best 1l6th
February 1953).

In 1948 & Urited States ArmySurvey Unit placed a benchmark near the
Namazula Street Wharf, This bench mark is referred to mean sea level which
was calculated from a continuous record of tide levels over a 12 month
period: it should thus be reasonably accurate,

++ For an explarnation of the Modified Mercalli Scale see Appendix L
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A third mean sea level datum was calculated from all available
tide gauge records, in 1951, The surface of the Observatory instrument
pier is referred to extreme low water mark (it is 604.73 feet above this
datum) . -

Mr, Best found evidence to suggest changes in strand line level
during the years 1941 to 1951, He calculated that mean sea level rose by
an average amount of 0.47 feet yearly over a total of 3.3 feet between
1941 and 1948 (he discusses the possibility that subsidence of bench marks
due to bombing during the war years could have caused some or all of this
apparent increase, and discounts it), For the period 1948 to 1951 he
calculates that mean sea level remained approximately stable, or at the
most underwent a slight decrease,

He points out that, since no appreciable world wide rise in sea
level is known tc have occurred between 1941 and 1948, the change must
have been due to subsidence, Tilt changes (see Chapter 2, Section 2)
have sometimes been considerable in the area, and in addition later
recording by mearns of a tide gauge on the main wharf has established the
fact that high tides in December 1962 reached a higher level than any
recorded since June 1960 when tide gauge recording recommenced.

It is well known that tide levels vary at different times of the
year, being a few inches higher during the north-west season than at other
times of the year., The town of Rabaul is protected from the north-west
and exposed to the south-east, so that the explanation can hardly lie in
the banking up of greater volumes of water in Blanche Bay due to the
agency of the wind. It may however lie in the movement of large volumes
of water into the Bismarck Sea area from the north-west Pacific. Since
St, George's Channel is only a little over 20 miles wide at its narrowest
point, it is possible that not all this water could escape at once. A
build-up of water to a depth of a few inches above normal in Blanche Bay
would then be expected.

The maximum amount of change of level to be expected due to
earth tides is believed to be of the order of a foot, If differential
movement between water and land is taken into account at times of
maximum and minimum earth tides presumably a change in mean sea level
would be observed. This however, would appear to be too small to account
for the measured differences.

Although sudden alterations in level in the Blanche Bay area
have been reported it is only recently that the possibilities have been
explored of other more gradual changes taking place over wide areas of the
caldera floor. As long ago as 1938 levels were run in order to provide a
check against future movement (see Chapter 1, section 7), but owing to the
war and the loss of records the work was never pressed to a conclusion,

On 23rd February 1962 regular weekly readings commenced of 9 tide markers
cituated arourd the shores of Blanche Bay, Greet Harbeour and Simpson
Harbour “(see accompanying locality map Figure 3). The markers were
installed with a view to recording the highest levels reached by tides,
the mechanism involving floats, which travel up with rising tide inside

a box measuring some 5 feet in length, but on withdrawal of the tide are
left suspended on numbered nails.

No reliable results were achieved, principally because the
floats were either trapped underwater or escaped being held by the nails
and were carried down by the tide, Also damage to the boxes due to
weather and marine conditions sometimes allowed the fleoats to escape
altegether, It was decided to use the boxes purely as markers, .and with
this in mind a datum was established for the boxes with an accdiacy of
about % inch, using the continuously recording tide gauge on the main
wharg as a conirel.

Weekly timed readings of water level at the markers were referred
to the tide gauge record and corrected to an arbitrary datum, Changes of
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level wexe then readily apparent, It is considered that in calm weather
accuracy of the method i¢ & I iuch while in choppy conditions accuracy
deteriorated to * 3 inches. Even considering these rather wide limits
results have been startling, particularly sxnce almost all the readings
have been made in calm conditions, Movements ¥ of the following order
were detected between 23rd February and 20th July 1962; - up to 2 feet
9 inches of vertical movement-occurred at the tide stick below Tavurvur
valvana, most of the movement being in the sense of the ground rising,
and'most of it occurrirg during March; movement at Sulphur Springs
closely paralleled that at Tavurvur but the total range was only 1 foot
10 inches; movement at’ Matupi Island. (near the western side of the
Causeway) totalled 1 feol 4 irches in the same sense; movement at
Karavia Bay and Vulcan paralleled that at Tavurvur, total range 1 foot
8 inches and 11 inches respectively, until 4th May, when an apparent
rise of sea level of about ¢ inches took place (at this time the
Tavurvur - Matupi Island area appeared to be moving in tke cpposite
sense): apparent movementi at the Small Beehive ranged through 8 inches,
and the bex at Sulphur Creek, which was removed owing to damage, on
29¢h March 1962, recorded 12 inches in the same sense as the larger
movement at Tayurvar.

On 25th May 1962 boxes were installed near Toboi and at the
Namanula Street Wharf, thus providing points close tc the tide gauge on
the main wharf, which, for the purposes of this investigation, was assumed
throughout to be undergoing no vertical movement., This assumption is
unlikely to be correct in view of the apparent movement at the other
markers, but it enables a graph to be drawn using an arbitrary level (the
three foot mark on-the tide gauge record) to which the markers are corrected,
The three foot mark on the tide gauge records represents a height of water
approximately three feet above extreme low water, In practice tide rarely
_ falls below the one foot mark on the records.

Durirg August ground apparently rose at all tide boxes, from a
minimum of 6 inches at Toboi to a maximum of 1 foot 4 inches at the Small
Beehive. This trend coatinued until 28th September, by which time total
movement was 12 inches at the Small Beehive, 14 inches at Vulcan, and 17
inches at Keravia Bayv. At Tavurvur an apparent sharp fall of about a foot
took place between 14th and 21st September followed by a sharp rise of
ground amcanting to 204 inches between 21st and 28th September, This
trend was paralleled at Sulphur Springs and at Matupi Island to a much
smaller extent, while an almost exactly similar movement of 20% inches
occurved at Namagula Street Wharf. At Toboi a sharp rise of ground amount-
ing to 14% inches took place between 7th and 14th September. This
sexcellent correlatien of results appeared to continue during October when
an apparent rise of ground tcok place at all points except Teboi, reaching
a maximum on Sth Ostocber, Greatest movement occurred at Namanula Street
Wharf, and leas: &t Keravia Bay. This was followed by a falil in all areas
except Tobel and Keravia Bay, reaching a maximum on 12th October (greatest
movemernt, ai Namanila Street wharf, totalled 19 inches). A second rise of
ground with a maximum or 19th October took place at Namanula Street (where
movement toziled 21X inches), Matupi Island, Sulphur Springs and Tavurvar,
There was then a refura towsrds datum level, with the sharpest movement
again taking place at Namanula Street Wharf,

Few apparen? ground movements took place during November. The
greatest was an apparent fall of ground on the eastern side of the harbour,
amounting to 9% inches at Namazula Street and Matupi Island and to 7 inches
at Tavurvur, As before, results correlated well with cne another.

+ The tide markers were re-zeroed early in 1963 using radio-controlled
readings, Since then there has been only one movement of any size
(an apparent mevement of 8 inches at the Main wharf only), Some
doubt has thus been cast upon the previous results,
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Similar movements, which by then had come té be considered normal, took
place during December. In January 1963 overall apparent movement at Toboi
totalled 9% inches (previously Toboi had been one of the least mobile
points).,

Despite the remarkable rnage of movement and the speed with which
it is traversed, the writer is of the opinion that no cause other than
actual ground movement can account for the observations. Gross error can
easily occur but the remarkable correlation between different markers would
seem to indicate that, although some of the large movements may have been
exaggerated by errors of reading, movements are in reality taking place,t

The alternative hypothesis that there is a lag in the times of
high and low water at different points in Blanche Bay would seem to be
negated by the apparent large relative movements between the tide gauge
and the marker at Namanula Street Wharf. Even before installation of
this latter marker the conclusion was reached in discussion with officers
of H.M.A.S. "Paluma" that such a lag could only account for a small proport-
ion of the observed movement since if a lag occurred at all,the time
intervals must of necessity be very small. Under certain weather conditions
there is a marked build-up of water in the inner parts of Blanche Bay, but
since most of the observed fluctuations have taken place in calm weather it
is not considered that this can account for anything but a small proportion
of the results.

It is hoped that, as soon as a sufficiently accurate theodolite
becomes available, a night survey of levels can be carried out, and checked _.
at regular intervals. This should certainly confirm or deny the reality .
of the observations., A4n even more reliable check, which would also serve
as a permanent recording of fluctuations of level, would be the install-
ation of a second tide gauge on Namanula Street Wharf,

Fresh observations of mean sea level were made by the R.A.N.,
Hydrographic Department, during the recent survey of Blanche Bay by
H.M.A.S. "Paluma”™, Tide gauge readings from early May to August 1962
were used in the determination. Results have not yet been published.

Through the courtesy of the Hydrographer, R.A.N., Garden
Island, the writer was given the opportunity of comparing the preliminary
unpublished charts of H.M.A.S. "Paluma‘s"™ soundings with those made in
1941 by H.M.A.S. "Moresby". Results appear to tally well in all parts
of the harbour area; however the deepest part of Greet Harbour to the
north-west of Tavurvur volcano, which gave 33 to 36 fathoms in the 1941
survey, in 1962 gave only 30 to 31, The difference could certainly not
be due to material deposited in the comparatively minor eruption of 1941,
nor does it seem likely that much depth of material was deposited in the
1943 eruption. However it could possibly be due to slumping of sediments
on the slopes of the depression and to redeposition of material. It may,
on the other hand, reflect a genuine rise in level of 18 to 30 feet.

A submarine bank about 500 yards offshore to the north-north-
east of Vulcan Point (the point on the east side of the embayment) was
charted in far greater detail by H.M.A.S. "Paluma" than by H.M.A.S.
“Moresby”. The slight differences may have been due to selective sound-
ing in 1941, when the minimum depth recorded was 18 fathoms. H.M.A.S.
“Paluma” recorded small areas showing 16 fathoms.

Both surveys agree that the narrow trough between the Beehive
and Vulcan is 60 fathoms deep. Similarly no change was observed in the
maximum depth of 69 fathoms between Vulcan and Matupi Island.

+ The tide markers were re-zeroed early in 1963 using radio-controlled
readings. Since then there has been only one movement of any size
(an apparent movement of 8 inches at the Main wharf only). Some
doubt has thus been cast upon the previous results.



26.
CHAPTER 3

DESCRIPTION OF THE NEAR EARTHQUAKES AND MICROEARTHQUAKES

OF THE RABAUL AREA.

1, Near felt Ear-thquakes and their foreshocks and aftershocks

Reference to the map Figure 4, which accompanies this report
depicting internationally determivned epicentres for earthquakes in the
region over a peried of 31 moaths from July 1960, will make it clear that
Rabanl lies close to some of the most seismically active areas in the
Territory. A high proportios of the earthquakes which are of sufficient
magnitude to be recorded at disrant stations are felt close to their
point of origin.

A fundamertal distinction between tremors of tectonic and those
of volcanic origin must be made, Tectonic earthquakes are believed to be
caused by yielding of large masses of rock often at great depth to '
stresses, which have accumulated slowly due to fundamental processes that
affect a wide area, such as mountain-building. In a tectonic earthquake
intensity charasterigtizally falls off slowly with increasing distance
from the epicentre, and shocks may be felt over great distances (more than
200 miles ir some of the larger New Guinea earthquakes®), By contrast,
volcanic earthquakes sre related purely to movement of gas or magma in the
gonduls of a volcarng, t2 collapse in the vent, or to movements in the
magma column below, They are thus characteristically shallow phenomena
which vield much less elsstic energy than tectonic earthquakes. The
intensity of volcanic earthquakes falls off very rapidly with distance.
Movement is often noticeably more in the vertical plane than the horizontal,
whereas im the ¢ase of a tectonic earthquake the reverse is generally- the
case,

Earthquakes of both classes occur in the Rabaul area. Those of
volcanic origir, which are always directly related to volcanic activity
or to impending activiiy, are rare., Almost all the shocks felt in Rabaul
are to be classed as tectonic, They are rumercus, usually exceeding SO
ir a sirgle year, Volcanic earthquakes may occur in the Talasea area,

A. Earthquakes of Volcanic Origin: The severe earthquakes in Blanche
Bay which preceded the eruption of February 1878 were barely felt in the
Duke of Yerk Islands only some 20 miles away., It is thus almost certain
that they were of volcanic origin. As mentioned ir Chapter 2, section 2,
Dr. Fisher has paivied out that the earthquakes were directly consequent
upon increase of pressure in the volcanic vent.

With regard to the earlier eruption in about 1880 at Sulphur
Creek it is impossible to say wkether the severe earthquake which pre-
ceded the eruption could have been due to normal tectonic processes which,
by the opening of fizsures or the sudden shifting of load, caused the
eryption.to felluw. However, from the evidence it appears that the
earthquake was accompanied by considerable uplift in the area which
erupted, and further that eruption followed hard en the heels of the
earthquake, The probability is accordingly strong that this earthaquake,
too, was of veuicaniz crigin.

The severe eaxthquake which ozcurred on the day befere the 1937
exuption waz undoubtedly of volsznic crigin sirce it was described as of
mild intensity as rear as Kokopo and Toma. Furthermore the elastic waves
were not recgrded con seismograms at Riverview and elsewhere at comparable

+ the 24th March 1962 earthquake for example {see Figure 6).
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distances, whereas they certainly would have been, had an earthquake
producing intensities as high as 8 (R.F.) been of tectonic origin

(¢.7. the effects of the January 1941 earthquake which was felt as far
as Talasea, and was recorded at most of the world seismograph stations).
Simiiarly the swarm earthquakes which occurred both befere and after the
eruption were of veolcanic origin: the fact that their motion was chiefly
ir the vertical plane at Taviliu has already been commented upon.

Other tremors of possible volcanic origin in the area have been
mencioned in Chapter 2, section 2, but for the sake of convenience they
are listed agair as follows:

1, 3rd to 8th January 1938; tremors up ‘to intensity 6-7 (R.F.)
felt in the Toma area but hardly felt:in Rabaul. Apparently
terminated by a major earthquake at 0125 hours L.M.T. on
8th Janwary 1938, It is a matter for conjecture as to what
the subterranean connection is, if any, between the Toma
area and Blanche Bay, and whether this swarm of volcanic
tremors had anything to do with the presence of the
apparently extinct volcano, Mt. Varzin, nearby.

2., 6tk June 1941; minor tremors of preobable volcanic origin
ascompanied the eruption of Tavurvur. Apparently none were
felt before the eruption. No intensity greater than 3 (R.F.)
reported. Volcanic tremors occurred some days after the
eruption at 1321 hours L.M.T. on 10th June (Int. 2 (R.F.)),
at 1733 hours L.M.T. on 17th June (Int. 2 (R.F.)), and at
1137 hours L.M.T. on 22nd June (Int. 1-2 (R.F.)).

3. 18th November 1941; strong explosive activity in Tavurvar
crater accompanied by volcanic tremors felt at intensities.
2-3 (R.F,) at the Observation Post near the velcano: a
total of 54 tremors noticed. Activity continued with
accompanying earthquakes until the next day.

4, 3rd October 1962; tremor of possible volcanic origin was felt
at Rabaul Police Station at 1025 hours L.M.T. (Intensity 1-2
(M.M.)). The records of this tremor on the Observatory
seismograms are of an unusual appearance, high frequency and
low amplitude the tremor was not felt elsewhere and its
amplitude on the Observatory records show that ground move-
ment was far too small to be perceptible. The energy of the
disturbance must thus have fallen off very rapidly, since
the Observatory is only about 2 miles from the Police Station.
This tremor was recorded as a small indeterminate shock
at Rapindik, but a high level of industrial interference
makes the record virtually useless. The tremor was recorded
about 1.5 seconds earlier at the Observatory than at Rapindik.

The classification of this tremor as of volcanic origin is suspect,
It may possibly have beer due to collapse of a wartime dug-out some distance
beneath the ground. No evidence of this was ever found., If collapse of a
tunnel or some kind of slumping was the cause of this earthquake it must have
been corsiderable, since disturbances of this kind are not normally recorded
on the seismograms at -distances approaching 2 miles.

In the course of the next week 2 remarkable reports were received
from Mr. R. Murphy of the Department of Posts and Telegraphs. At 0745 hours
L.M.T. cn the 2nd November 1962, and at 0940 hours L.M.T. on 8th November
1962, severe tremors were reported to have been felt at the Transmitting

+ A series of small earthquakes felt at Vunadidir on 4th January 1961
may have been of volcanic origin. They were not recorded at Rabaul
or felt elsewhere, See Chapter 3, Section 1, subsection (d).
Similarly tremors felt at Taliligap which are not recorded or felt
elsewhere may be of volcanic origin., See Appendix J and Chapter 5,
Section 2,
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Station ir Taver Street. On each occasion the movement was strong enough

to shake the aerial masts and disturb the aerial wires. No evidence for
either cf these disturbarces could be fourd or the Observaiory seismograms,
c: the Rapindik seismograms (¢n the first occasion the record was unread-
able), ¢r on Willmore seismograph records which were recorded at the Police
Compourd only a few hundred yards away. The event is tentatively attributed
to miner tunnel collapse close to the building.

B. Earthquskes of Teclonic Origin: Curicusly enough in recent years few
epicentres of felt shocks in Rabaul fall on the Keravat - Warangoi line of
weakness that traverses the Gazelle Peninsula, Shocks felt in Rabaul
characterigtically come from shallow or intermediate foci in the area of the
southern erd of New Ireland, Wide Bay or Jacquinot Bay on the south coast
of New Britair, or the Nakanai region of central and northern New Britain.
Large shocks off the wesiern coast of Bougainville, and large shallow
earihquakes occurring in the Bismarck Sea are also sometimes felt in Rabaul,
Some intermediate and deep earthquakes are felt widely over the Bougainville -
New Britaiyu -~ New Ireland area, Earthquakes crigirating in south-western
New Britain are rarely felt; those originatirng on the New Guinea mainland
are very seldem if ever felt at Rabaul. The reverse does rot however hold
true. The very severe earthquake of Magnitude 7% (Pas.,) which occurred at
0857 hours G.M.T. on 10th Outcber 1955 (Intensities up to 6-7 (M.M.) at
Kokopo), whose episzentre was given as 5%, 153°E., was felt with intensity
of 3 (M.M,) st Popondetta, Similarly a very widespread felt shock at 1008
hours G.M.T. on 12¢h November 1955, which was felt at intensity 3 (M.M.)

in Rabaul, (epicentre giver as 5°S, 152%°E), was felt also at Esa'ala
(Intensity 2 (M.M.)) in the D'Entrecasteaux Islands. A remarkable earth-
quake at 0347 hours G.M.T. on 4th February 1960, which was mentioned as the
strongest earthquake at Rabaul for some years (Intenmsity 4.5 (M.M.)) was
felt with intensity 4-5 (M.M.) at Losuia in the Trobriand Islards, and in
the British Solomon Islands. It is thought that these unﬂfual cases
represent earthquakes with deep foci and high magritudes,

Isoseismal lines drawn for such earthquakes are often extremely
irregular,

A poirt worth mentioning is that earthquakes felt at Rabaul are
characteristically felt at slightly higher intensity at Taliligap, on the
outer side of the caldera wall on the south-west side, The volcanic ash
oy vhich both lecalities are built is net noticeably less consglidated at
Talilicap than it is at Rabaul, and the effect may ir part be due to loss
of erergy in earthquake waves crossing the caldera wall.

Scmetimes anomalies ir the internationally determined epicentres
are found. An example is the earthquake of 2147 hours G.i.T. on 3rd '
Decembexr 1960. Instrumental data at Rabaul gave an S-P interval of 18
geconds (Omori) ir the scuth-easterly direction (Benioff). The epicentre
was placed almost a: Rabaul, 4.2S, 152,.i%E, at a depth of 40 kilometres,

The shock was not felt, - ,

(2} Deep Earthauakes

Sorme earthguakes cecurring in the “Deep" range, that is below
a depth of 300 kilomeires, are felt at Rabaul when of great magritude,
A to%al of 5 which are krown to have deep foci have been felt in the
Territory cf Papia ard New Guirea since the beginning of 1955; they are :-

3

+ 'This relationship does not always hold. An earthquake of magritude
6% which occurred on 31st July 1960 at about 0255 hours G.M.T. at
5.69S. 150.0°E. (depth 25 kilometres) was felt ai Rabaul (Intensity
4 (M.M.)) end very widely as far as Warigela.
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Magnitude Date G.M.T. Epicentre Depth Felt at

7-T% (Pas.,) 31 Jan.1956 0917 4%s, 1520 400 kms Rabaul (Int. 3 (M.M,))
i Juce 1959 1233  6°S, 154%E 400 kms Rabaul (Int.2 (M.M.))

(this followed an earthquake at the same depth closer to Rabaul
(49S 153°E) which was not felt,

6%-6% (Pas.) 3 Sep.1960 1241 6.195, 154,5%E 457 kms. Karoola (Int,5 (M.M.))
Rabaul (Int.3 (M.M.))
etc,
23 Nov.1960 0411 4,995, 153.8%E 516 kms Londolovit
(Int,1-2 (M.M))
5% (Pas) 22 Dec.1960 2102 6.85., 155,3°E 469 kms. Rabaul (Int.l-2 (M.M.))
Buin?

It is often difficult to draw ososeismal lines for“ggrthhgakes in
the Rabaul area, owing to the large areas of sea and the irregular-distribution
of reporting stations on the islands. It is particularly difficult in the case
eof deep earthquakes, when the localities where the shocks are perceptible are
often a great distance apart.+ One thing however emerges from the attempt
to do so, and that is that north-west/south-east is the preferred direction in
which deep earthquake energy is transmitted. The same feature can be noticed
in the isoseismals of intermediate earthquakes which occur in the same zones
as the deep ones. ;

The zone of deep earthquakes in the region parallels the line of the
Solomons arc, passing west of Bougainville and along the north-east coast of
New Ireland. Another area of deep shocks occurs to the north-west of the
Gazelle Peninsula, some of the epicentres lying very close to Rabaul (see map,
Figure 4, accompanying this report).

The significance of these facts is discussed in Chapter 5, section 3.

It is a curious fact that the deepest earthquake recorded over the
period from January 1955 to January 1963 (that of 23rd November 1960 at a
depth of 516 kilometres) should be one of only five felt out of a total of
18 recorded (see Chapter 3, section 2 for a list of the deep earthquakes
which have rot been felt),

The recoguition of phases in felt earthquakes from seismograms is
generally difficult owing to the strong motion experienced, but near deep
felt earthquakes may often be recognised from their shallower counterparts by
the sharpress of the P and S groups and by the relatively feeble registration
of the surface waves. These differences are best seen on the long period
seismograms and on the records of strong métion instruments such as the Omori.
For a fuller discussion of the appearance of deep earthquakes on the records
see Chapter 3, Section 2 and Plate 2,

An indication of unusual depth may be given, in the case of a
large earihquake, by apparent anomalies in the arrival times at other
seismograph stations in the region, and by unusually widespread felt reports
showing uriferm low intensity. A further indication of deep focus may be
the fact that the increased distance travelled by shock-waves of deep
earthquakes results in a longer wave period than that from shallower

+ See a2ccompanyisg sketch map, Figure 5, showing the area over which the
deep earthquake of 3rd September 1960 was felt.



30,

earthquakes at similar epicentral distances, There have been no instances
of earthquakes in the deep range having caused any damage in the New Guinea
darea,

(b) Intermediate felt Earthquakes
i\.

Earthquakes are commonly classified as of Intermediate Depth if
their foci lie between depths of 70 and SOO-Eilometres.

They are of common occurrence in the east New Guinea area, the
majority of those identified being felt, often at considerable distances
from their epicentral areas. In the period 1955 to 1962 (inclusive) 233
intermediate focus earthquakes were identified, of which 142 were reported
felt; in the period covered by more accurate depth determinations on the
part of the U.S. Coast and Geodetic Survey (i.e., from 27th July 1960 to the
end of 1962) 168 intermediate earthquakes were identified, of which a total
of 103 were felt. See Appendix B for a complete list of the intermediate
earthquakes felt over the period.

The main line of Intermediate focus epicentres on the New Guinea
mainland follows the Sepik Valley east to the Bismarck Range and continues
along the Markham Valley to the Huon Gulf. In addition intermediate
earthquakes occur in the Finisterre Mountains, along the coast from Madang
to Finschhafen, in the Wau area, and at scattered points off the north-east
coast of Papua.

To the west of Madang they are of rare occurrence in the line of
the Inner Volcanic Arc. They become dominant in the zone stretching from
Long Island along the length of New Britain and across southern New
Ireland. They occur most commonly to the east of southern New Ireland,
and the zone continues from there along the west coast of Bougainville,
Scattered epicentres occur in the Bismarck Sea to the south-west of New
Hanover, and along the main range and off the east coast of Bougainville.

‘ The most widely felt earthquakes in the region are generally
those of intermediate focus. Thus the earthquake of 24th March 1962, which
occurred in the Bismarck Range (5.79S. 145,0°E) at a depth of 111 kilo-
metres, was felt as far away as Port Moresby. It was evidently of great
magnitude since intensities as high as 7-8 (M.M.) were reported, although
lower intensity was reported in the epicentral area, See figure 6 showing
isoseimals for the 24th March 1962 earthquake.

Intermediate earthquakes, and to a lesser extent, shallow earth-
quskes, occurring in the area 7°S, 156°E., to the south of Bougainville,
are often felt at Rabaul, more than 300 miles away %, In a similar way,
elongation of isoseismals parallel to the regioral structure occurs
throughout the E. New Guinea area, As in the case of deep earthquakes,
isoseismals are characteristically hard to draw,

Earthquakes in this depth range may cause damage if they are of
sufficient magritude. Minor damage has been reported from Simbai, Bundi,
Tari, Angoram and Namatarai, due to earthquakes originating at depths of
abcut 100 kilometres,

See Plate 3, which depicts a felt earthquake of probable
intermediate focus.

+ 12th November, 1958, 795 156°E. h about 100 kms. felt Rabaul Int., 1 (M.M)

26th March, 1959, 79S. 155%°E. h about 60 kms. felt Rabaul Int, 1 (M.M.)
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(c) ShaIIOW'?eIt Earthquakes

The majority of earthquakes identified as shallow (foci at depths
of less than 70 kilométres) are felt near their point of origin. From
June 1955 to the end of 1962, 162 shallow earthquakes are known to have
occurred in the region, and felt reports were received. for 101 of them,
During the period covered by more accurate depth determinations (27th July
1960 to the end of 1962) 147 shallow earthquakes were identified, of which
a total of B6 were reported felt. (See Appendix C).

The zone of shallow earthquakes follows that of the intermediate
ones east from the Sepik to the Ramu valley. Thence it reappears at the
coast in Astrolabe Bay and passes east from Madang to the south-west end
of New Britain, where it divides near Kandrian*} one arc swinging to the
south-east and one crossing the Whiteman Ranges to the north coast near
Talasea. Shallow earthquakes are frequent in Central North New Britain
(the Nakanai and Pomio areas), Towards the south-west end of the Gazelle
Peninsula this zone intersects the zone of shallow earthquakes which
extends in a breoad sweep from the area of Hollandia, along the north New
Guinea coast to the mouth of the Sepik, and thence south of Manus and New
Ireland to parallel the west coast of Bougainville., Isolated epicentres
occur to the north of New Ireland and to the east of Bougainville, and,
on the New Guinea mainland, as far to the south-west as Lake Kutubu and
as far to the south as Kokoda. Shallow earthquakes occasionally occur
far to the east near Woodlark Island (see Figure 4).

Although direct instrumental evidence is lacking, it is probable
that the greatest earthquakes experienced in the New Guinea region (see
Chapter 1 section 6), have had shallow foci. As already mentioned, such
earthquakes have frequently caused damage and occasionally casualties,

By far the best documented instance of what is assumed to have been a
shallow focus earthquake is that of January l4th, 1941, See N.H. Fisher
(15). This earthquake, which was generally reported as the worst ever ..
experienced in the regior, was felt with an intensity of 9 (R.F.) in the
epicentral area gbhout Wunga Village, 21 miles south-south-west of Rabaul.
Damage was extensive in willages near the epicentre and huge landslides
occurred damming up river valleys. Water, mud and sand were ejected
from cracks and fissures on the coast near Keravat and not water was
brought up in the Kabaira area at the north-east corner of Ataliklikun
Bay., Evidence collected by Dr. Fisher suggested that movement had taken
place on a fault system running from Ataliklikun Bay through the Warangoi
valley with downthrow to the south-west,

r

The shallow focus earthquakes most commonly felt in Rabaul
originate in the Open Bay/Wide Bay area of New Britain or to the south
of Jacquinot Bay, to the west of the Gazelle Peminsula, or in the area
of Southern New Ireland. The very large earthquakes at very shallow .
focus (15 to 25 kms), which commenly occur in the Bismarck Sea are
rarely felt in Rabaul or Kavieng. Seismograms show that these earthquakes
have usually long period surface waves with amplitudes characteristically

“greater than the P and S waves, This fact probably accounts for the
“. rarity with which they are reported felt, since, although human beings

begin to notice shaking when the .acceleration approaches 1 gal. (1 cm/sec.z).
perceptibility decreases as the period of the shaking increases.

Isoseismals for shallow earthquakes usually show elongation
parallel to the regiomal structure, but to a lesser extent than those for
intermediate or deep earthquakes (see Figure 7, reproduced from N.H.

Fisher (15), depicting isoseismals for the January l4th, 1941, earthquake).

+ For these localities see Appendix A and Figure 1,
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Shallow earthquakes of high magnitude occur most commonly in the
Bismarck Sea to the south of Manus Island, and off the north New Guinea
coast between Wewak and Aitape. The 20th September 1935 shock near Aitape,
as already mentioned, caused damage and many casualties. Two earthquakes
of magnitude 7, on 30th July and lst August 1962, caused seismic sea waves
and damage t£o small boats and native houses on Kairiru Island, and in the
Schouten Islands. An earthquake of magnitude 64 - 6)% which occurred to the
S. of the Manus group on 26th October 1961 disturbed standing water on Tong
Island about 100 miles to the north-east. Its depth of focus of 14 kilo-
metres was the shallewest of all the earthquakes in the region for which a
definite depth has been determined, with the exception of an earthquake
with a focal depth of 13 kilometres which cccurred in the same area on
31st July 1960.

(¢) Foreshocks, Aftershocks and Earthquake swarms

Barthquake swarms of both volcanic and tectonic origin are
experienced from time to time in the Rabaul region.+ Multiple events of
this kind may be classified under the following headings:-

1. Swarms of Volcanic Tremors which usually precede, accompany
and follow velcanic eruption. Unlike the well-known case of the
Ischian earthquakes of 1881.1883, there have been no instances
at Rabaul of velcanic earthquakes which have not been directly
cornected with an eruption. In the Talasea area, on Willaumez
Peninsula, Central New Britain, however, tremors of apparent
volcanic origin are frequently reported. These are characterist-
ically felt:at intensities up to 5 (M.M.) at Lagenda, Volupai and
Talasea, but not at neighbouring localities such as Walindi,
Numunde or Cape Hoskins. The Willaumez Peninsula comprises a
nurber of dormant velcarnic centres, one of which, in Lake Dakataua,
is krown to have been active during the last century. Numerous
hot springs, mud-pools and geysers are found in the Talasea-
Lagernda-Volupai ares and nearby at Pangalu village, and it is
probable that the tremors cccur in underground magma chambers
related to these thermal areas, Swarm tremors of possible volcanic
crigin have been reported from Esa‘ala in the D'Entrecasteaux
Isiands off the S.E. end of Papua. These so far have had no
apparant effect on dormant Recent volcanic centres in the vicinity -
See M.A. Revnalds and G.A. Tayler (44, 45, 53). A short series of
small shocks which were felt over a 10 minute period at Vunadidir,
near Rabaul, on 4:ih January 1961, (Intensities up to 2 (M.M.)),
may have beer of velcaric origin since they were not recorded on
the Rabaul seismograms. Similarly tremors which are not recorded
at Rabaul are sometimes reported felt at Taliligap.

2. Fore shocks and Aftershocks related to a principal earthquake,
usually of high magritude. Large earthquakes in the region are
commonly followed by aftershocks, many of which may be felt at
intensities up to about 5 (M.M.). Less commonly they are pre-
ceded by foreshocks., MAn example of a series of this kind are the
earthquakes of llth to 19th February 1962, in the Feni Island
area tc the east of scuthern New Ireland, (see Figure 8). The
principal earthquake of Magnitude 6 was preceded by one foreshock
which was felt at intensity 4-5 (M.M.) at Keravat. 8 aftershocks
were felt up to intensity 4-5 (M.M.) at Rabaul. Numerous others
were recorded but not felt., The series ended with two more
distant aftershocks on 23rd February about 100 miles to the
north-west.

The great earthquake of January 14th (L.M.T.) 1941 was followed in
the next 24 houxrs by well over 200 aftershocks, and aftershocks
cortinued to occur for more than a month after the event,

- See Appendix D
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A swarm of tectonic earthquakes, felt at intensities up to 5 (M.M.)
in Rabaul, occurred between 1l6th and 23rd August 1957, Early
epicentres lay to the east of southern New Ireland, later ones
from an eastern extension of the Warangoi-Keravat fault line, and
the series was terminated by a major earthquake at 69S, 154%°E
(Mag. 6% .

From time to time swarms of very small earthquakes with sharp P

and S groups and S-P intervals of from 1% to 6 seconds are recorded
at Rabauzl. Such earthquakes appeared frequently on the records
between November 1957 and March 1958, A short-lived swarm of

similar small tremors occurred on 26th May 1959 and others were
recorded during January 1960. (See Appendix I). The writer believes
that these are small tectonic tremors originating from 8 to 30 miles
from Rabaul. Some may be deep focus earthquakes directly under the
Rabaul Caldera, but there is no direct evidence in support of this
conclusion other than the sometimes poor development of surface waves
on the records. The tremors are quite distinct from the more frequent
“anomalous” emergent swarm tremors which are discussed fully in

‘Chapter 3, section 3,

Pairs of Earthquakes of approximately the same magnitude.

Richter (46) in his Elementary Seismology mentions New Britain as
one of the areas which "habitually produce complex earthquakes at a
relatively high level of magnitude”. Many interesting cases of this
phenomenon occur., For example, on 4th July 1956 an earthquake at
59S. 153%E, was followed 12 minutes later by one at 5°S. 152°E,

Both were felt at Rabsul (Intensities 3 and 1-2 (M.M.) respectively).
On 4th July 1957, 2 earthquakes occurred at 59S. 152°E. separated by
24 mirnutes. Both shocks were felt at Pomio (Intensity 4 (M.M,)) and
at Rabaul (Intensity 2 (M.M.)). They were followed by aftershocks.
On 18th January 1962 a pair of earthquakes occurred separated by
only 3 minutes with different depths at epicentres given as 5.39S,
153,7°E. and 4.29S, 153.6°E. (See &ppendix D).

(d) yvisible Effects of Faulting

Apart from effects due to shaking (damage to watertanks slumping,

landslides etc.), cases are also known from the district of effects due to

“% verthquakes which are probably the direct surface expression of faulting.

Under this heading may be grouped the opening of cracks and fissures

in the ground, charges of level, and those cases of severe tilting which have
definitely been linked with earthquakes,

The following instances may be queoted:-

(for changes of level see Chapter 1, Section 7)

(1)

In 1636 subsidence took place near the head of Korsagi Creek in

the south-east Baining Ranges on a lew ridge 1200 to 1500 féet

above sea level, some 2% miles west-south-west from Ramaszka

village and 15 miles south of the most southerly part of Ataliklikun
Bay. The area was investigated by Dr. N.H. Fishexrt in October 1937,
He found that subsidence was taking place on a fracture or a series
of fractures striking north-west to north-north-west and apparently
dipping steeply to the rorth-east (downthrow side). The area
involved was 45.8 acres, the length approximately B0OO metres and

the width 220 metres. 1t was first observed in November 1936 and
probably commenced the previous month in the north-west corner of
the area, whence subsidence preceded south.east at a rate of approx-
imately 100 metres per month. Maximum displacement was about 100
feet. Dr, Fisher concluded that the subsidence was due to lecal
adjustment brought about by faulting along a general soéuth-east/
north-west directioz, with sclution cavities in underlying

. N.H.

Fisher (16, 17).
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limestone assisting the collapse of overlying strata, Dr. Fisher
pointed out that the area was directly on a line joining Rabaul
and the Father Volcano with direction of fracturing at right
angles to this line and parallel to a direction of weakness
traversing Rabaul Harbour,

(2) Immediately prior to the eruption of Vulcan on 29th May 1937
cracks appeared in the ground on Matupi Island in a direction
trendirg towards Vulcan Island. They were inspected by Adminis-
tration officers on the afternoon of the eruption. They were
undoubtedly due to the severe volcanic earthquakes of 28th and
20th MaYQ

(3) Actual rupture of conglomerate, shales and sandstones took place
(see N.H. Fisher (15)), during the earthquake of January 14th
1941 in the Baining region. Close to the probable epicentre an
area of 400 by 500 yards on the side of a small valley slipped
across a tribuzary of the Undal River, leaving a steep rock face
at one end about 300 feet high. No other direct surface
expression of faulting was found, ‘but subsidence took place
around the shore of Ataliklikun Bay, supporting the idea of
downthrow to the west.

Tilting+ at the rate of about 1 second a day was recorded
upward to the west-south-west at Rabaul Observatory for about a
month prior to this earthquake. This ceased immediately after
the shock and for a fortnight (during most of the aftershocks)
the tilt was upwards to the north with practically no movement
on the east-west component (a condition which was also shown
some months prior to the earthquake). (N.H. Fisher (13)).

(4) 1536 hours G.M.T. 15th June 1955 - Following an earthquake to _
the east-north-east at 39S. 153°E (h = 100 kms.), which was felt
at intensity 2-3 (M.M.) in Rabaul, south-east/north-west trending
fissures appeared in Kamerere Street, Rabaul. The earthquake
was felt more strongly (Intensity 4) at Warangoi Plantation than
in Rabaul.

(e) Seaguakes

Seaquakes, or earthquakes felt at sea, are occasionally reported
from the New Guinea region. They are noticed only in the case of high
magnitude shocks, sirce otherwise insufficient energy is transmitted into
the water as elastic waves from the underlying rock. They have been
reported for earthquakes in the Bismarck Sea near Manus Island and in the
Schouten Islands, and at least one has been reported for the Rabaul area,
(the earthquake of 9th September 1950 near the Duke of York Islands was
felt as a sharp bump on hoard one of the Administration vessels which was
returning to Rabaul at the time).

(f) Periodicity of Earthquakes

A rough periodicity is eviﬂent in earthquakes in the region.
Monthly mumbers of U.S.C. and G.S.™" and B.C.I.S. epicentres®" have over
the past three years shown a peak in the early part of the year. This
tendency is not, however, brought out in the 1955-1959 périod (for which
the evidence is not 30 good). Earthquakes in the Rabaul area tend to be
mcre numerous durirg the "north-west™ or rainy season than during the

+ During the last 10 days of October 1960 a similar tilt, amounting to
a dip of 8 seconds to the east, was recorded at the Rabaul Observatory.
This trend continued more slowly in November, reaching a total of 10
seconds (or a third of the tilt recorded in 1941) by the end of the
month., It then returned to normal. It is possible that the reversal of
this trend was related to the earthquake of Magnitude 64 which took place
near the Weitin River fault zone in southern New Ireland at 0450 hrs.G.M,.T.
on 24th November 1960, (See Appendix B, Intermediate Felt Earthquakes)

++ United States Coast and Geocdetic Survey, Bureau Central International de
Seismologie.
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normally drier "south-east" season (See Figures 9, 10). +

A similar tendeuncy has been noticed in California where minor
earthquake activity often increases towards the end of the year, about
the beginning of the rairy season. It has been attributed to the shifting
of large air masses and the consequent change of load on the earth's
surface, This may also be true in part for the New Guinea area, where the
effect is probably accentuated by increase in weight of ground water beneath
the surface.

Figures 11, 12, illustrate earthquake frequency in the area as
related to lunar and solar periodicities. It is evident that a poor
correlation exists between earthquake frequency and the periods of new and
full moon, particularly close to the equinox. The eight most distinct peaks
on the figures are as follows:-

Peak Lunar Correlation Solar Correlation

August, 1957 2 days after Full Moon 1 month before spring equinox
April, 1958 2 days before Full Mocn 2 weeks after autumnal equinox
May, 1959 5 days before New Moon 1 month before winter solstice
February, 1960 2 days after Full Moon 1) months before autumnal equinox

March, 1961 Full Moon 1 week before autumnal equinox
February, 1962 New Moon 5% weeks before autumnal equinox
May, 1962 Full Moon 1 month before winter solstice
December, 1962 Full Moon 10 days before summer solstice

See Appendices E and F for a thorough correlation of earthquake
frequency maxima with lunar periodicity and for a probability table covering
these correlations,

From these appendices (see particularly last column of the
probability table), it is apparent that the new moon was the most favour-
able phase for earthquake frequency in the region over the period 1957 to
1962, Other phases of above average favourability are listed. It will be
seen that the full moon, the last quarter and the phase moon minus two days
together came second to the new moon in favourability over the period,
while the first quarter ranked no more than fifth in the order of favour-
ability. This result supports Davison's conclusions to some extent (9, 10)
viz, "if the earthquakes are due to movements connected with the elevation
of the crust we should expect the maximum of the 29.6 day period to coincide
with new moon and those of the 14,8 day period with new and full moon. If
they are caused by the depression of the crust the maxima of the 29,6 day
period should coincide with full moon and those of the 14.8 day period with
the first and last quarter."

) Evidently no simple relationship exists in the New Guinea area
between frequency of earthquakes and lunar periodicity, and in all probability
earthquakes in the region are triggered both by depression and by elevation
-of the crust by tidal forces. Mr. G.A. Taylor‘s highly successful
correlations of volcanic eruption with lunar and solar periodicities (56),

+ Figures 9 and 10 should be treated with caution. The curve for Energy
Release is based on the numbers of earthquakes of given magnitude (before
1963 this means, less than magnitude 5%). It is purely qualitative and
is only designed to give an impression of monthly seismicity. '

The "curves" for Progression were drawn by linking earthquakes, which it
is considered could have been genetically related, in the order in which
they occurred. No conclusions are drawn,
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show that a delicate state of equilibrium often exists between the opposing
forces of upsurge df magma and the confining pressure of the crustal rocks.
He has shown that minor changes in the strength or direction of the earth
tides may upset this equilibrium and trigger volcanic eruption, It is
probable that in a similar way rocks that have accumulated strain due to
fundament2l tectonic processes such as mountain building may reach a state
of delicate equilibrium in which the small extra stress due to the action
of earth tides may trigger an earthquake and relieve all or part of the
accumulated strain., Where the restraining pressures are not great or when
the accumulation of strain proceeds rapidly rocks will tend to succumb to
the deforming forces and an earthquake will result before the maximum of
force is exerted by the earth tides., When strain accumulates very rapidly,
as must often be the case in a tectonic area as active as New Guinea,
fracture will cccur with resulting earthquakes without regard to lunar or
solar periodicities.

&n attempt is made in Chapter 5, section 2, to apply results of
this thinking to earthquakes in different areas in the East New Guinea
region,

A complete statistical study would be necessary to determine how
far lunar and solar periodicities affect the overall picture of earthquake
frequency in the region, and to what extent their effects may be cancelled
out by purely tectonic processes.

The matter is bound up with the whole subject of progression of
earthquakes from one area to another, and the rapidity with which this
progression takes place. This study is hampered by the lack of sufficient
magnitude determinations for earthquakes in the region. Thus energy release
can only be roughly estimated at present, Events are set down in figures
9 and 10 which illustrate, in a generalised way, energy release, progression
and monthly periedicity in regiomal New Guinea earthquakes for the period
October 1955 to February 1963.

A fuller discussion of the few conclusions which can safely be
drawn at this stage is reserved for Chapter 5 section 2,

An attempt has been made to determine whether any particular time
of day is favourable to the occurrence of earthquakes in New Guinea (see
figure 13). The times of occurrence of earthquakes are plotted in periods
of 12 minutes throughout the day and the resulting curve is smoothed by
averaging each total with the adjoining two. A total of 764 earthquakes
with known epicentres in, or felt in, the Territory of Papua and New Guinea
during the period 1957 to 1962 was used in compilation of the diagram,

For those whith reported epicentres origin times were used, while for those
felt in the Territory P-arrival times at Rabaul were used.

Results indicate that there is little if any correlation between
time of day and the occurrence of earthquakes. - The most disturbed period
appears to be between sunrise and midnight with minor peaks of earthquake
frequency around 1700 hours (L.M.T.) (0700 hours G.M.T.), and between
2030 and 2230 hours (L.M.T.) (1030 -1230 hours G.M.T.). The period
between midnight and sunrise appears to be rather less favourable to
occurrence of earthquakes, It is not considered that the evidence
warrants drawing any conclusions regarding diurnal periodicity at this
stage,
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2, NEAR EARTHQUAKES CHARACTERISTICALLY NOT FELT

a. General: For the purposes of this paper earthquakes referred to as
“near"™ are those whose epicentres lie at an angular distance of not more
that 120 ( = 129) from Rabaul. The area considered thus extends from
a little beyond the internaticnal boundary with West New Guinea through
the Territory of Papua anrd New Guinea to include the greater part of the
western and central British Solomon Islands Protectorate,

It is generallyv considered that small earthquakes, or those
which are characteristically not felt, originate in the same way and from
the same causes as earthquakes of greater magnitude. That is to say,
they are caused by the yielding of large masses of rock under accumulated
strain, due primarily to fundamental tectonic processes. At depths near
100 kilometres rocks should yleld by plastic flow rather than by fracture,
but the evidence indicates that irtermediate and deep earthquakes are,
like most shallow earthquakes, due to compressional shearing fracture,
Richter (46) suggests that this apparent anomaly is due to the fact that,
although slowly accumulating straics will be relieved by flow before they
can arrive at fracture, more rapidly accumulating strains may progress
until fracture is reached.

Near earthquakes are rxecognised on the Rabaul seismograms by
their characteristically sharp P and S groupﬂ?short wave periods. Until
the installation of leorng period instruments in February 1962, the S
phase was seldom recognisable on the seismograms except in the case of
very small earthquakes, The old short period Benioff seismograph
generally recorded a sharp P phase (sometimes preceded by an emergent
P phase after which the movement of the light spot would become so
rapid that its trace failed to record on the film. The strong motion
Omori Seismograph rarely recorded any local earthquakes except those at
or near the level of perzeptibility**, Thus for a large proportion of
the earthquakes recorded, the only data which could be derived from the
records was the nature and time of the first P arrival.

The improvements to the instrumertation at the Rabaul Observat-
ory in February 1962, and particularly the installation of the 3-component
long period Vela Standard equipmeat, have enabled the times of most S
arrivals to be read, The chances of deriving reliable local epicentres
are thus greatly improved.

Up to the presert time no consistent work has been done on
recording wave periods or arrival times of phases other than the
P, S and L waves™ . The direction of first arrivals is generally noted.

+ The aftershocks of the major earthquake on 10th Obtober 1955 had
unusually leng-period beginnings. They were quite unlike the usual
Rabaul near earthquakes.

++ Teleseisms are never recorded or the Omori seismograph unless they are
of exceptional magrnitude. A rotable case was that of the great Assam
earthquake of 142002 hours G.M.T. on 15th August 1950, which recorded
on the Omori for more than 80 migutes with surface waves of remarkable
amplitude and exceptiorally leng period.

+++ Phases that approximately fit arrival times for PcP and Scs are
occasionally recorded at Rabaul at epicentral distances ranging from
1 to 5 degrees.

-5
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Guinea, for which directions of first movement at Rabaul have been recorded, are
listed in Appendix G, and are plotted geographically in Figure 14, It was hoped
that a study along these lines might indicate the degree of continuity in sense

of faulting in any particular area. Figure 14 however shows largely random
distribution of epicentres for which initial compressions and dilatations have

been recorded, and this probably indicates that few areas consistently produce

a single type of earthquake. The available evidence is very incomplete, and

does not warrant drawing any conclusions at present, It is interesting to note

however, that all epicentres in the Wide Bay area to the south-east of the

Gazelle Peninsula have up to now recorded with initial dilatations at Rabaul, as
have the majority of deep focus earthquakes in the Bougainville - New Ireland -

New Britain area for which directions of first movement have been recorded.
Travel times and depths of discoq&inuities are not accurately known
for the Rabaul area: thus identification of P, P
S phases is not made as a matter of routine. However sharp initial P phases,
at epicentral distances less than about 120 kilometres, are probably to be
classes as direct P waves, while the emergent long-period P, which is commonly
recorded at epicentral distances of about 200 to 300 kilometres, is almost
certainly Pn (the P phase refracted under the Mohorovicivc discontinuity).
This latter is commonly follewed by a sharper impulse of greater amplitude and
shorter period which is orobably P, the direct wave through the crust which is
alsc known as Pg or Pj, A false S phase,

arriving earlier than the true o, 15 sometimes recuided at Rabaul,

Sharp arrivals in the P and S groups which are regarded at Rabaul
as reflected phases are very commonly recorded. Typically they do not fit,
standard travel time tables (Jeffreys and Bullen, Eiby and Muir). This matter
is discussed in Chapter 3, section 3, in connection with the "anomalous" class
of small local tremors. Explosions in the caldera area at Rabaul character-
istically show apparent reflected phases also.

b. Deep Earthquakes: A total of thirteen earthquakes of known deep focus
which were not reggrted felt, occurred in East New Guinea between June 1935
and February 19637, They are listed, as follows:-

and Pn and the corresponding

Date G.M.T. G.M.T. Epicentre Depth Magnitude Direction Remarks
Origin  Arrival (P) (Kms) of first
Time Movement
8.12.55 173600 173654 4°9s.152°E, 500 - Comp. ‘Phase on Omori at
- Ma "
15/9/56 103309 ? 49s5.151°E. 400 7T-T = -
15/8/57 204520 :20463l%  4%°S.155°E, 500 - Dil.to E.S.E.
26/2/58 001756 1001841 308, 1520, 300 - Dil. to E.S.E. :
1/6/59 053130 :053230 495,153%E, 400 - - impulse on Benioff
at 053313.Followed
by deep earthquake
at 695.154°E.Felt
25/2/60 205605 205703.0 7°5,154°E, 300 - -
15/10/60 121203,0 121337.9 7.795.157.59E. 366 -~ - Western B,S.I.P.
21/11/60 042954,7 :042954.0.. 3.495,152,30E. 371 - - Followed by deep
earthquake, felt,
2 days later
6!2{61 192933,2 :193028.,2 4,89S,154,20E, 470 = Dil.to S.E, Phase on Omori at
:. Mqll
2/3/61 110110.6 !110209.1 3.99s,154,50% 407 - Dil.to N.E. Greatest amplitude
(Omori on EW camponent
1/12/61 065510,9 065554.8  3,99S,152,50E 342 - Comp
21/4/52 142144.9 142221.5 4.4%5,151,208, 334 - Dil
27/8/62 055910.4 0500(12%)  5,79S.154,9°E, 370 - -

+ Phases that approximately fit arrival times
recorded at Rabaul at epicentral distances ranging from 1 to 5 degrees.

for PcP and Scs are occasionally

++ A further 5 earthquakes of known deep focus were felt in the region over
They are listed in Chapter 2, section 1,

this period.
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Old Benioff Seismograph record 15/&/58 (Times G.M.T.). Epicentre not reported. Unusual shock at 2234,
felt Rabaul Intensity 3 (M.M.). Appeavance suggests deep focus (relative preponderance of P and S group
over L waves). Note vehicle interference on Observatory Road at 0841. :
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Rabaul Observatory

0l1d Benioff Seismograph record 15/8/58. 0227 Central New Britain Earthquake; epicentre 6°S, 1504°E,

Felt Walindi (Int.4 (M.M.), Felt Rabaul (Int. 3 (M.M.) etc. A= 2930'. Note vehicle interference at
1524 hours, and 2217 hours.
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The distributioe of these deep earthquakes, together with those
that have been reported felt, fcllows a broad arc from the area of the islands
north of central New Ireland and the Bismarck Sea, west of the Gazelle
Penirnsula and across southern New Ireland to Bougainville and the western
Solomen Islands., At its wides! point, the Bougainville area, the zone is
about 200 miles agross. The evidence of the far greater number of inter.
mediate and shallow fecus earthquakes which otcur in the same area indicates
that relief of strain by earthquake rarzely takes place at depths exceeding
300 kilomeires. As already menticned, this may be due to the fact that at
such depths rocks vield by plastic flow unless rapid accumulation of strain
takes place, ki Kk

Evidecce on the mechanism of deep earthquakes in the region is
lacking at present, but the similarity in tectonic environment between New
Guinea and Indonesia suggests that earthquake mechanism may also be similar
in the two regions, Ritsema {47) has found that, although strike slip
commenly occurs in shallow earthquakes in Indonesia, deep earthquakes are
commonly accompanied by dip slip. The regional structural problem is
discussed briefly in Chapter 5, section 3.

Small earthquakes which are believed to have occurred at deep

. focus are recorded from time to time at Rabaul. They are characterised by
short-period sharp P and S onsets with no distinct phases in between.

The amplitude of the P waves sometimes exceeds that of the S waves.
Surface waves are very poorly recorded.

Plate 1 shows an example of an earthquake of probable deep focus
recorded on the vertical component of the Benioff Seismograph.

Plate 1 on page 38.

(c) Igtermediate Earthquakes: The majority of earthquakes recorded on the
Rabaul seismograms are probably intecrmediate in depth. Those for which
epicentres have been calculated lie in the main inland earthquake zone
paralleling the north coast of New Guinea, and in the arcuate continuation
of this zcne along the line of New Britain, Southern New Ireland and
Bougainville. Probably the majority of intermediate earthquakes recorded
at Rabaul originate irn the zone stretching from wide Bay to Open Bay across
the South end of the Gazelle Penirsula and in the area of the "nose" of

the earthquake zone, to the sast of southern New Ireland, (See Figure 4).

Intermeaiate focus earthquakes on the records are characterised
by sharp P ard S phases, often with indeterminate phases in between, and
no strong development oi surface waves,

Plate 2 illustrates an earthquake of known epicentre but unknown
depth which. probably lies ir the Inrermediate depth range. . The earthquake,
which was felt widely in New Britain, occurred between the Nakanai and
wWhiteman Ranges in the ceniral pari of the island. Note the sharpness of
phases and the comparatively poor development of surface waves.,

Earthguakes origirating at distances over 150 kilometres from
Rabaul generally show an emergent P phase (Pn) folleowed by a sharp short
pericd phase (P). This featere, which is illustrated in Plate 2, is
common to earthquakes in the intermedi2te and shallow focus range.

Plate 2 opposite thig page.
(d) Shallow Earthguakes: Shallew earthquakes, which are recorded almost

as frequently as intermediate earthquakes on the Rabaul seismograms, are
characterised by cemparatively stroag development of surface waves.

They occur in the same zones as the Intermediate earthquakes,
and further south off the coast of Central New Britain. In addition,
however, there is a marked develocpmeni of shallow earthquakes in a zone
that diverges from the zoce of mainland New Guinea shocks near Wewak and
passes across the Bismarck Sea to the south of Manus and New Ireland.
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These Bismarck Sea earthquakes give rise to surface waves of
unusually long period and high amplitudes. They are frequently of great
magnitude and have caused damage in the vicinity of Wewak and the
Schouten Islands. Commonly, however, sﬂpcks of about Magnitude 6 occur
in the area which are not reported felt'. '

Plate 3 illustrates an earthquake of this type which was felt
at Tong Island and Lorengau in the Manus Group on 26th October 1961 at
0039 hours G.M.T.

All Bismarck Sea earthquakes of known epicentre, excluding those
of Intermediate focus from the area 3%°S. 149%°E., are listed in Appendix
H. Numerous earthquakes, having the same characteristics, have been
recorded at Rabaul, for which no epicentres have been determined. Many
of these probably also originated in the Bismarck Sea.

A study was made of these earthquakes when they were first
recorded in June 1957 by J.E. Johnson, who was Assistant Vulcanologist
at Rabaul at the time (see J.E. Johnson B.M.R. unpublished notes,
October 1957). Since that date no detailed analysis of this class of
earthquake has been made (as will be evident from the amount of detail
lacking in Appendix H), beyond routine analysis for the Rabaul Provisional
Bulletins.

Mr. Johnson raised several interesting points in connection with
the 1957 Bismarck Sea earthquakes, He pointed out that they character-
istically occurred in groups of two or three separated by intervals
ranging from a few minutes to a few hours, He also drew attention to the™
fact that the P waves are often poorly developed, and to the appearance of
a prominent short period phase which may be superimposed on the L waves
three to six minutes after the onset of P. Both these features can be
distinguished on the seismogram illustrated in Plate 3.

The short period phase superimposed on the L waves has been
identified as a T wave, due to propagation of energy through water. As
Mr. Johnson pointed out, the expanse of the Bismarck Sea has affected the
recording of the L waves, Similar phases have been recorded at the
seismological station at Honiara in the British Solomon Islands from
shallow submarine earthquakes (J.C. Grover, personal communication).
Several phases of this kind can be distinguished on the record illustrated
in Plate 3.

The calculated arrival times have been found to agree very
closely with measured arrival times at Rabaul., A strong emergent phase
which looks like the onset of the L waves is commonly found to agree
closely with the calculated arrival time for S. Surface reflexions such
as SSS are sometimes recorded. Duration of this class of tremor on the
records is sometimes unusually long.

(e) Minor Swarm Earthquakes of Tectonic origin: 1In addition to the

swarm earthquakes discussed in section 1 of this chapter and listed in
Appendix D, swarms of microearthquakes are recorded from time to time on
the Rabaul seismograms. Appendix I is a compilation of all earthquakes
which were listed on the Rabaul work-sheets between March 1955 and
February 1963 with S~P intervals of 10 seconds or less. The majority

will be seen to have occurred in the second half of 1957, This dis-
tribution is biased by the fact that Messrs. J.E. Johnson and M.A. Reynolds

+ For example, the earthquake of Magnitude 6-6% which occurred at 000324
G.M.T. on 7th May 1959, at 3%9S 148K"E. This earthquake was preceded by
foreshocks on the previous day, and was followed by 2 big aftershocks.
None of the series was reported felt,

Plate 3 opposite
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who were attached to the Rabaul Observatory during this period, recorded
such tremors with more diligence than has been shown either before or since,
Tremors of small S-P interval were, however, unusually plentiful during
1957: hence the interest that was shown in them,

&s will be seen from Appendix I the majority of the recorded
tremors have S-P intervals of between 8 and 10 seconds, This puts them at
an epicentral distance of between 44 and 55 miles from Rabaul if a near
surface focus is assumed for the earthquakes. S-P intervals as small as
1 second have been recorded however, and in February 1961, 2 tremors were
recorded with even smaller intervals., Even if one assumes a surface focus
for these tremors, their epicentres must have been within 5 miles of the
Observatory, and since some of them have the appearance of deep shocks
(e.g. an earthquake of S-P = 2,4 sec. on 12th December 19535, and the swarm
of small tremors that occurred on 22nd December 1957) their foci probably
lay directly under Rabaul.

This matter is discussed more fully in the next section in
connection with the "ancmalous" emergent tremors that are frequently seen
on the records.

In passing it should be mentioned that some of the tremors listed
in Appendix I have the appearance of explosions. Where this is so the fact
has been noted in the "Remarks" column, These tremors may have been due to
explosions of wartime ammunitior, although no explosions were reported at
the times concerned.

It has been suggested that some of the small tectonic shocks may
have been due to slumpirg of marine sediments on the sea-bed in the vicinity
of Rabaul, This has been found to occur in California where the shocks have
characteristic long period beginnings, due presumably to a more gradual
movement of the unconsolidated sediments than would occur in the case of
earthquakes in consolidated rocks. However, the majority of the small
tremors recorded at Rabaul have short period beginnings and are very similar
in form to larger earthquakes of known tectonic origin, the only differ-
ences being the small S-P intervals and the fact that S and L max (M) occur
very close together, It is probable that they represent small movements
on faults in the Rabaul area, Certain small disturbances with long period
beginnings do occur frequently on the records but the writer is of the
opinion that they are due to small earthquakes at greater distances from
Rabaul than those discussed above, of which only the surface waves are of
sufficient amplitude to be reccrded.

‘ Mr. G.A. Taylor has on a number of occasions pointed out that
“the origin of small disturbances of this kind will not be known accurately
until the satellite Observatory stations are re~establlshed in the Rabaul
Caldera, ;

3. MICROSEISMS, "ANOMALOUS" MICROEARTHQUAKES, AND OTHER MINOR NATURAL
DISTURBANCES

General

In additicn to continuous microseismic activity due mainly to
meteorological causes and to the moevement of the sea, a number of other
small disturbances are recorded from time to time on the Rabaul Seismograms
which are not sufficiently similar to known tectonic earthquakes to enable
them to be assigned without reservations to the same category. They may
be classified under the following headings:-

(a) Volcanic Tremor (b) Micrecearthquakes with characteristically harmonic+
form,. including those with pcorly developed harmonic form, and

(c) isolated medium to long period pulses and emergent phases. Disturb-
ances of these kinds are discussed separately in this section, Those in
classes (b) and (c) are referred to at Rabaul as "Anomalous Swarm Tremors"

or respectively class (b) as "Harmonic™ and “Semiharmonic" Tremors and

class (c) as emergent pulses, .They are not to be confused with the

+ The term "harmonic" appears to be used in this context to describe a wave
train of almost constant period with a more or less smoothly varying
amplitude. - Editsr.
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old éenioff Seismograph was calibrated properly for the first time, thus
altering the appearance of earthquakes on the records.

It has been suggested that the characteristic harmonic appearance
of the tremors may be due to the response of an underdamped seismograph to local
tectonic tremors, Before the calibration of the old instruments in December
1955 most tectonic earthquakes recorded in a characteristically harmonic way,
although the pattern of the shocks were entirely different to that of the
later "anomalous" harmoric tremors. Furthermore interference of industrial
origin (see Chapter 4, section 1) was consistently more sinusoidal in
appearance than it was after that date. The instruments were in fact
definitely underdamped. At present the instruments are considered to be
slightly underdamped. The World Wide Standardised short period seismographs
are critically damped with the exception of the NS Component (Ratio 100:1
under) .

However, the fact that the anomalous shocks are recorded on both
sets of short period instruments’, as well as on portable Willmore Seismo-
graphs, with a type of sigrature quite distinct fronfjthat of normal tectonic
earthquakes, and the fact that their beginnings are almost always emergent
while those of tectonic earthquakes are more often sharp, seems to indicate
the reality of a class of disturbance that does not conform to.the normal
type of tectonic earthquake. %

Plate 4 illustrates a goed example of an "anomalous" tremor of
harmonic form. It is of a type described often at Rabaul as "four phase
harmonic" on account of the four distinct groups of apparent L waves near
the beginnlng of the signature. Four other, less distinct, groups of phases
occur in the coda, and short period Iow amplxtude movemenegprecedes the high
amplitude waves. _ 2o ;

The tremoxr depicted in Plate 4 shows a typical onset for this type
of shock. Sharp impulses of very low amplitude appear to emerge gradually
from the microseismic background in such a way as to make it virtually
impossible to identify the arrival time of the wave-train. The onset is,
therefore, of the “emergent-impulse™ type, ei in seismological parlance,
where although the waves have sharp beginnings, it is not possible to pick
the exact poirz at which they emerge from the background impulses. Tremors
of less well.defined harmonic ferm but similar characteristics are referred
to at Rabaul as semiharmeonic tremors.

Most "anomalous" harmenic tremors at Rabaul have between five and
ten indistinct phases which individually lack a smooth outline. Some
however, have two distinct smooth groups of maximum amplitude phases: others
have three, while a minoxity have four. A very few have five distinct
smooth groups, cr as the example in Plate 4, four with up to four more less
well-developed groups. Very occasionally a tremor is recorded with only
one group of harmonic phases (e.g. 2113 hours G.M.T. 6th May 1961).

The period of the vibrations is normally between % and 1/3 second. However
periods greater than 1/3 second and less than % second are not infrequently
observed., Occasionally the pericd of the same vibration differs with
different components, being usually shorter on the north-south component of
the old Benioff Seismograph than on the vertical or east-west compcnents,
Generally the more perfect harmornic form is associated with the vibrations
of shorter period (4 second or less).

Sometimes a tremer may appear harmonic on the vertical component
of the old Benioff seismograph while the horizontal components may register
little or no harmeric movement. Occasiorally the opposite situation is
observed. .

+- See Plate 5 for a typical example of the appearance of "anomalous"
harmonic swarm tremors orn the short period vertical component of the
World Wide standardised Seismograph System at Rabaul.
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harmoric disturbances of characteristically sinusoidal form which have been
fourd to be due to ships® engines, and which are discussed in Chapter 4,
section 1, Microearthquakes without harmonic form and with sharp beginnings
are considered as small scale tectonic earthquakes and are discussed in
Chapter 3, section 2, They mdy also be due to explosions in some cases.

(a) Volcanic Tremor:

Continuous oscillations due to volcanic processes such as the
rise and fall of magma in the earth's crust are commonly classified
throughout the world as volcanic tremor, They may be recorded continuously
for periods ranging from a few minutes to several days, and are normally
associated with eruptions or impending eruptions, Characteristically,
volcanic tremor first appears on seismograms shortly before an eruption,
increases in amplitude during eruption and dies away as soon as activity
in the crater ceases., Very often the onset of volcanic tremor may coincide
with a sharp decrease in the number of felt earthquakes of volcanic origin
that normally precede an eruption. Apart from their use as an indication
of impending activity, there is some evidence to suggest that the period
of the oscillations is related to the viscosity of the magma. Daisuke
Shimozuru (51) has found that the predominating period of the vibrations
becomes shorter as the viscosity of the magma increases with increasing
silica content™,

Although characteristically of shallow origin, volcanic tremor
has been noted in Hawaii in connection with swarms of deep earthquakes
which are believed to have been related to deep~seated movement of magma:

see J.P. Eaton (11),

G.S. Gorshkov (23) has shown that the intensity of the volcanic
tremor may reflect the intensity of the erxuption that follows.

In the east New Guinea region volcanic tremor has been recorded
in connection with eruptions at Manam and Mount Lamington volcanoes (see
G.A. Tglor (55, 56)), and at Rabaul in connection with activity at
Tavurvur volcano in 1941, Thus continuous vibrations were recorded at the
Observation Post near Tavurvur in July 1941, after the eruption of 6th
June, 1941. This activity reached a peak over the period July 20th to
23rd and culminated in explosions in the volcano from the 9th to the 1llth
August, after which seismic activity declined while the eruption became
practically continuous. Again, on 23rd November 1941, strong volcanic
tremor accompanied explosions at Tavurvur during which bombs were thrown
up to one thousand yards from the vent.

No seismographs were installed at Rabaul prior to the 1937
eruption. Therefore it is rot krown whether volcanic tremor occurred,

{b) "Anomalous" Tremors of Harmonic Form: This extremely important class
of tremer on the Rabaul seismograms attracted attention in August 1960,
when they first made a strong appearance on the records. They were first
recorded in small numbers, in December 1955, and continue to the present
time. Their origin is unknown.

They have been recorded both on the old 3 component Benioff
Seismograph, on portable Willmore Seismographs and on the short period
instruments of the World-Wide Seismograph System. A possible reason for
their apparent absence before December 1955 may be that in that month the

+ From Daisuke Shimozuru (Bull.Volc.Soc.Japan, Feb.1961)
Volcano Period of Vibrations in Seconds Si0Op percentage in magma
KILAUEA 0.5 - 0.7 47 .
ASO - 0.3 - 0.5 53
PARICUTIN 0.1 - 0.2 55 - 59
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Between February lst and May 10th 1961 an attempt was made to
iocate the origin of these disturbances by use of a portable Willmore
Seismograph. Unfortunately only one such instrument was available, and this
limited the usefulness of the experiment. Furthermore at that time the
World-Wide Standardised Seismograph System had not been installed at Rabaul,
In spite of this lack of instrumentation, however, some valuable reSults
were obtained.

It was found that characteristic harmonic tremors on the old
Benioff Seismograph at the Observatory did not necessarily appear harmonic
when recorded on the Willmore Seismograph at other localities., Conversely
harmonic tremors on the Willmore records frequently appeared conspicuously
unharmonic on the Benioff records. A diversity of origin was inferred for
mary of the disturbances on account of the varying response at any one
locality to disturbances which were recorded with uniform amplitude at the
observatory. o

Figures 16-18 represent graphically the results of this experi-
ment, Figure 15 illustrates the frequency of the tremors in relation to
numbers of tectonic earthquakes in the Rabaul area, and to lunar and solar
periodicities, over the period 10th May 1960 to 10th May 1961. This period
was chosen owing to the large numbers of "anomalous" tremors that occurred
between August and October 1960, and as being the period at the end of which
the most detailed work was carried out. On 1llth May 1961 the old Benioff
seismograph was removed, cleaned and re-calibrated, while structural alter-
ations were made to the Observatory Vault, .

Figure 15 shows that there was no obvious correlation between
frequency of earthquakes in the Rabaul area and frequency of "anomalous"
tremors over the period. A possible correlation exists between the 1960
soiar spring equinox and the sharp peak in "anomalous"™ tremors at the beginn-
ing of October. The increase in the number of tremors began about the time
of the August new moon and reached a peak ten days after the September new
mcon. The correlation is, however, most probably coincidental, since the
increases commenced before the August new moon but did not reach a maximum
until after the September new moon, when by reason of the equinox the tides
were in fact stronger. No peak was observed at the 1961 spring equinox and
frequency of "anomalous" tremors remained low until March 19627,

Figure 16 illustrates diurnal periodicity in the times of occurr-
ence of the "anomalous" tremors cver the period lst February to 10th May
16561, A total of 807 shocks was used in compilation of the diagram., Times
of cccurrence were grouped.into half-hourly periods and the resulting totals
were smoothed by averaging them with the totals adjoining on either side of
them,

Results indicate no strong correlation between time of day and
times of occurrence of the tremers. A preponderance of the shocks occurred
at night with a peak shortly after midnight., Although it is not considered
that the evidence warrants drawing any conclusions from this apparent
frequency relationship, it is interesting to note that it is almost exactly
the reverse of the situation for tectonic earthquakes (see Chapter 3,
section 1, sub-section g, and Figure 13), where the majority occurred
. between sunrise and midnight with peaks just before and after sunset,

Figure 17 illustrates period and amplitude of "anomalous" tremors
recorded at the Observatory between lst February and 13th April 1961 on the
rorth-south and east-west herizontal components of the old Benioff
seismograph. The radial lines give approximate directions of the disturb-
ances based on the ratio between their amplitudes on the north-south and
east-west records. The standard value for these ratios was determined at
Rapindik instrument station using a number of horizontal seismometers

+ Increase in this month may represent an approximate correlation with
the autumnal equinox.
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arranged in different orientations to record explosions in the harbour off
the north-west end of the airstrip, See Chapter 4, section 3 for a full
discussion of these experiments and their results.

Accuracy falls off very rapidly (see section quoted above) with
distance of the diszurbance from the recorders. However, the marked
preponderance of tremors that fall to the right of the north-south/east-west
ratio line 1: 1.4 indicates that their points of origin lay roughly in an
ecast-west direction from the Observatory. Smoothing of the results (see
Figure 174) has tended to spread this preponderance over an area of 10
degrees on each side of the east-west line., The resulting area in which,
or beyond which, "anomalcus" harmonic tremors prcbably originate in shown
shaded in Figure 17B,

Figure 18 shows the results of the experiment with the portable
Willmore seismograph. Average ratios of amplitudes measured on the vertical
component Benioff and Willmore seismoqranhe were plotted for each locality
on which . '
the Willmore was operateu. rne resulting wcain i1i1aes about which tne
amplitude ratios fell are piotted on Figure 18", The two heavy lines
enclosing a shaded area represent the spread of ratios obtained when both
instrumen;g were operated side by side at the Observatory. Lines running
to the left of this area represent amplitudes on the vertical Willmore
seismograph which are smalier than would have been recorded had the
instrument been operated ai the Observatory, while those running to the
right of the area represent larger amplitudes. Thus it may be inferred
that, while the former represent disturbances that originated closer to
the Observatory than to the portable station, the latter represent cases
where the Willmore was the closer to the point of origin.

Np allowance is made for the different response of the Willmore
seismograph at different localities. However an estimate can be made of
the effect of this variable, and it is evident that it cannot materially
alter the picture as shown in Figure 18. Characteristics of the various
sites are listed hereunder (for their geographical position see Figure 3):-

cality Seisomeler Background noise characteristics
Base

Rapindik Station Cement Block in tunnel High background and high level of
(unconsclidated Ash & industdal and vehicle interference

boulders) (near road)

Tavurvur Tunnel Rock Ledge in tunnel Near road, but low background
(Basalt)

Vulcan Barge Rock ledge in turnel = Near road, much interference, high

Tunnels (Pumice) background

[at Lat Sandy Floor ir Tunnel Isolated station : low background

: (Pumice)

. Lakunai Cement Flcor of Moderate background
Blockhouse (en Basalt)

Toleap Cement Floor of Moderate to high background. High
Chicken Heuse level of vehicle interference,
(0ld Beach Deposit)

Paluat Cement Floor of Empty Moderate to low background
Residence
(old Beach Deposit)

Malaguna Read Rock ledge in open Moderate to high background. Much

Quarry Quarry (Basalt) industrial interference.

Watom Island Rock Ledge below low background

inland cliff
(Ccral Limestone)

Observatory Isolated cement Moderate to low background
Block (Basalt)

+ The complete picture is far too complex to portray on a single graph,
and has therefore been simplified to show mean lines only.
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The following additioral sites were used during the experiments
of October to December 1962 (see Chapter 4, sections 2 and 3):

Locality Seismometer Background noise Characteristics
Base

Namanula. Cement Block (tented) Moderate Background
(Pumice)

Police Compound Cement flcor of Shed Moderate to high background and

(Gaol) (El1luvium) level of interference

Matupi Island Cement Floor, School Moderate background
Storeroom (Volcanic Ash)

Page Street Cement floor of Garage  High background and level of
(Elluvium) interference

Racecourse Cement floor of Moderate to low background
Clubhouse (Volcanic Ash)

Nedup Cement floor of Schoolroom Moderate to low background
(0ld Beach deposit)

Nonga Cement floor of Hospital Moderate background. Fairly
{(0ld Beach deposit) - high level of interference

Sulphur Cement Block (tented) _ Moderate to low background

Springs (Volcanic Ash) '

The operation of the old Benioff seismograph at Rapindik Station
since January 1962 has established the fact that the noise level is much
higher there than at the Observatory (see Plate 3). From a comparison of
the relative amplitudes of microseisms at the Observatory and at Rapindik
during periods when artificial interference was at a minimum it is evident
that response to earth tremor is greater at the latter, This was expected
from the position of the station which lies within the caldera in the side
of a small crater (one of the Sulphur Creek group): whereas the Observatory
or top of the caldera wall, lies on a basalt floor. :

A very approximate order of response at the various stations is
from low amplitude to high, as follows:-

Tavurvur Tunmnel, Lat Lat, Observatory, Namanula, Paluat, Racecourse,
Sulphur Springs, [akunai, Nodup, Nonga, Rapindik, Matupi Island, Police
Compound, Toleap, Page Street, Vulcan Barge Tunnels,

Accordingly, any correction made to Figure 18 on the basis of
varying response at different s:tations would have the effect of moving the
lines to the left except in the case of those tremors recorded at Lat Lat
or Tavurvur Tunnel. Thus the only material alterations to be made would
be:

(a) to shift the line marked "some small harmonics (Observatory),
sharp tectonic tremors (Lat Lat)" to such a position that it
might fall to the right of the shaded area : the line marked
"some semiharmonics (Lat Lat)" would now fall well to the
right of the shaded area,

and (b) to shift the lines marked "Toleap” and "Paluat" to the left,
It is probable however, especially in the case of Paluat,
where response to earth tremor does not appear to be much
higher than at the Observatory, that, when corrected, these
lines would still fall well to the right of the shaded area.

Conclusions to be drawn from this study are therefore as follows:-
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"Arcmalous™ tremors may alter in appearance when recorded at
different sites

They do not all originate in the same area. This applies
particularly to some semiharmonic tremors.

The only localities found which are closer than the Observatory
to the area of origin of the majority of the harmonic and
semiharmonic tremors were found to have originated closer to
[at Lat than to the Observatory.

Furthermore many medium to very short-period harmonic tremors
and some ser:iharmonic tremors, were found to have originated
closer to Tavurvur Tunnel and Rapindik Station than to the
Observatory. All tremors in this class were however of very
small amplitude on the Willmore records and there is reason to
suggest that some were due to local interference in the caldera
area, See Chapter 4, section 1 (See also Figure 19).

With regard to these corclusions the following points should be

The way in which “anomalous” tremors alter in appearance at
sites is as follows:-

Characteristic harmonic shocks at the Observatory may record as
medium to lcug-period pulses at Rapindik. Conversely harmonic
shocks at Rapindik may appear as medium period pulses at the
Observatory, See Figure 19 (Sketch of medium period wave-trains
at the Observatory ¢f a type that are recorded as harmonic
tremors elsewhere,

Similarly, harmonic tremors at a number of other stations,
particularly Tavurvur Tunrel, Lakunai and Paluat, may record as
short to medium period pulses at the Observatory. Some short
period tectoric tremors at these sites and at Vulcan Barge Tunnels
record only as pulses at the Observatory.

A number of harmonic wave-trains recorded at Rapindik, Tavurvur
Tunnel, Paluat, Vulcan Barge Tunnels and Toleap were not picked
up on the Benioff seismograph at the Observatory. They were
almost certainly due to vehicle interference, a number of
definite correlations having been-established between vehicles
and this type of movement on the Willmore records., Movements
of this kind may be almost Sinusoidal in form. '

Tremors described as "very short period tectonié" at the
Observatory are probably of similar origin to those described
as "Harmonic™ since the former may record on the Willmore
Seismograph at Rapindik as "short to medium period pulses"
and the latter as "medium period pulses",

Some large semiharmonic tremors at the Observatory were recorded
at Paluwat as short to medium period pulses,

In spite of the changes of form listed above, tremors frequently
appear harmonic both at the Observatory and at the Vulcan Barge
Tunnels, Paluat, Lat Lat and other stations. The majority of
those tremors that appear harmonic at the Observatory appear
also harmoric in Tavurvur Tunnel and at Rapindik.

From the available evidence it appears likely that the same
"anomalous" disturbance can record at different stations in
the following ways (passing from an imaginary station close to
the source £o successively more distant ones):=- -
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1, Short or very short period tectonic shock with distinguishable
P, S and L phases.

2, Semiharmonic shock, with appearance suggesting a tectonic
tremor, but some approximation to the harmonic class of shock
(onset generally ei, no easily distinguishable P and S groups),
See Plate 6

3. Harmonic shock, as described at the beginning of this section
and illustrated in Plates 4 and S,

4. Short period harmonic pulses. These pulses are generally
poorly harmonic in character, of short duration and comparat-
ively low amplitude,

5. Medium period pulses. These are again poorly harmonic and of
short duration, As the period increases the amplitude falls
off, See figure 19,

6. Long period pulses. Very low amplitude pulses with periods
of about one second, sometimes greater. Such pulses appear
to represent "anomalous" tremors when they approach the limit
of reception.

If this hypothesis is correct, a relationship can be established
between the source of the majority of the "™anomalous" tremors and the
stations at which the Willmore seismograph was operated.

With the instrument operating at Vulcan Barge Tunnels disturbances
were found to agree closely with those recorded when the Willmore was
operated at the Observatory; :.i,e. the Observatory and the Barge Tunnels
are probably roughly equidistant from the area of origin of the disturbances,

With the Willmore at Rapindik and at Lakunai a definite "step-down"
in form of the "anomalous™ tremors is evident. Many shocks that are
characteristically harmonic at the Observatory are less clearly harmonic
when recorded at Rapindik and Lakunai are therefore probably further than
the Observatory from the source of origin of the tremors,

Except for the disturbances which may possible be due to inter-
ference and a few tectonic tremors which evidently originate closer to the
Willmore than to the Observatory, there is good agreement on the whole
between the form of shocks at the Tavurvur Tunnel and the Observatory, thus
suggesting that the two stations may be equidistant from the area of origin.

The appearance of "anomalous" tremors on the Toleap and Paluat
records strongly suggests that the Willmore was a good deal closer than the
Observatory to the source. They characteristically record as small tectonic
tremors of somewhat unusual appearance (they tend to have harmonic form but
sharp beginnings. Often they show a number of well defined phases that may
be reflections (see later in this section)). ;

Some semiharmonic shocks at the Observatory, however, record at
Toleap and Paluat as medium period pulses. These probably originated from
another source closer to the Observatory than to the two portable stations.
Some harmonics at the Observatory appear almost sinusoidal at Paluat and
Toleap., It is possible that this form is due to transmission of the waves
through a water layer in much the same way as probably occurs with inter-
ference due to ships® engines (see later discussion).

There is generally better agreement in form between harmonic shocks
at Paluat and the Observatory than that between shocks at the Observatory and
Toleap, where they tend to record with an even sharper tectonic appearance,
thus suggesting that Toleap may be closer to the area of origin than Paluat.

At Lat Lat most Observatory harmonic shocks ar@qshorter in period
and appear more like tectonic shocks., However a few appear as if they
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originate closer to the Observatory. Hence there is probably some diversity
of origin, most originating closer to Lat Lat,

Insufficient results were obtained at Malaguna Quarry and on Watom
Island with the Willmore seismograph to enable any conclusions to be drawn.

A different line of enquiry, that of establishing the times of i
arrival of the disturbances at various stations, was attempted in May 1961,

It is not considered that much reliance can be placed on the results owing
to difficulty in picking the precise moment of onset,

It was found that the "anomalous" disturbances reached the
Observatory between 0.1 second and 1.2 seconds before they recorded at
Toleap. In other cases, however, no movement was detected at Toleap up to
11 seconds after onset at the Observatory: therefore early waves were
probably below recerding threshold on the Willmore seismograph, and first
arrival may well have been at Toleap.

With the instrument at Paluat it was found that arrivals were
1,6 to 1,7 seconds earlier at the Observatory on the only two tremors which
had sufficiertly sharp beginnings to measure. Onset of the L waves was
commonly earlier at Paluat than at the Qbservatory by about 1)% seconds.
A similar situation was observed at Toleap.

Poor though this evidence is, it supports the conclusion reached
above that Toleap may have been closer to the origin of the tremors than
either Paluat or the QObservatory.

In February 1963 an attempt was made to determine arrival times
for "anomalous" tremors by means of the World Wide Standardised instruments
at the Obserxvatory, the old Benioff Seismograph at Nonga. The experiment
was inconclusive as no truly harmoric "anomalous" shocks occurred.

Two small tectonic shocks were recorded at Nonga earlier than at
the Observatory or at Rapindik, as follows:-

4/2/63 Nonga iP 143509.,0
Observatory iP 09.1
Rapindik ipP 09.8
5/2/63 Nonga . iP 132010.5
Observatory (P) 10.9

Rapindik Almost Nil recorded

% One small semiharmonic shock was recorded at Nonga 0.4 seconds
"earlier than at the Observatory (this suggests origin North or north-west of
Nonga) . This shock was not recorded at Rapindik.

One small tectonic shock, of partial harmonic form was recorded -
at the Observatory 0.5 seconds earlier than at Rapindik and 0.6 seconds
earlier than at Nonga. This is consistent omdy with arrival from a north-
easterly direction at the Observatory. :

The remaining disturbances recorded were medium period pulses
which arrived on three occasions at Nonga before they arrived at the
Observatory, and on twc occasions at the Observatory before Nonga, Not
~ much reliance can be placed on these five determinations owing to the

difficulty of picking the precise moment of onset of an emergent pulse,

In December 1962 a portable Willmore seismograph (single componeant
vertical) was operated for some time at a site near Sulphur Springs

%
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(see Figure 3), and an attempt was made by use of the permanent instruments
at the Observatory and Rapindik to determine arrival times for "anomalous"
tremors, Few, however, occurred, and owing to difficulties with timing,.
no useful results were achieved.

During this experiment very few disturbances ‘recorded at Sulphur '
Springs appeared to originate closer to that locality“than to the Observat-
ory or Rapindik, For a time an instrument was operated also at the :
Racecourse, and a similar lack of small tremors confined to that area was
noticed. In both cases the only disturbances which appeared to originate
near the areas concerned could bé put down to probable vehicle or ship
interference,

A study of the records of tie bomb disposals explosions on 30th
November and lst December 1962 was made- in .order to attempt to locate the
source of origin of the few "anomalous" tremors that occurred during the
period. These records were made under exceptional conditions of time
control and with the maximum number of instruments operating., Thus they
were particularly favourable to a study of amplitude relationships and
times of onset of "anomalous" tremors.

On 30th November three "anomalous". tremors occurred during the
period covered by the "test" records. The first, at 1343 hours G.M.T.,
was recorded at the Racecourse as a primarily vertical disturbance with
a harmonic coda. It was recordﬁp as medium period pulses at the QObservat-
cry, Namanula and Matupi Island’. On the assumption that most of the
energy was transmitted as iongitudznal rather than transverse waves+i¥hich
has been found to be the case with recent explosions in the caldera
the source of origin of this disturbance must have been in a north-south
direction from the Racecourse and probably no more than 1-2 miles distant.
Thus it could have originated between the Beehives and Vulcan, beneath
Vulcan crater, or in Karavia Bay. It may have been due to some form of
interference, possibly marine. The second and third disturbances, at
1406 and 1441 hours G.M.T., were well recorded as harmonic tremors at the
Observatory and at the Racecourse, and rather less clearly recorded at
Namanula and Matupi Island. A study of their relative amplitude
characteristics indicates that they probably originated west of the
Racecourse in the area of Ataliklikun Bay.

Two other strongly harmonic disturbances occurred on 30th
November, The first, at 1324 hours G.M.T. probably originated in the
Harbour rather closer to Namanula than to the Racecourse, and may have
been due to marine interference, since it bore some similarity to known
cases of such interference, It may have been linked to the tremor which
was recorded strongly at the Racecourse 19 minutes later (i.e. a small
ghip may have been moving in the harbour over this period). The second
disturbance was strikingly sinusoidal in form and of long duration
(5 minutes). It was recorded with maximum at 1423 hours G.M.T. only
on the north-south component instrument on Matupi Island (the east-west
component was partly jammed). It was not recorded at the Observatory,
Rapirdik, Namanula or the Racecourse, at all of which instruments were
operating in good order at the time, It is virtually certain that this
disturbance was set up by ships® engines, probably in the open sea to the
east of Blanche Bay. An attempt was made to discover whether any ship was
known to have been in the area that night, but this was unsuccessful,

On 1lst December two small harmonic "anomalous" tremors were
recorded with fairly high amplitudes at the Observatory and at Nonga, $++
first, at 1349 hours G.M.T., which was not recorded at Namanula or Nordup
criginated, from relative amplitude considerations, to the west of Nonga.

+ Rapindik records are not available at this time for study.

++ For a full discussion of the relative amplitude method of determining
directicns See Chapter 4 section 3,

+++ Rapindik recerds are not available at this time for study.
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The second, at 1402 hours G.M.T., which was recorded at Namanula and Nordup
as a semiharmonic disturbance as well as at the Observatory and at Nonga,
gave clear amplitude raties at all four stations, The directions implied
gave a small triangle of error for the point of origin about one mile to the
north-west of the North Daughter veolcano. If correct, this is an interesting
location for an earthquake, and, although the records were only poorly
harmonic, in form, it does not lend support to the theory that harmonic form
is due to transmission of earthquake energy in a water layer.

o das
Much more complete information will be available“ds soon as the
satellite stations are re-established around the Blanche Bay caldera. Until
then, the source of the "anomalous"'tremors must remain largely in doubt.

At the present stage, however, the overwhelming likelihood is that
the majority of these tremors originate off the north coast to the west of
the Rabaul QObservatory. The available evidence and the conclusions which can
most reliably be derived from it are summarised on the sketch map in Figure
18a,

On this diagram are plotted directions obtained from analysis of
first motion at the Observatory (and relative +amplit,udes of the same shocks)
on the few occasions when an estimate could be made of the direction of first
motion. Most are from a swarm of small harmonic shocks with unusually.
sharp beginnings which commenced on 6th May 1961. Their value is accordingly
limited, as they cover only a short period.

A study of the evidence which was used to compile Figure 18 shows
that low amplitude semiharmonic pulses characteristically fall on the same
mean ratio lines as semiharmonic shocks of larger amplitude., This almost
certainly indicates that they come from the same source and obey a simple .
law of attenuation, The same holds for many small harmonic shocks of
almost sinusoidal appearance and harmonic shocks of larger amplitude.-
Similarly there is an area of medium to long period pulses at all sites
which aligns with "anomalous" shocks of larger amplitude, thus confirming
belief that these too represent "anomalous"™ tremors near the limit of
reception, Furthermore, while there is a marked scatter of tectonic shocks
away from the mean lines at high amplitudes, there is very little scatter
apparent for lower amplitude "anomalous" tremors.

Estimated epicentres and directions as plotted on the sketch-map
in Figure 18a should be treated with caution owing to the difficulty of
determining directions of first movement. There is not likely to be any
great error in the relative amplitude estimates of direction, the only
likely errors being in which quadrant the tremors fall - thus the quadrants
should be treated as mirror images of each other; tremors that have been
plotted in one quadrant may have originated in another at the same angle to
north-(or south). ;

As will be seen from Figure 18a a majority of the tremors appear
to originate in the north-west quadrant., This is in keeping with the other
evidence - the scarcity of determined directions in the south-east quadrant
is strong negative evidence against the location of the "anomalous" tremors
concemed within the caldera. :

, As mentioned above, the accumulated evidence very strongly
suggests that the great majority of "anomalous" tremors originate in an
area to the west of the Observatory off the north coast of New Britain,
Some however probably originate outside the caldera to the north east. of
Rabaul in. St, George‘s Channel, or to the south east of Rabaul off the
entrance. to Blanche Bay. These latter shocks characteristically record as
semiharmonic disturbances at stations in the vicinity of Rapindik and as
medium period pulses at the Observatory.

+ Times of L. max, may differ on different components at the one station
for the same shock,
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"Anomalous" shocks which were determined as having originated closer
to Lat Lat than to the Observatory probably came from the area of Ataliklikun
Bay (west of Keravat),

The writer considers that the only type of earthquake that fits the
evidence collected on the "anomalous" tremors is a shallow shock which atten-
uates rapidly. Very small magritude and an epiCentral distance of between ten
and forty miles from Rabaul (in a westerly direction) are postulated for the
great majority of the shocks. The characteristic harmonic and sometimes sinu-
. soidal form, the writer believes, is due to transmission of the wave energy
through water, in a manner analogous to the marine interference due to ship's
engines which is discussed in Chapter 4, Section 1,

The harmonic part of the shocks is probably made up entirely of L
waves, and part of the effect may be due to T waves in much the same way as
occurs in the case of the Bismarck Sea earthqpakes+ discussed in section 2
of this chapter., Apart from the lack of sharp beginnings, the "anomalous"
harmonic shocks show some affinity to small shocks generated by explosions
in Simpson Harbour, where much of the energy is transmitted through water,

In passing, it should be noted that they also show some affinity to the small
earthquake of possible volcanic origin which was felt at the Rabaul Police .
Station on 30th October 1962.

Consistent with the "anomalous" tremors being normal, very shallow,
very small tectonic earthquakes, rather than, for example, volcanic tremors,
is the variation in period which is commonly observed. This, together with
the presence of low amplitude emergent phases preceding the harmonic part of
the shock, strengthens the impression that the harmonic phases are surface waves
and that the P and S groups are probably lost in the microseismic background.

"Rnomalous" tremors, in common with explosions and small tectonic
tremors in the area, characteristically show well defined phases which may be
crustal reflections. No analysis of these has been carried out, but they
are listed hereunder for reference purposes:-

Some characteristic Second Arrivals commonly recorded at Rabaul from
explosions in the Harbour area:-

Phase Period ' Amplitude Records Most often recorded in
best on

P+ 1.6-2 sec, less than % sec, usually small - Explosion; in Simpson

++ Harbour
P+ 2.,5-3 sec. % - 1/3 sec. usually small - Explosions in Simpson
y . Harbour
P+ 4,8-4,92 sec,1/3 - Y% sec, higher than pre-
ceding two - Explosions in Simpson
Harbour
P + 8 sec. % sec, Maximum amplitude EW Explosions in Simpson
Harbour
P + 11 Sec. % sec. Usually secondary
¢ maximum _ EW Explosions in Simpson
(Not so common Harbour
as P + 8 sec. phase)
P+ 2.5.3 sec Less than % sec, small NS,EW Explosions, Vulcan area
P + 6.0 sec, % sec, small 2 Explosions, Vulcan area
P + 20-21 sec. 1/3 sec. Maximum 2, EW Explosions, Vulcan area

+ Many Bismarck Sea earthquakes have short period harmonic motion in the Coda

++ P max, in the Japanese salvage explosions in Simpson Harbour occurred between
P+ 1and P+ 2 seconds.
L max. generally occurred for explosions near Matupi Island at P + 23 seconds,
and for explosions near Namanula Street Wharf at P + 11 seconds.
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Characteristic second arrivals in tectonic earthquakes

Phase Epicentral Remarks
Distance () - .
P + 0,9-1 sec, 1930°-.29 Examples 18/4/59, 16/5/59
P + 2-2% sec. 4°910'-4930° = 19/8/58, 20/8/58
P + 3 sec, 4920'-6945"* " 26/3/59, 17/8/58
P + 4 sec. 2015.6950" L 12/7/59, 7/5/59, 5/7/59,
7/9/58
(May be Pg) "

Yoo

(Sg is also sometimes recorded at Sn + 5 secs.)
P+ 5 sec. 3%10" o . 28/4/59
P+ 6 sec. 4050" » 9/7/59

Characteristic Second Arrivals commonly observed in "anomalous”
tremors at Rabaul.

-

Phase Type of Tremor Remarks
P+ 1.,9-2 sec, Harmonic
P + 4-4% sec, Harmonic or short period tectonic
P + 7.1-T%, 8 sec. Harmonic Strong reflection from Mohorovicic
‘ discontinuity

P + 10%=11, 12% sec.

P + 15 % sec. Harmonic N.B, P + 16.9" (Nr) was observed on
- the record of the possible volcanic
tremor on 30th October, 1962,

P + 19 sec. Harmonic P + 19.1" (E Observatory) and
' P + 19.2" (Er) were observed on the
record of the same tremor

P + 22-23 sec, Harmonic

In connection with the reflected phases listed above it should be
noted that a Bureau of Mineral Resources Geophysical Party, which carried
out a survey at Rabaul in September-Qctober 1960, recorded strong reflections
from a layer which was believed to lie at about 15 kilometres below the
surface, '

Records of similar Swarm Earthquakes from other localities

Austin E. Jones in a remarkably interesting paper on seismic
phenomena at Hawaii (31) mentions a number of earthquake types that show a
remarkable similarity to the "anomalous™ swarm tremors at Rabaul.

Figure 21 is a sketch after Wadati (62) taken from Mr. Jones'
paper. It illustrates a classification, based on pairs of reflected phases,
of local earthquakes in Japan,

The concepts involved may be invaluable to a proper understanding
of the local earthquakes at Rabaul, where Wadati's conclusions, drawn in a
similar tectonic setting, probably apply.
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By application of Wadati's ideas in Hawaii Jones classified near
earthquakes by the number of pairs of phases that they showed. His illust-
rations, reproduced in the right hand column of Figure 21, are very similar
in form to many of the small earthquakes recorded at Rabaul. In particular,
they resemble many of the "anomalgus" tremors,

wWadati's illustrations, shown in the left hand column of Figure
21 are equated by Jones with his types from Kilauea, Wadati's oceanic type,
with its well developed sinusoidal form, is remarkably similar to the class
of interference due to ships’ engines at Rabaul, and to those "anomalous"
tremors that are unusually sinusoidal in form. Most of the "anomalous"
tremors appear to agree most closely with Jones' K3 and K4 classes (Wadati's
"inland type").

Jones illustration of "spasmodic tremor" at Hawaii bears a close
resemblance to the medium to long period pulses, which at Rabaul, probably
represent "anomalous" tremors near the limit of reception. 'Jones' con-
clusions regarding "spasmodic tremors” are as follows:- he states,
"Spasmodic’ tremor is of two kinds. The first begins, waxes, wanes and ends
with no distinguishable changes; the second shows sharp changes, indicated
by P and S. These are undoubtedly the records of small shocks, as has been
indicated time and time again by their correlation in time of day with some
earthquake in other parts of Hawaii. One thousand to fifteen hundred
spasmodic tremors are recorded during the year, most of them being of
unknown origin."

These conclusions are strong additional evidence for the hypoth-
esis that the "aromalous" tremors at Rabaul may be of normal tectonic
origin.

The instrumental set-up in Hawaii in 1938 was better equipped to

~determine local epicentres than that at present in Rabaul. Jones was able
to show that some correlation existed between different types of earth-
quakes as shown by their number of paired (P and S) phases and their
locations and depths of origin. He found that the K1 earthquakes were
centred beneath Kilauea, indicating increasing depth of focus there. Very
few occurred above the dip angle of 20° from the recording station, and
most at a dip angle of about 32°. K2 type earthquakes appeared to originate
most commonly about a dip angle of 20° and the K3 type at a higher level in
the crust, up to a dip surface of about 9% from the station. The overall
picture that he found was one of decreasing depth of focus with increasing
rumber of pairs of phases. Consequently Wadati's "oceanic type" is most
probably of very shallow origin. Jones suggests that this type may indic-
ate a complex of layers beneath the floor of the ocean, The sinusoidal
appearance of ‘this class of earthquake suggests to the writer that they

may represent cases in which the influence of the water layer has become
dominant,

An interesting point mentioned by Jones is that earthquakes with
epicentres in the vicirity of Kilauea crater have the pecularity of one
pair of phases at all angles of dip when the origin is in the crater and
away from the walls, although shocks that originate near the crater walls
or outside the crater at shallow depth often generate two or more pairs of
phases. He explains this situation by suggesting that there is probably
one recent fill inside the crater which is all of the same kind of rock,
with two distinct layers outside.

It is not possible to analyse the Rabaul tremors to this extent
since the operation of ornly two fixed seismograph stations (at the Observ-
atory and Rapindik) makes the location of earthquake origins in three
dimensions both difficult and unreliable.

W.A. Lynch (34) has reported a class of small unidentified earth
tremor from Fordham, New York., It is of frequent, though spasmodic occurr.
ence, It remains constant in form and period (0.7 seconds), does not seem
to be artificial and has been detected at all hours of the day and night,
(see Figure 22) G.R. Robscn and K.G. Barr (48) have reported small
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uridentified earth tremors or the volcanic island of Dominica in the West
Indies, These tremors differ from the "anomalous" tremors at Rabaul in
having a sharper onset and a more constant form. Robson and Barr state, -
"each tremor consists of an approximately sinusoidal ground motion of 0,3
seconds period, The first swing is always down, the first and eighth
swings are maxima, and there are about twelve swings in all, ......They are
quite unlike the tremors produced by near earthquakes or by explosions on
land ¢r at sea, Factories, quarries and other possible artificial scurces
for the tremors.... have been investigated and eliminated."” They go on to
say that the tremors tend to occur im bursts lasting up to twelve hours,
the average period between bursts having been seven days. As at Rabaul,
an attempt waz made to determine the origin of the tremors by operating
pertable Willmcre seismographs in the area, and by comparison of amplitude
ratios and arrival times.

Indications were that the sources could lie on a cirmde which
passed through the town of Roseau, on the island of Dominica; seismic *
velocities were calculated as lying in the range 150 m./sec. - 740 m./sec.,
depending on the location of the sources on the circle, An estimate of
750 =./sec., was made for the velocity of longitudinal waves in the sand
and ¢gravel on which the Zown of Roseau is built,

Robson‘s and Barr's illustration of one of these unidentified
earth t{remors is reproduced in Figure 22, It is similar in appearance to
the class of "Short period pulses" on the Rabaul records which has been
tentatively correlated with "anomalous" tremors approaching the limit of
reception (but c¢loser than medium or long period pulses).

Robson and Barr estimated the energy release at the source as
about 10°° ergs for the largest tremor recorded. They were unable to find
any evidence of a connection between the iremors and velcanic activity on
the isiand, which contains several active thermal areas and some extinct
volcaric centres, all of which are some distance from the apparent source
of the tremors. They conclude by stating "we cannot put forward an
alternative explanation for their originm.,"

At Rabaul the possibility of a volcanic origin for some of the
smali disturbances which were recorded more strengly at Tavurvur tunnel and
at Rapindik than at the Observatory (see previcus dizcussion in this section)
cannet be entirely discounted. As at Dominica, no evidence has been found
that theyv are related in any way to wvolcanic activity, but, should they be
related, the lack of positive evidence would be in no way surprising. Small
movemerts related, for example, to the upflow of hot uatei near the caldera
wall behind Rabalanakaia, as postulated by Mr, Studt (52)", might easily
take place without any noticeable change in gas emission or temperature in
the thermal areas,

Thus, although the balance of evidence at Rabaul is strongly in
favour of a tectonic origin outside the caldera for the majority of the
“aromalous™ tremors, the pessibility remains open that a minority of the
tremors may be of tectonic origin within the caldera (prebably related to
mevements taking place near the walls), or of direct volcanic origin, either
beneath the presert craters or at depth below the harbour area.

Apart from the swarms of small tectonic shocks which probably
origirated at depth below the Rabaul caldera (see Chapter 3, section 2, -
subsection e), and the few known earthquakes of volcanic origin (see Chapter
3, section 1, subsection a), the most likely disturbances which could fit
directly into the volcanic category at Rabaul are those which occurred en
15th November 1960.

Figure 20 illustrates the form of these disturbances, which have
not been recorded at Rabaul either before or since, although they approx-
imate in form to a few of the medium period "semiharmonic"

+ See Chapter 1, section 3.
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pulses
The 15th November 1960 disturbance took the form of an almost

contiruous microseismic wave train of low amplitude and periods averaging

1 second, The ornly instrument in operation at the time was the old

Benioff seismograph at the Observatory, The disturbance was recorded on

all 3 components of the instrument, but particularly strongly on the

herizontals, The greatest trace amplitude (2 to 6 mms,) were recorded on

the east-west component, on which the period tended to be slightly shorter

and the pulses sharper than on the north-south component (trace amplitudes

2 to S mms,). The vertical seismometer was not swinging perfectly freely

and recorded only very slight, very short period microseismic movement,

Most of the pulses were sharp but the onset of groups of pulses was

emergent, More than cne thousand such pulses were recorded during the night

of 15th November 1960, Unfortunately there was a fault in the timing

circuit and no time marks were emplaced on the records.

The records have been shown to a number of experienced seismol-
ogists all of whom declared that they had never seen a similar disturbance,

Unless the disturbance can be attributed to a temporary state of
instability of the instruments due to some unknown cause, the conclusion
appears inescapable that it was due to volcanic activity of some kind in
the Rabaul area, or, conceivably, to rather distant tectonic activity of
the same kind as that which causes the "anomalous" tremors, but differing
markedly in duration,

The writer tends to favour the latter explanation on the sole
grounds that the ratios of the north-south/east-west amplitudes™
indicate that the majority of the pulses seemed to originate in an east-
west direction from the Observatory, taking the transmission of energy
as having occurred as longitudinal waves., This evidence on its own is not
strong, owing to the apparent polarisation of seismic waves in the direct-
ion of the caldera wall, which may tend to magnify amplitudes in the east-
west direction (see Chapter 4, section 3)., Furthermore, although the
disturbance bears some slight similarity to a few of the "anomalous" tremors,
this similarity is not marked, and it is evident that if the disturbance
was of tectonic origin it must have originated in a different area or at a
different depth, or have been due to some special circumstance. No unusual
meteorological conditions prevailed that day, and no tremors were recorded
elsewhere which could have been in any way related to the disturbance,
Possible evidence for its having been of volcanic origin is its long
duration (about ten hours) and its constancy of form over that period. It
" could, in fact, have been due to pulsating of magma in an underground
chamber., Similar pulses with longer period (4 to 5 seconds) were recorded
at Asc volcanc in Japan during the 1929-1933 period of activity, and these
increased in amplitude, pericd and frequency of occurrence before the severe
eruption of December 1932,

+ For example, the "semiharmonic" medium period pulses which occurred at
1926 hours G.M.T. on 7th May 1961, These were recorded with a trace
amplitude on the Z component old Beniocff Seismograph at the Observatory
of 5.2 mms., and on the portable Willmore Seismograph (Z component) at
Toleap of 1.2 mms., this amplitude ratio indicates that the pulses
originated much closer to Toleap than to the Observatory.

++ Three examples of amplitude ratios of pulses that could be definitely
identified on the 2 horizontal components (no time marks)

Trace amplitudes N:E Ratios N:E Probable Angle from north-~south
134 : 22 1: 1,629 90°
17 : 19 1: 1,118 58%°
20% : 29 1: 1.415 90°
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(¢) Microseisms

No research or analysis has been done on the microseisms recorded
at Rabaul. Their general characteristics however, are as follows:-

ls An almost continuous "background” of microseisms on the Rabaul
records is believed to be due to the movement of the sea against
the coast. The Observatory is about 2 miles from the gently
shelving beaches near Pila Pila, to the north-west, and about _
3% miles from the more rugged north-east coast between Tawui Poirnt
and Nordup (see Figure 3). Period of this microseismic background
usually varies between 1% and 4% seconds, and is occasionally
longer. Amplitude increases notably during periods of bad weather,

2. A shor: pericd microseismic movement (period about % second) may
be superimposed oz the longer period continuous background. It
appears to be due mainly to wind. The Observatory is situated
on an exposed ridge, well covered with timber at distances of
about 100 yerds from the instrument vault. Especially during the
"north-west" season winds are often strong and the records hard
to read. Actual shaking of the Observatory building and its
tall aerial mast, together with movement of trees transmitted
through their roots, combine to cause long intervals of vibration,
particularly on the horizontal comporent instruments.

3. A shorter pericd movement (%4 - % second) can be correlated with
rainfall at the Observatory.

4, Short sharp isolated pulses in a disturbed microseismic background
have been correlated with lightning flashes in the vicinity.
Similarly, short period vibrations may be due to thunder, which
frequently shakes the Observatory building with considerable
force.

These remarks apply also to the Rapindik instrument station, which,
however, while a good deal more susceptible to industrial and arificial
interference than the Observatory, is less prone to the influence of the
weather on account of its lower altitude and more sheltered position,
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4. CORRELATION OF SEISMIC PHENOMENA WITH OTHER EVENTS

There have been few correlations of seismic activity with other
events, whether volcanic, thermal, tidal or related to changes in level at
Rabaul, which can be said convincingly to point to interdependence of one
set of phenomena or another. The following cases may be quoted:-

On the one hand are those events which have been without question
related to, caused byt or which have caused, major earthquakes., These
include changes of level and tsunamis due to, and volcanic eruptions preceded
by. high magnitude earthquakes. They have already been enumerated and dis-
cussed earlier in this paper, and will not be repeated here,

On the other hand a number of comparatively minor events, which,
although many have been already mentioned in earlier sections, are for the
sake of clarity listed again hereunder:- \

1. B8th March 1938, 1030 hours L.M.T, During one of a swarm of
apparent tectonic tremors felt at Keravat and Toma (maximum
intensity 4 (R.F.)) a sharp puff of steam was emitted from

' Tavurvur crater.

2. 12th November 1940, 2, possibly 3, local tremors occurred on
or about this date. The temperatures of fumaroles in the 1878
crater of Tavurvur rose to 110%°C. By the end of the week

" they had dropped to 103°C.

3. Following the major earthquake of 14th January 1941 (0227 hours
L.M.T.) new hot springs were formed at the south side of vulcan
rot far from the Karavia Bay hot springs™ which had been in
existence since the 1937 eruption. Hot water was brought up in

. the Kabaira area, but the temperatures soon became normal, Hot
water is also said to have been thrown out on Watom Island, but
this occurrence was never confirmed.

Dr. N.H. Fisher (15) points out that this earthquake appears to
have been the culminating phase in a period of intense seismic activity in
the area. He states:- "on September 12th 1940 a major earthquake originated
about 70 miles south-east of Rabaul, and in general the seismic activity for
a considerable period was much greater than normal. Over the same period
there was a gradual increase in the manifestations of latent volcanic activity
at Tavurvur ....". He goes on to say: "It seems certain that the seismic
activity and the general increase in volcanic activity at Tavurvur which burst
into eruption again on June 6th 1941,,.., , were in a general way related.
Ir December 1940 the temperatures in the fumaroles in Tavurvur crater, which
up to that date had not exceeded 100°C, began to rise at an average rate of
about 10° per day for more than a fortnight... . The morning+gefore the
shock the temperature was found to have risen 22° to 284°C., and it
remained at that figure for about a mouth showing no change immediately
following the actual shock. Subsequently the rise in temperature continued
slowly until at the time of the beginning of eruptive activity it had reached
nearly 400°C."

Tilt measured at the Observatory showed a sharp change at the date
of the earthquake. For a month previously a very severe tilting had been
taking place upwards to the west-south-west at a rate of about one second of
~arc per day, This ceased immediately after the earthquake, the east-west
compconent remaining static for a fortnight, and the north-south showing a
fall to the south, which may have been due to collapse of the caldera wall

+ cases of damage are not listed.

++ These hot springs no longer exist (1963). To thé writer's knowledge they
have been cold at least since 1960, and probably much earlier,

++ On 28th January 1941 a fumarole measuring 283°C., in the 1878 crater of
Tavurvurisas noticed to have externded in area,
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On 22nd August 1941 (more than 2% months after the eruption of
Tavurvur volcano) a marked increase in seismic actxv1ty took place
over a 12 hour period, more than 100 tremors being. recorded in
this time. Increased volcanic activity accompanied;the tremors
(it was stated (Rabaul Times, Aug. 1941) to have beéh'easily the
most intense since the June outburst), A partial blackout due to
ash fall occurred in Rabaul, ,ih
Seismic activity was low over the period 27th to 28th August 1941,
It increased on the 29th August, 126 tremors being recorded in

24 hours, and then declined. Eruption recommenced on 2nd September
1941, -

12th September, 1941, At 1000 hours L.M.T. microseismic activity
(volcanic tremor) increased and continued for 16 hours. It was
accompanied by rapid shaking which lasted for sevéml minutes.
This was believed by Dr,., Fisher to be due either to rapid rise or
to rapid fall of lava in the conduit. Activity in the volcano
declined. There was some return of spasmodic volcanic tremor on
18th and 19th September 1941, but on the whole both seismic and
volcanic activity remained at a low level until 22nd October 1941,

. Mild dust emission took place on 7th October 1941;: accompanied by

weak volcanic tremor.

22nd October 1941 - Continuous eruption recommenced at 0807 hours
L.M.T. Small volcanic tremors occurred. On 28th October 7 tremors
were definitely correlated with explosions in the vent. The crater
be¢ame quiescent on 4th November, but small volcan1c tremors
continued.

15th November 1941, At 1800 hours L.M.T. explosions commenced
again in Tavurvur crater. On l6th November over 200 tremors were
recorded at the Observation Post, imost being correlated with
explosions in the vent. Strong explosive activity continued until
the end of November; it was accompanied by strong volcanic tremor.

Spasmodic volcan;c tremor and discrete shocks occurred on 2nd
December 1941 when the volcano was emitting only steam and gas.
Eruption, accompanied by volcanic tremor, recommenced at 1250 hours
L.M.T. on 4th December'ending at 1630 hours on the same day. On
23rd December stronger seismic activity was recorded at the
Observation Post.,

i oee

In October 1943 Dr, Takashi Kizawa observed that before the
eruption of Tavurvur a rise in tilt occurred in the direction of
the crater, and that small earthquakes occurred, the S-P intervals
of which shortened immediately before the eruption. The maximum
tilt was recorded at the time of the eruption, after which the
crater area fell gradually. '

I4th May 1951. One of the fumaroles in Tavurvur volcano reached
a temperature of 105°C, During the month two hot springs on the
foreshore at Rapindik suddenly ceased to flow. An earthquake
occurred at 0828 hours G.M.T. on 2lst May 1951 at 6.2°S. 154,8°E,
(depth about 160 kilometres), being felt up to intensity 5 (M.M.)
in Bougainville and New Ireland. It is not knowﬂ whether these
events are in any way related.’

15th June 1955, Following an earthquake at 3°s. 153°E (h=100 kms)
cracks opened in Kamerere Street. ;

An earthquake of Magnitude 74 (Pas) occurred at 0857 hours G.M.T.
on 10th October 1955. It was widely felt (at Warangoi up to
intensity 7-8 (M.M.), and at Rabaul, intensity 5 (M.M,)). The
epicentre was given as 59S, 1530E. Between 10th and 24th October
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. 1955 a sudden fall in temperature took place at point No, 3 in

Sulphur Creek. Irregular movement was noticed on the Observatory
tiltmeter on 23rd October,

7th November 1655. A sharp increase in temperature took place at
point No. 11 at Sulphur Springs, and a sharp drop at fumarole A2
in Tavurvur crater, 4 earthquakes with S-P intervals ranging from
18-.25 seconds occurred between lst and 14th November, with
epicentres betweer 5.5%°S 152-153°E (on lst, 10th, 12th and 14th
November respectively).

12th-13th December 1955 - Irregular movement of the Observatory
tiltmeter took place. An earthquake occurred on 8th.December 1955
at 1736 hours G.M.T. with epicentre given as 4°S. 152%E. and depth
of focus as 500 kilometres. (A small shock with an S-P interval
of 8% seconds occurred at 1904 hours G.M.T. or 15th December 19535).

18th August 1957, 1642 hours G.M.T. During one of the closer
shocks of a seismic storm which commenced on 16th August 1957 one
of the most active hot spriags at Rapindik dried up suddenly.
This spring had been tapped by the Japanese by means of a bore-
hole -~ it was suggested that the earth movement probably blocked
the pipe which was bringing the hot water to the surface.

27th October 1957. A steam vent opened on the shore of Simpson
Haxrbour near the Bougainville Company Wharf. Although none were
recorded on that day, from September 1957 to March 1958, numerous
small tremors with S~P intervals less than 10 seconds occurred

(see Appendix 1). This seismic activity was particularly strong
towards the end of December 1957. In January 1958 new upwellings
of gas occurred along the foreshore of Greet Harbour near Rapindik,

Small disturbances resembling minor tectonic tremors were recorded
at the same times as two waterjets were seen in Simpson Harbour
(27th February 1959 and 23rd April 1959)4 There is no certainty
that the events were in any way related.

January 1960, Minor fluctuations of temperature occurred in
Tavurvur velcano, some fumaroles exceeding 1009C for short periods.
13 small earthquakes with S-P 1ﬁfervals of less than 5 seconds were
recorded at the Observatory.

v
August 1960, Downtilting of about ‘5:seconds of arc took place to
the south at the Observatory and:.to° the west of Rapindik. "Anomalous"
remors were numercus on the seismograms,

During the last 10 days of October 1960 marked tilt changes at the
Observatory occurred as follows:-

the north-south compenert fluctuated through 7 seconds of .arc and
returned to nermal : the east-west component dipped 8 seconds to
the east, - This trend continued until the end of November, by which
time the down tilt to the east was 10 seconds of arc beyond the
normal.,

During September 1959 another watkérjet occurred which was accompanied by
a tremor on the seismic records. This was a very short period signature
similar to that obtained from an explosion. Numerous waterjets occurred
which were uraccompanried by any such tremors,

A tilt in the same direction amounting to about 30 seconds of arc
preceded the majer earthquake of 14th January 1941,
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On 15th November 1960 an unusual long period disturbance was
recorded on the seismograph at the Observatory. Its direction
of origin is believed to have been in an east or west direction
from the Observatory., It could have been related in some way to
the tilting.

22, 2nrd-9th February 1962, Point No. 33 at Sulphur Springs increased
in temperature from 44°C to 70°C. After 9th February it decreased
gradually to a temperature of 54°C. A series of tremors commencing
on 4th February in the area 5,2-5,79S. 150,9 - 152,19E, at depths
about 80 kilometres culminated at 1855 hours G.M.T. on 1llth
February with an earthquake of Magnitude 6 (Berk.) at 4.59s 153,5°E,
(depth 100 kilometres). This was widely felt (at Rabaul, Intensity
6 (M.M.)). On 10th February a tremor of possible volcanic origin
was felt at Taliligap (Intensity 4-5 (M.M.)).

23, Between 21st and 28th September 1962 an apparent sharp rise of
ground of 20% inches was indicated by readings of the tide stick
at Tavurvur. Previous to this rise a sharp apparent fall had taken
place.

On 12th September 1962 a small tremor occurred which was not
recorded or felt elsewhere. Its S~P interval was 7% seconds.
Between 23rd September and 4th October a number of felt tremors
occurred, the epicentres of which lay in an area between 4,0 -
5.99S and 151,0 - 152,7°E (depths of focus ranging from 33 to 71
kilometres) . 2

24, An apparent rise of ground took place at all tide sticks, except
Toboi, reaching a maximum on Sth October, 1962. A small tectonic
tremor with S-P interval of 9.5 seconds was recorded on that day.

25, MAn apparent rise of ground totalling 21)% inches reached a maximum
on 19th October 1962 at Namanula Street Wharf, Matupi Island,
Sulphur Springs and Tavurvur. Between 18th and 2lst October three
small tectonic tremors with S-P intervals of respectively 8.5
sec. 3.5 sec. and 10 sec. occurred. A sharp increase of temperature
took place about this time at point 17 on the outer slope of
Tavurvur Volcano, On 30th October 1962 a tremor of possible
volcanic origin (that illustrated in Plate 1) was felt at the Rabaul
Police Station. A second tremor, of possible volcanic origin since
it was not recorded or felt elsewhere, was felt at Vunalama some
22% hours later (Intensity 1 (M.M.)).

Although most of the cases listed above do not constitute more than
remotely possible correlations between events, they are set down partly for
completeness and partly to illustrate the extreme difficulty in correlating
events of this kind,

With improved instrumentation at Rabaul it should be possible to
determine local epicentres accurately enough in three dimensions to estimate
whether events are coincidental or interdependant on one another, At the
present stage of knowledge of seismic activity in the area it is not possible
to determine cause and effect in more than an O:casional sequence of events,
and little can be done except to list possible cases in which some degree of
causality may apply.
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CHAPTER 4.

SEISMIC NOISE ON THE RABAUL SEISMOGRAMS, AND

METHODS OF IDENTIFYING IT.

1, Dpescription of Types of Seismic' Noise on the Records

Identification of interference on the seismograms is an important
part of the work carried out by the Rabaul Observatory. In order to eval-
uate what, if any, veolcanic tremors occur in connection with the local
velcanic centres, it is essential to identify, if not to eliminate, inter-
ference on the records.

Sirce 1950 a considerable amount of work has been done on the
problem, chiefly by G.A. Taylor, M.A. Reynolds, J.E. Johnson, and J. Barrie,
Elaberate tests have been carried out to determine to what extent vehicles
and the Rabaul power house cause interference on the recerds. In January
1963, after months of work, it was at last discovered, primarily by WMr.
James A. Hileman of Texas Instruments Ltd., that a striking class of dis-
turbance o2 the seismograms was due, not to subterranean volcanic activity
as had been previously believed, but to movement of shipping in Blanche Bay
and Simpson Harbour.

The following seven classes of interference have been distinguished
on the Rabaul records. They are due to:-

a) Industrial activity (including operation of heavy machinery,
reciprocating engines in the power house, etc,)

k) Vehkicles
¢) Ships
d) Aircraft

e) Explosions of various kinds; including disposal of wartime
ammurition and quarry blasts.

f) Movement of persons near the instruments
g) Instrumental defects
These seven classes are now described severally:

a) Industrial Activity. This class of interference on the records
falls into two parts, On the one hand there is prolonged vibration which may
be continuous for many hours and which is due to movement of vehicles and
activity in working hours, and on the other there is the continuous operation
of heavy reciprocating engires at the Power House. This latter poteatial
souxce of interference has been critically examined by G.A. Taylor and has
been found to have a surprisingly small effect on background noise level both
at the Observatory and at Rapindik.

On the other hand the effect on the seismograms due to activity
during working hsurs in the towa is generally marked. It takes the form of
coatinuovs vibrations with period roughly constant on any one day but differ-
ing slightly from day to day and at varying localities. Normally it consists
of a high ncise level punctuated every two or three seconds by small groups
of pulses of higher amplitude. The period of this kind of interference ranges
from C.4 to 0.7 seconds and is most commecnly around 0.6 seconds. Plate 3
illustrates industrial interference of 0.6 seconds period at the Rapindik
Instrument Station. Working hours are covered on the Seismograph by the top
7 lines and the bottom 2 lines. It will be noticed that it takes about one
houx for the interference 20 build up to maximum amplitude. The onset of the

L
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Bismarck Sea earthquake at 0039 hours is somewhat obscured by the high level
of interference. Compare Plate 4 which illustrates industrial interference
recorded at the Observatory, where effects due to this cause are generally
much less than at Rapindik. The interference illustrated is of 0.45 seconds
period. and working hours cover the top 7% lines and the bottom 2 lines on
the Seismograph.

From time to time "industrial" interference is recorded which has
a lomg-drawn out sinusoidal appearance on the records. The period of this
is usually constant at about 0,5 seconds. Examples of this interference are
illustrated in Plate 3 on the old short period Benioff Seismograph.

Operation of bulldozers in the Page Street quarry at the bottom
of the caldera wall about half a mile from the Observatory has a marked effect
on the Observatory seismograms. Plate 7 (Nos. 2-4) .illustrates records made
during earth moving operations in the Page Street quarry and also effects dye
to the operation of a rock-cutting machine in the Qbservatory workshop. The
records are on the vertical components of the helicorder, Willmore seismograph
and short period world-wide standardised seismograph respectively.

As already mentioned, effects due to the operation of power house
machinery are practically indistinguishable on the seismograms. At G.A.
Taylor®s request, the reciprocating engines were mounted on insulated
platforms, and this has cut down the amount of short period energy trans-
mitted into the rock to the point where it attenuates below the microseismic
level of ncise before it reaches the Observatory. The new Power House is
situated on unconsolidated material inside the caldera about half a mile from
the Observatory. Tests using a portable Willmore Seismograph were made in
November 1958 to determine the extent of interference at the old Power House,
which was distant about a mile and a half from the Observatory, and in March
196. at: the new Power House. In April 1961 generators were installed in an
automatic Power Plant on Observatory Hill., These were also mounted on anti-
vibration platforms and no appreciable change in noise level was detected at
the Observatory. Correlations have frequently been attempted between inter-
ference on the seismograms and periods during which the Power House gener-
ators have been running in bad adjustment. The only effects seen were due
to switching on or off engines at the Power House and took the form of power
surges on the Helicorder, which was out of adJustment. There was no apprec-
iable effect on the seismometers,

A check was carried out in May 1962 to see whether any interfer-
ence was caused by generators in the Coconut Products Ltd. Power House.
Perieds during which these engines were unsynchronised were scrutinised for
interference effects on the records. In general no correlation was estab-
lished. However between 0900 hours L.M.T. on 22nd Mayand 1400 hours L.M.T.
on 23rd May 1962, when No. 1 engine, which vibrates more than the others,
was on load, a very slight thickening of the trace was detected on the
short-pericd Benioff records at the Observatory. Furthermore about 15
minutes after an engine was started up at Coconot Products Ltd., a low
ampiitude long-drawn out Sinusoidal harmonic disturbance commonly appeared
on the. Rapzndik records.

It is known that movement of traffic, construction and other
forms of "industrial"™ activity may .cause local settlirng and tilting which
is detectable on long-pericd seismographs (Richter, (46). W.A. Lynch in a
paper on the effects of traffic and other disturbances on a seismograph at
Fordham in New York state (34), mentions that there is a long-period
component ‘of traffic disturbance (period about one minute) to which the
long-period galvancmeter responds at its resonance frequency,

Something of this kind probably occurs in Rabaul, but is normally
masked .by the much more pronounced movement due to activity in the Observat-
ory building, It is also known that the long period instruments can be
effected by the resonance set up from time to time by the movement of
shipping in Rabaul Harbour. This is discussed later in this section,
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b) Vehicles., A distinc: type of signature is preduced by vehicles moviag
within about a quarter of a mile from a seismometer., This type of inter-
ference is charscterised by very shert periods (0.1 - 0.2 seconds). A&
typical example is shown in Plate 7 (No. 1); it was caused by a Landrover
travelling uphill betwesn the barrier at the Department of Civil Aviation
parking bay acd the top of the Observatory road. Note the spiky gradual
emergence of the interference,

A characteristic feature of vehicle interference may be an
apparent reversal on the records, so that the interference looks like an
earthquake backwards. The example shown in Plate 1 (0841 hours) illustrates
this tendency. Instead of vunning from left to right on the record the
disturbance looks as if it runs from right to left.

Another exampie is shown on Plate 2, (1524 hours).

Effects are generally confined to the shortffﬁriod seismographs.
However there is a slight tilting effect on the long-period instruments,
mainly on the horizontal components, when a Landrover is driven from the
top of the Observatory Hill dowr to the Observatory building. This
effect is much less than that produced by entering the building on foot.

Effects on the shert-periocd seismographs are usually well-marked
and can prove treublesome since they may mask other movement on the records.

Interference is generally detectable at the Observatory when a
vehicle is about half way between Tunnel Hill and the turn-off to the
Assistant Vulcanolegist'’s residence, at which point it may assume propert—
iors sufficient to mask other activity.

In passing it may be noted that a small grass motor mower can be
detected up to about three-quarters of a mile from the Observatory. The
effect is a very low amplitude, roughly "harmonic"¥wave train.

¢) Ships. Uader certain special conditions which are not yet properly
understood, the movement of ships® engines in Simpson Harbour and nearby
waters may cause a striking ferm of interference on the seismograms,

This type of interference is characteristically almost perfectly
“harmonic® and takes the form of a series of sinusoidal "envelopes"”,
Disturbances eof this kind are referred to at Rabaul as “sinusoidal
harmonziss™. Their origin was discovered only in January 1963,

Previously it had been thought that they might be due to move-
ment of magma in underground chambers, and a great deal of work was done
in trying to lecate their sourze, This took the form of trying to record
the disturbances on portable Willmore seismographs near the volcanoes and
of aralysis of their arrival times and amplitude ratios. All known forms
of irnterference were elimirated, including the berthing of ships at the
Mair wharf. I was not until a suggestion was made by Mr. James A.
Hileman of Texas Instrumert Ltd., that the cause could be ships at some
distance offshore that a correlstion was attempted between the disturb-
an:es and the records of the Harbour Master at Rabaul, It was quickly
found that an exact correlation existed in a high proportion of the known
eveats, :

Piate 8 illustrates the most striking example of this phenomenon

+ "Harmornic" is used here to describe a vibration of constant period
and fiuctuating amplitude - editor.

-
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Rabaul Observatory

M.V. "Eastbank" in the area one mile north of the Beehives (probably stationary).
0ld Benioff Seismograph Z  record 30/4/61. Illustrates "Ship Singing" at 0410 and 0413, a small tectonic
tremor (S-P interval, 11} seconds), at 0111,and "Anomalous Harmonic" Tremor at 01153 1411, and 19067. The

disturbance at 1409 is of unknown origin.
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ever recorded at Rabaul.’ It occurred on 4th October 1962 between 0902
and 0906 hours G.M.T. and is believed to have been due to M.V. "Southbank",
which cast off at 0845 hours and passed the Beehives at about 0900 hours
G.M.T. on her way out of Blanche Bay. The disturbance reached its maximum
gmplitude at 090430 hours G.M.T. at which time "Southbank" was probably close
to the Beehives,t

Appendix K is a catalogue of recorded harmonic sinusoidal dis-
turbances at Rabaul. It is complete from January 1954 to January 1963 except
for the periods January 1956 to January 1960 and 10th May 1961 to l6th
September 1962. A total of 122 disturbances are listed, of which 59 can be
correlated with the movement of shipping in Rabaul Harbeour, with 48 there
is no correlation, and with 15 there is either no record of ships' movements
for the dates concerned or the records have not been examined. Of the 48
cases for which there is no correlation 7 are known to have occurred while
ships were in port at anchor (it is probable that their engines may have
been running), and 2 can probably be correlated with movement of the
Observatory temperature-run boat which visits the Beehives - Vulcan area
between 8 and 9 a.m, on Fridays., Furthermore 3 of the 15 cases for which
the records have not been examined can be attributed to the Observatory
temperature-run boat also. Thus 71 out of 110 disturbances for which
records of ships® movements exist have been found to correlate well with
these movements, and 3% show no correlation. Since, however, movement of
small inter-island boats was not recorded, it is at least possible that
these remaining instances could be correlated with them.

A study of Appendix K shows that of the 55 cases, in which a
fairly accurate estimate can be made for the position of the ship consid-
ered to have been responsible for the disturbance, the great majority
represent instances in which the ship was moving away from the wharf
towards the "leads" position (roughly one mile north of the Beehives).
Thus 28 of the 55 were apparently caused by ships moving from the wharves
to the "leads", and a further 12 were caused by ships moving from the
"leads" to the wharves, ,

There are 4 cases in which the disturbance was apparently caused
by ships' engines when the vessels were tied up to a wharf, usually shortly
before sailing: those concerned were "Delos™ and "Southbank™ at the main
wharf, "Chitose Maru" at the Wreck Wharf, and "Ivybank™ at an unspecified
wharf. 2 vessels, "Asuma Maru" and Laganbank™ apparently caused disturb-
ances when anchored in midstream,

7 disturbances, including the major one caused by "Southbank"
which is illustrated in Plate 8, were apparently caused by vessels moving
between the '"leads" and the entrance of Blanche Bay., A further 2 were
caused by vessels coming into harbour, on the seaward side of the "leads".
The two largest ships to have entered Rabaul Harbour in recent years,
“"Oronsay"” and Orcades", both caused sinusoidal disturbances, "Oronsay" at
the "leads" at the moment of sailing, and "Orcades" near the Beehives on
her way out of Rabaul Harbour,

The two vessels which caused disturbances at the greatest
distance/from the wharves were "Lederwaal", at 30 minutes outward bound
from the” "leads" (she may in fact have remained stationary for some time),
and “Langkoeas", 16 minutes outward bound from the "leads".

+ Plate 5 is a more typical example of marine interference, It was
recorded on 30th April 1961 on the old Benioff seismograph at the Observ-
atery (on all 3 components) and on a vertical Willmore seismograph at
Rapindik. It was due to M.V. "Eastbank"™ in the area north of the Beehives.

++ QAn intersection based on relative amplitude ratios at the Observatory
and at Rapindik (see pp. T6~77 ) gave an intersection in Simpson
Harbour (see figure 24) in an area of between 22 and 25 fathoms depth
sloping gently to the east, with about % mile of water at a comparable
depth in that direction.
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The great majority of disturbances occurred when vessels were
between 3 and 13 minutes outward bound from the wharves, which would put
their position in the general area of the Beehives.¥

Characteristics of the sinusoidal vibration are as follows:-
the duration of any one event may range from about half a minute to more
than three quarters of an hour. Trace amplitudes may vary widely (see
Appendix K). Periods of the vibrations range from 1/6 to 1% seconds and
may vary in any one disturbance. Overlap or mutual interference between
vibrations of two different periods has been frequently observed. This
usually takes the form of short period vibrations between 1/5 and 1/3
second which start on a background of longer period vibrations (about 2/3
second), which may persist for sometime, Overall period of the sinusoidal
“envelopes" depends on amplitude of the vibrations; it varies between 4 and
180 seconds, but is most commonly between 10 and 30 seconds.

The larger sinuscidal disturbances can affect the horizontal
components of the long-period standard seismograph, A minute "hedgehog"
effect, with amplitude no greater than the width of the trace and
Yibrations perfectly harmonic in form, has been observed on several
occasions., There is a single striking instance of an apparent effect on
the vertical long-period component, A remarkable wave train of period
2 minutes 45 seconds occurred over nearly the same time during which the
major disturbance of 4th October 1962 was recorded. The long waves
commenced at 0859 hours G.M.T., about 2 minutes before the short period
seismographs recorded the movement, and ended at 0925 hours about 10%
minutes after the short-period movement had apparently ceased. Their
maximum trace amplitude was 14 mms, : as this lessened at the end of the
disturbance the period increased to 3 minutes 35 seconds. Such an event
on the vertical long period seismograph is unusual. It bears some resem-
blance to the effect of movement of people in the Observatory building but
is of far greater regularity., It was established that there was nobody
in the Observatory™ at the time. Its occurrence at this time could have
been coincidental, but the writer can suggest for it no alternative explan-
ation, other than that there was a long period component in the oscillations.

The similarity between many of the sinusoidal disturbances and
regular vibration caused by an undamped galvanometer suggests that the
phenomenon is essentially one of resonance. A disturbance is apparently
set up in the water by the movement of a ship's propellors, causing it to
resonate., At or near resonance frequency this movement couples to the
underlying rock and is transmitted probably as both body and surface waves.
The actual amplitude of the disturbance probably depends on the number of
revolutions per minute of the propellors which will determine the time at
which resonance takes place. The recorded amplitude presumably depends on
the peak frequency response of the seismograph,

The pericd of the disturbance must depend ultimately on the
dimensions of the water layer in which resonance occurs, Since it is known
that most cases have occurred when ships were on the wharf side of the
Beehives, where the water is not more than 50 fathoms deep, and moreover
that the phenomenon can occur close to the shore in water not more than
10 fathoms deep, it is evident, when the period of the waves is considered,
that the disturbance must be set up in a dominantly horizontal direction.

+ Reliable amplitude ratios and derived directions were cbtained for the
disturbances of 28th September and 4th October 1962. The intersections
are plotted on Figure 24, See also Chapter 4 section 3. The disturbance
of 28th September occurred in about 33 fathoms of water over a westerly
sloping trough about % mile wide, which deepens off to the north to 36
fathoms, See footnote on p. 65 for 4th October disturbancé.

++ This is confirmed by the horizontal components which showed no effects
due to persons in the buildiag.
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At the limitieg velocity of sound in water, 14 kilometres per
second, a vibration of 1/6 second pericd (the smallest observed) would
not resonate in a vertical direction in water less than 375 feet (62%
fathoms) deep, while vibrations of 1 second period, which are commonly
observed, would require a depth of water of 2,250 feet,

From the approximate area through which mest of the ships are
passing when resonance occurs the distance to the shore is roughly as
follows:- in a westerly directiean 5,300 feet, in an easterly 4,700 feet,
to the rorth 8,100 feet and to the south 11,000 feet, These distances
are all greatly in excess of what would be required to set up the observed
periods of the vibrations. Even the longest peried observed would require
only about 1,800 feet,

Thus there appear to be two possible solutions to the problem.
Either the rescnance takes place in a horizontal plane across the deepest
part of Simpson Harbour north of the Beehives, vibrating for example at
about the level of the 35 fathom line for the . second pericd oscillation,
and at about 45 fathoms for the 1,6 second periocd waves, or Lhere is a
rear surface propagatiorn of waves from the ship to an obstruction such as
the Beehives. Although the exact pesition occupied by ships when reson-
ance occurred is not known, it is prcbable that in most cases they were
more than 1000 yards frem the Beehives, which would rule out this latter
solution,

In passing it should br nmoted that there is of course no per-
ceptible effect on the tide gauge records due to marine interference
phenomena., The greatest actual ground movement recorded was a little
less than .008 mms, or 4th October 1962, '

The estimated position of ships that have caused resonance in
the Harbour make it clear that the phenomenon can cccur in Varying depths
of water and at varying pesitions, From the fact that interference can
be caused both by ships leaving ahd entering the Harbour it is evident
that there is no single direction in which the energy must be preopogated
in order ¢o cause resonarce,

The evidence of the relative amplitudes on the horizontal com-
porerts both at the Observatory and at Rapindik indicates that the energy
which is transmitted from the water to the shore or underlying rock is
propagated both as lomgitudinzal and transverse waves, A study of
Appendix K will show that maximum amplitude recorded has more often been
on the north-south component at the Observatory., Maximum amplitude has,
however, been frequently recorded on the east-west comporent at the
Observatory and the north-south component at Rapindik. Befcore the origin
of the disturbances became known a very careful analysis cof their wave
motiocn wa: carried out, Evidence was found that the maximum amplitude
osciilates from one component to the other. The maximum phase of the
disturbance caused on 2lst Qctober i962 by "Orcades" leaving Rabaul
Harbour was recorded oo the north-scuth comporent of the Willmore seismo-
graph at Namanula at a time when the east-west ampiitude was almost zero.
Similarly, the maximum east-west amplitudes occurred when the amplitude
on the north-south component was almost zero.

The conclusion was reached that most of the energy was trans- '
mitted as longitudinal waves, but that an important part was transverse,
Much of the energy rear the beginning of the disturbances was apparently
in the vertical sense (see Plate 8, Z component, 090240 hours G.M.T,)

A certain consistency was evident in the order iz which first
arrivals and maxima cccurred at the various stations. Both first arrivals
and maxima occiirred generally at the Observatory before they did at
Rapindik (or at Namanula). The disturbance of 30th April 1961 (see Plate 9)
was unusual in that the first arrival at 0401 hours G.M.T. occurred at
Rapindik well before anything at the Observatory, although the sinusoidals
that followed closely afterwards at 0410 and 0413 hours were recorded
earlier and better at the Observatery than at Rapindik, Apparent anomalies
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of this kind led to the conclusion that the tremors originated within the
caldera area and were recorded only close to their point of origin.  Since
the maximum effects at the Observatory and Rapindik showed no relation to
observed travel times in the area, it was thought that activity probably
started in one area and migrated to another after a lag of a minute or more.
All this appeared to strengthen the hypothesis that the tremors were due to
subterranean volcanic activity. Finally the conclusion was reached that the
point of origin lay either in the north-east part of the caldera or in the
area north of the Beehives, depending on whether the movement was respect-
ively transverse of longitudinal., It was noted that the average order of
first arrivals at the stations was almost exactly the reverse of the order
in which maxima occurred at the stations. This fact lent support to the
idea that both transverse and longitudinal waves occurred.

After it had been discovered that shipping was responsible for the
disturbances, a Willmore seismograph was operated (on 3lst January 1963) at
a site on the small Beehive during a period of 18 hours in which "Bulolo" .
and "Lindenbank" left harbour and "Shansi" and "Fleetbank" berthed. However
no sinusoidal interference was recorded at the QObservatory and the instruments
on the Beehives failed to produce a readable record.

It is to be hoped that future operation of a Seismograph at this
locality may be able to shed some light on the nature of the special cir-
cumstances without which, and in the great majority of cases of ships
entering and leaving port, no disturbance is registered at the Observatory
or at Rapindik.

&nalogous disturbances to the “sinusoidal harmonics" at Rabaul
have been recorded in other parts of the world.

Mr. Hugh Doyle and his fellow workers in the Geophysics
Department of the Australian National University in Canberra, who were kind
encugh to give the writer the benefit of their advice on this problem,
pointed out that similar vibrations are commonly recorded on the N.S.W.
network of instruments. They have been correlated both with heavy trucks
on highways in the vicinity of the seismometers and with trains on the
Canberra-Sydney main railway line.

Plate 10 illustrates a high-amplitude disturbance caused by the
evening train from Canberra to Sydney passing Inveralochy Seismograph
Station, N.S:W., at about 1 mile distance, and an almost sinusoidal dis-
turbance which was probably due to a freight train or to a heavy truck on
the highway.

This latter movement has a period of 1/5 second and its similar-
ity with the Rabaul marine interference is somewhat misleading on account
of the much greater recording speed of the Inveralochy seismograph.

Mr. Doyle has also found that explosions of depth charges at sea
some 150 miles from the seismometers are recorded with nearly sinusoidal
movement. He suggested that this might be due to the effect of the water
layer on the transmission of the energy. He pointed out that such a
phenomenon was well-known in explosions carried out during offshore
seismic surveys.

Many investigations have been made of this phenomenon, which is
commonly referred to as "singing". "Singing" has been defined as "the
phenomenon -that preduces sinusoidal seismic records, or records showing
simple combinations of sinusoids",

G.C. Werth, D.T. Liu, and A.W. Trorey (63) “found that the simple
concept, that singing was due entirely to water-borne energy repeatedly
reflected by the surface and the bottom in the area of the explosion,
failed to fit their experiments. They found that an area in which singing
cccurred could grade into one where shooting gave clear reflections
uatroubled by singing without any change in depth. In the area that they
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“studied they found that the frequency corresponded te the third harmornic
of a fundamental, the wave length of which was four times the depth of the
water,

They propesed that the reflectiens, following the shot, themselves
excite ar accoustic resonant layer formed by the surface of the water and
the bettom., D.T. Liu (32) showed that energy remaining solely in the water
after an explosion could not be responsible for singing after % second or
so had elapsed, and that an extended source of some kind was necessary to
account for the phenomenon.

Werth and his co-authors pointed out that ordinary ocean waves
of the standing type, as proposed by M.S. Longuet-Higgins (33) as a source
of microseisms, could provide such an extended source, and that reflections
from deep reflectors could provide another,

At Rabaul the movement of ships® propellors is of course an
extended source. Werth (et al.) deduced arn amplitude depth relationship
which gave a maximam amplitude at 1/3 of the depth and at the bottom, and
a minimum at the surface and 2/3 of the depth. This relationship was worked
out in rather shallower depth than that part of Simpson Harbour where most
of the marine interference appears to origirate, .

M.M. Backus in a paper entitled "Water Reverberations - their
nature and elimination™ (1) points out that purely water-confined energy
should give average velocities of about 5,000 feet per secend. He found
that the average figure lay between 6,000 and 8,000 feet per second (it
was determined for the Persian Gulf as about 7,000 feet per second to a
depth of about 1,000 feet. He concluded that much of the effects were due
to reflections from the rocks below the ocean floor. Owing to the presence
of an energy trap caused by the strong flat reflecting surface of the
water-air interface and a strong bottom reflector, which is present in many
areas, a pulse, such as that caused by dynamite exploded in the water, 'is
reflected successively in the non-attenuating medium bounded by the two
strong reflecting surfaces, with a time interval equal to the two-way travel
time, and ar amplitude decay dependant on the reflection coefficients.

There is scme evidence at Rabaul for the validity of this idea
of a streng bottom reflector, in the strong vertical pulses that are some-
times seen early in the sinusoidal disturbances. Thus the strong pulse at
090239 hours on 4th October 1962 (see Plate 8, Z component) may have
represented a genuire structural layer in the underlying rock. According
to Backus® paper subsurface energy should become domirnant early on the
record.

That not all strong develcpments of sinusoidals are marine
evident in a paper by William A Lynch on local disturbances recorded at
Fordham, New York State (34). Heavily laden freight trains of about 20
~wagons travelling at 35-40 m.p.h. register up to 1% miles from the seismo-
graph station, which at its closest point is about 400 yards from a
railway. The maximum phase is sometimes strongly sinusoidal and bears a
close resemblanze to the marire sinuscidal interference at Rabaul (see
Plate 11), The upper illustration is so similar that the overall period
of the "envelcpes™ (about 15 seconds) is even the same as numerous examples
of Rabaul marine irterference., The period of the individual vibrations,
howéver, is only about 0.15 seconds which is substantially less than that
recorded in Rabaul marine interference. Again, the similarity is somewhat
misleading onm account of the greater drum speed of the Fordham recorder,

Mr. Lyach states that, while sometimes the peried remains
constant throughcut the passage ¢f the train, at other times the period
dimiriskes and the amplifude increases as though resonance were reached,

It is proposed that the sinusoidal marine vibrations at Rabaul
should from now on be termed "ship singing” in order to keep descriptions
" of the phenomenon in line with previous researches.
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d) Aircraft, Aircraft testirng engines on the Rabaul airstrip at Lakunai,
about 3 miles from the Observatory, have been tentatively correlated with
small movements at the Observatcry and Rapindik.

Plate 7 (No. 4) shews a possible correlation between movement on
a vertical component BeaiofY seismometer (recording on a Helicorder) and a
D.C. 3 aircraft testing engines at the south-east end of the airstrip prior
to take-off. The disturbance was also recorded on the world wide standard-
ised short period instrumerts at the QObservatory. The period is a little
less than 1/3 second,

It has been suspected for sometime® that some of the long-drawn
out, low amplitude, sinuscidal industrial disturbances recorded both at the
Observatory and at Rapindik, have bheen caused by aircraft engines testing
on the airstrip., It is possible that some of the low amplitude disturb.-
ances listed in Appendix K were due to the same cause. Their times often
correspend well with aircraft taking off at Lakunai,

This correlatien has, however, never been established beyond doubt,

e) Explosicss. Quarry blasts and explesions of wartime ammunition are
frequently recorded on the Rabaul instruments, Plate 7 (No.5) represents
the explosion of about 1000 1lbs of ammunition at a site near the Racecourse
o the south side of Vulcan., It shows a rather longer period movement than
that which is characteristic of explosions, being about 3/10 second, whereas
the majorizy of explosions have periocds of less than 1/5 second. It is also
utusual in showing an initial dilatation whereas most explosions record with
a sharp compression. As already mentioned in a previous section explosions
show certain characteristic reflected phases at Rabaul (see page 52 )., They
always show a well developed P phase., It is not known torwhat extent, if
any, actual airwaves due to explosions affect the Rabaul instruments., They
have been recorded on seismograms in other parts of the world, especially
those due to volcanic explosions ameng the gases emitted from a volcano,

It is prcbable that the effect would be similar to that described above
(page 57) for thunder.

Quarry explosions in the caldera wall on the south-east side of
the North Daughter, about 14 miles from the Observatory, have a remarkably
small effect on the seismograms., The normal daily explosions cause small,
vexry short period oscillations with the greatest trace amplitude character-
istically on the east-west component of the short period Benioff seismograph,
thus suggesting that most of the energy is transmitted along the caldera wall
as Rayleigh or longitudinal waves. Actual ground mevement is usually about

.0003 mms,

Explosions of dyramite in the harbour during Japanese salvage
operations were reccrded with high amplitudes at the Observatory. Explosions
in Karavia Bay are, however, very weakly recorded.

Explosions carried out during a seismic survey at Rabaul in
October 1960 (see G.A. Tayler, B.M.R. unpublished report, Travel Times,
October 1960) were remarkable for develcopment of sinusoidal movement in some
cases, This occurred with shots south of Matupi Island 32 seconds after P
arrival. The period of the P pkase was about 0,18 seconds,

+ A low amplitude lorg-drawn cut sinusoidal at 1951 hours G.M.T. on 21st
July 1954 may be correlated tertatively with an aircraft on the ground. It
was recorded best on the vertical component of the old Benioff seismograph
at the Observatory (trace amplitude of 1¥ mms,). It was recorded very
weakly on both horizontal componerts.
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f) Movement near Instruments, On short period instruments the effects of
persons moving in the vicinity of the seismographs resemble those depicted
in Plate 7 (No. 3) on the Willmore vertical component (recorded during ;
#rock-cutting in the Observatory workshop). The interference characterist-
ically takes the form of short period isolated pulses. A minute harmonic
disturbance of 3 seconds duration was recorded on the vertlcal HLllmore
seismograph, when the 0bservatory was entered,

On the long period instruments, however, there is a very marked
effect, due probably to a minute tilting of the Observatory building., The
entrance of even one person into the building characteristically causes the
two horizontal long period components to "drift" so that the trace is quite
sharply offset by about 15 mms., The effect is de;ectable even when a person
does not enter the building but merely walks around outside. It is most
marked when the darkroom (immediately above the instrument vault) is entered
.or when movement is on the steps that lead down to the vault,

There is usually no effect on the vertical component of the long-
period seismograph,

g) Instrumental Defects. Numerous cases of so-called interference are in
reality associated with instrumental defects.. Chief among these is an
under-damped or undamped galvanometer which may accentuate sinusoidal
oscillations., These were frequent on the very early records at Rabaul
(November 1953 to February 1954) and were fairly common up to about the end
of 1955. They can usually be identified by the fact that they occur on
only one comporent.

Sometimes the vibrations take the form of intermittent thickening
of one of the traces which may persist for several hours. In this case the
fault is usually a loose galvanometer connection.

For a time the Helicorder at the Observatory was operated with
the A.C. balance circuit out of adjustment. During this period the auto-
matic cutting-in of the water-pumps at the Observatory and the Vulcanologist's
residence caused a sharp dip followed by a bulge on the record. A deflection
also usually occurred when pumping stopped. Y »

Switchin§ the air conditioner on or off had a similar effect,
while the cutting-in and out of the condenser in the air-conditioning caused
a very marked pulse on the record.

2. Travel Time Tests ard Results.

N¢ travel times have been accurately determined in the Rabaul area.
Recently, however, J.A. Brooks has published independant values for the
velocity of P, and S, waves in the New Guinea-Solomon Islands region (4),
He obtained a mean surface velocity of 7.95 kms. per sec. for P, waves and
4,35 kms. per sec, for Sp waves, From his results he postulated the exist-
ence of a low veleziiy channel at a depth of about 125 kms. below the area,
in which P weve velocity is 7.6 kms, per sec, and S wave velocity 4.20 kms.
per sec,

There have been three attempts at Rabaul to measure the velocity
of seismic waves direztly, none of which have been entirely successful,

On 6th October 1999 an Army bomb disposals squad blew up 3 large
bombs on the west side of Tavurvur volcano. G.A. Taylor attempted to record
the mement of detonation by means of a stopwatch and a chroncmeter, The
human factor, concerred with the effect of a loud explosion imminent at
close range, is too great to record such an event with the necessary accuracy,
The attempti was abandored, and on the next occasion recourse was had to a

+ Passing within 10 yards of this instrument caused a harmonic vibration
of period about 0,12 seconds, ;
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system of radio-controlled time-checks and triggering of the explosions
by mears of a chronometer.

These second tests have been described by G.A. Taylor (unpublished
report, October 1960). They were carried out at Rabaul during a seismic
survey by the Geophysical Section of the Bureau of Mineral Resources during
September and Outcber 1960, Velecities determired from explosions at shot-
poirts™ from Karavia Bay te Pila Pila covered a wide range, 4,800 - 1,200
feet per second., Most valuwes, however; lay between 7,000 and 10,000 feet
per second and {he ayerage value was, abont 8,000 feet per second. (approx.
2.6 kms, per sec,). g e

Durirg the third set of travel time tests, which were carried out
at Rabaul betweer 29th November ard lst December 1962 in conjunction with
an Army bomb disposals squad, an attempt was made to improve the accuracy
of timing by cavrring out time-checks with a portable Zenith radio in the
field. A chronometer and shot box were again used to detonate the explosions,

The shot peist used was on the east side of Tavurvur volcano close
o the road to Escape Bay. I* was determined by the Department of Lands,
Mines and Surveys as 7,443 metires on a bearing of 133 degrees 30 minutes from
the Observatory. Geod time centrol wass maintained throughout the experiment,
It was considered tha: by using a stopwatch, reading to 1/10 second, in con-
Junstion with a radlo time sigrai, the time on all chronometers was known
with an accurscy of £ 50 milliseconds.

All available irstruments were ipstalled at various locations
around Blanche Bay. These locations were changed, in most cases, after each
of the three explssions; the maximum number of instruments were operated
with three comporents in order to learn as much as pessible about the relative
amplitude relationships as well as about the travel times. The Rabaul Police
Department kindly urdertook to maintain radio contact with the observatory so
that the shots could be visually monitored by means of the Helicorder **in
cxder to ensure that no earthquakes spoilt the records. Firally the explos-
ions were timed for after midnight so that the backgrouad level of noise
should be as low as possible,

Unfortunately on 29th November, before the Pelice had been requested
to assist, when the radlo contact was in the hands of a local Taxi company,
liaisor broke down at the critical moment and the explosion was detonated
during an earthquake. On this occasion the mechanism'of the shot box worked

perfectly,

On 30th November the shot box circuit was incorrectly linked and
consequently the time of the explesion was not recerded. On lst December
the spark jumped the chronometer contacts and detonated the explosion a few
seconds before the contacts closed. This occurred during a countdscwn by the
writer with the ail of a stopwatch so that the time of the detcnation was
keows within kalf a second. Chazges were all of the order of 1,000 lbs of
kigh expicsive.

Useful results were obtained from the explosions ‘of 30th November
and lst December, since the difference in the arrival times at the various
stations, particularly hetweer the Observatory and Rapindik, could be used
to determire approximate iravel times. The differecce in arrival time
between Rapindik and the Observatory was measured as 0.45 seconds (2 deter-
miraziors): on 30th November a lcwer figure of 0.20 seconds was obtained
biu% the reading was suspect,

+ Sheipoints are marked oz the Iocality map, figure 3.

++ The only Observatory instirument on wkich che actual reccrding of earth-
quakes can be watched as they cucur,
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Using- the best fit for the differences in arrival time between
Rapindik, the Observatory, Nonga, Nordup, Matupi Island and Namanula, and
the values given below® for the distances between the stations, the
following approximate velocities were deduced:-

for P, 21.800 feet per séc.
for S, 16,700 feet per sec.
for L, 6,800 feet per sec.

6.65 kms, per sec,
5.09 kms. per sec,
2,07 kms, per sec,

for a strong reflection (? mantle reflection) 4,100 feet per sec,
. = 1,25 kms, per sec,

It would be advantageous, if future tests are conducted, to
operate a seismograph as close as practicable to the shot point, so that in
the event of advanced firing by the shot box-chronometer circuit, the
origin-time of the explosion may be read directly from the records.

It is unlikely that really good results can be expected unless
seismographs with much higher recording speeds can be used.

Recent experiments in New Zealand (see G.A. Eiby and R.R. Dibble
(12)), to determine velocities in the area were carried out using paper 3
speeds of 50-195 mms. per second with time marks emplaced on the records
every 1/50 or 1/100 second.

Recent studies in the United States have indicated ‘that in the
eastern Pacific area there is good agreement between observed arrivals and
the Jeffreys=Bullen tables beyond an epicentral distance of 20 degrees,

As far as has been determined in the Rabaul area, this is true also.

3. Methods Based on Locating Directions of Tremors

A considerable amount of work has been carried out on the Rabaul
records to determine to what extent the measurement of trace amplitudes
on two horizontal component instruments can give a true direction of origin
for an earthquake. Three series of dynamite explosions were carried out in
Simpson Harbour specifically to test amplitude relationships, and in addition
‘much information was derived from records of bomb explosions designed
primarily to record travel times, from Japanese salvage explosions, and from
quarry blasts and other minor explosions in the caldera area,

& workable relationship between direction of origin and amplitude
ratios was obtained. It was used successfully to determine the source of
the sinusoidal disturbances before it was known that they were due to
“"ship singing", and it has been applied, the writer believes with success,
to the study of the "anomalous" swarm tremors.

The study of amplitude relationships and directions based on the
first movement of a disturbance is notoriously unreliable. Richter (46)
points out that considerable error may result in the estimation of directions
from first movements owing to horizontal refraction in regions of complicated
structure. That this occurs in New Guinea is certain. The major earthquake
of 24th March 1962 (see Figure 6) was recorded with clear directions and
amplitudes of first movement on the Rabaul long and short period instruments

+ Station Approx. distance from Instrumentation
Shot pgiat
Observatoery 24,300 feet 3 comp. Standardised short period
instrument
Rapindik 11.950 feet old model 3 comp. short period
et o Benioff
.‘Namanila 16,250 feet 3 comp. Willmore
Matupi: Islard 10.150 feet 2 comp. Willmore (horizontals)
‘Nordup/N - 16,950 feet 2 comp, Willmore (horizontals)
*ﬁonga \ 36,500 feet 3 comp, Willmore

++ This high value is undoubtedly due to incorrect interpretation of the-
records - Editor

+++ It should be roted that throughout this paper the term 'amplitude' refers to
peak to peak measurements of vibrations, not peak to midpoint of the trace
(amplitude = 2). '
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and a reliable S~P interval was cbtained. However the epicentre that was
derived from these readings was offset 6 degrees from the U,S.C. and G.S.
epicentre. Similar results are offten found for earthquakes in southern
‘New Ireland. An interesting contrast with the earthquake of 24th March
1662 was the case of the Aitape earthquake which occurred 2 days earlier,
at 1513 hours G.M.T. or 22rnd March 1962. This earthquake was recorded with
initial dilatation to the north-north-west on the short period instruments
(nearly 90 degrees in error) bu:i the direction (and S-P interval) as deter-
mined on the long period instruments gave an epicentre which was less than
10 miles distant from that given by the U.S.C. and G.S. A possible reason
for this apparent anomaly between the two earthquakes may lie in the fact
that whereas the line joiring Rabaul and the epicentre of 24th March crosses
first the Baining Ranges of the Gazelle Peninsula and then the line of the
Northern Ranges of New Guinea (Finisterre Mountains), that joining Rabaul
and Aitape (No. 2 on Figure 1), on the far north west coast of New Guinea,
crosses only open sea between the two points., If this hypothesis is correct
it indicates that horizontal deflection of earthquake waves is at a minimum
in this direction, which, from the point of view of the determination of
direction made for the anomalous tremors, is encouraging, since these were
found to lie along almost exactly the same azimuth. '
Horizontal deflections have proved troublesome in other parts of
the world, Sassa in Japan found deflections of as much as 40 degrees in the
ficinity of Ase volcanc and correlated them with a system of great fractures
(49). '

Austin E, Jones in Hawaii noted that the variation of static
magrnification betweer 112 and 120 on his seismographs produced an error of
2% degrees in the directions as determined by vectors of the amplitudes of
first movement, and that actual errors due to other sources were 5-10 times
this. Accordingly he used directions only as a check on locations made by
other means (30). He also experimented with the amplitude ratios of P to S,
which he plotted against distance from the Observatory, However, his
results seemed to indicate that the ratio might be a constant and thus of
no value, Furthermore, he derived an experimental ratio of the periods of
S %20 P of 1,732 which enabied the periods of the S waves to be deduced, even
if unreadable, from the periods of the P waves. This result he found, did
not apply to teleseisms where the S period is many times that of P. He
attempted tc derive a depth or distance function from this period change but
was unable tc find a constant relationship.

At Rabaul it was discovered early that simple plotting of vectors
for earthquakes based on the relative horizental ratios yielded hopelessly
misleading results. Near earthquakes were often misplaced up to 20 degrees
from their true locations, This lead to a search for a reliable amplitude
ratio in the limiting case when one horizontal seismometer is at right
angles to the direction of an earthquake and the other is parallel to it.

Figure 23 shows the results that were obtained from 3 series of
test explesions in Simpson Harbour. For the first and second series, which
were carried out on 15th December 1962, the maximum number of Willmore
seismometers available were operated as horizontal instruments at varying
angles to the direction of the explosions. The explosions were carried out
by Commonwealth Department of Works at a point near the middle of Simpson
Harbour, 3300 yards due south of the Observatory and due west of Rapindik
instrument station, and near the Beehives 5450 yards due south of the
Observatory. Explosiors were alternately 8 and 6 sticks of dynamite,

Figure 23 shows the wide spread of amplitude ratios obtained at
various angles to the explosions at the Beehives, and the very small spread
for ratios obtained from the midpoint harbour explosions. Only the
amplitude ratios of L max (rhe maximum phase on the records) are plotted
on Figure 23,

The third series of explosions were carried out, again by Common-
wealth Department of Works, on 22nd December 1962, after an unsuccessful
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series on 19th December. Each explosion was of 4 sticks of dynamite close
offshore at the north-western end of Lakunai airstrip, 950 yards due.west
of Rapindik instrument station, where all available: instruments were
installed as horizontals in a wide variety of orientations. Good readings
were obtained on almost all components.

A wide spread of ratios was obtained (see Figure 23) but averaged
readings agreed fairly well with those obtained in the earlier series of
tests. The line marked "Best result" is the mean position of the lines
representing the average distribution of ratios determined from the
north-south/east-west components of the old Benioff Seismograph and the
north-south/east-west and north-north-west/east-south-east components of the
Willmore Seismograph. It is suggested that it should be used in any attempts
at direction finding in the Rabaul area,

Figure 23a has been drawn from the actual angular errors which have
been found using the ratio curve marked "Best results" in Figure 23, It
includes data derived from quarry explosions and the bomb disposals series
of explosions between 29th November and lst December 1962, as well as from
the 3 series of explosions described above. An attempt was made to use
amplitude ratios derived from the old Benioff horizontal records at the
Observatory made during the 1960 Bureau of Mineral Resources travel time
tests; Ratios were found to be apparently random at distances greater than
about 5,000 yards. For certain localities, notably the area of the Burnt
Wharf on the east side of Simpson Harbour, ratios did not conform to pattern
at distances as small as 2,300 yards. The determined ratios do not apply
outside the caldera where the limiting value appears to lie in the vicinity
of 1:5 rather than 1:1.4, Evidently the method is too inaccurate to be
employed at distances greater than about 4,000 yards from the source dis-
turbance., Beyond this point there is no relationship between distance and
degree of error to be expected. A study was made of a total of 40 Japanese
salvage explosions at two of the sites nearest to the Observatory (No.s 5
and 8, see Figure 3). At site No. 8 at the north-west corner of Simpson
Harbour, only about 1,850 yards from the Observatory, all ratios were found
to be unusually low, and the majority of the explosions gave the ratio 1:1,
which is to be expected for disturbances at an angle of 45° to the
seismometers.

This result can be explained by postulating that the dominant
north-south longitudinal waves were refracted horizontally at some point
in their passage to the Observatory. The only likely poirt for this to
occur would be the caldera wall, which on other evidence has been suspected
of having a polarising effect on seismic waves.

Ratios derived from the explosions at Site No, 5, in the north-east
part of Simpson Harbour, about 2,000 yards from the Observatory, were found
to agree in a number of cases with the experimental ratios derived from the
airstrip exglosions. However in some cases the angular divergence was as
great as 29°, 1In all cases the north-south amplitude was increased at the
expense of the east-west one (the reverse of the situation for site No, 8).
This situation is probably due to a structural feature in the area (a
possible one would be the presence of-a-dominantly north-south striking
fault along the east side of Simpson Harbour),

The study of the Japanese explosions confirms the conclusions
reached previously that most energy, at least from explosions, is trans-
mitted as-longitudinal waves. . .

In this connection it is interesting to note that G.A. Eiby and
R.R. Dibble (12) in New Zealand found that the S phase in explosions
carries less energy than the P. At Rabaul the P phase is-also strong,
Maximum amplitudes appear in the L waves which are dominantly longitudinal,

" The structural implications of this study were so interesting
that the writer searched previous determinations of amplitudes for an
explanation of the directional bias noticed in the res:lts from some areas,

I
i



76.

Japanese salvage explosions at a total of 7 sites were studied, together
with records of the 1960 and 1962 travel time tests. Results are plotted
diagramatically on Figure 24. The strongest indication of the presence

of some structure is in the north east corner of Simpson Harbour, where the
results from two Japanese salvage sites consistently showed higher ampli-
tudes on the north-south component at the Observatory, whereas the highest
amplitudes were to be expected on the east-west component. By contrast

the explosions at sites 1-3 showed a pronounced bias in the east-west
direction,

Not all the 1960 seismic survey explosions give consistent results
with the Japanese salvage explosions, particularly around Matupi Island and
in Greet Harbour. It is interesting,to note that an explosion carried out
in Sulphur Creek gave a strong bias to east-west directed energy as recorded
at the Observatory.

The only marked effect of the 1962 bomb disposals explosions west
of Tavurvur was on the Observatory, Rapindik, Namanula and Nordup stations,
The bias was to the north-south at the Observatory and Rapindik, and very

markedly to the east west at the other two stations,

It is probably this kind of effect that causes a station to the
north of an explosion point to show highest amplitudes on the east-west
component. The apparent refraction by the caldera wall may in fact be
refraction along faults cutting the Rabaul caldera, and it is possible that
the structural pattern within the caldera may be complex.

The alterrnative explanation, that explosion energy is transmitted
both as longitudinal and transverse waves, either of which may cause maximum
ground amplitude at a station, is the writer believes, carrying the idea of
the existence of surface waves whose maximum amplitude oscillates from one
component to the other rather too far., All the evidence indicates that,
although waves of this type exist, maxima are always produced by longitud-
inal waves, so that the greatest amplitude at any station should be on the
component which is most nearly parallel to the direction of origin of the
disturbances, Any apparent anomaly has most probably a structural explan-
ation. :

The apparent structural anomalies naturally limit the usefulness
of the amplitude ratios illustrated in Figure 23, Probably the high error
with increasing distance away from the source is largely to be explained on
structural grounds. Furthermore, the relationship having been determined
mainly at Rapindik, where evidence of bias exists, the limiting ratio is
itself probably not applicable to the whole of the Rabaul caldera,

The recent cases of ship singing in Simpson Harbour provide a
clear indication that areas in which bias is shown in one direction may
give place close by to areas showing bias in the other,

Thus the disturbances of 28th September, 4th QOctober, 12th
October and 21st October 1962 were recorded at the Observatory without bias,
With the exception of 4th October when the indicated direction was due south,
the other 3 disturbances gave identical ratios of 1.35:1, which correlates
with an angle of 6% from the north-south direction. On the other hand
alZhough the singing on 28th September, 4th October and 12th October (for-
"Fern Star") gave nc bias at Rapindik, that on 12th October (for "Southbank")
and on 21st October gave a pronounced bias to the north, which was repeated
at Namernlla., On 28th October the ship singing recorded with pronounced bias
to the east.at the Observatory and to the north at both Rapindik and
Namanula,”

The conclusion is inescapable that there is an area in the middle
of Simpson Harbour in which structural features have a pronounced effect on
the directions of transmission of seismic waves, at one point causing strong
bias to the rorth at Rapindik, and at another no bias, and at one point.
strong bias to the east'at the Observatory, and at another no bias.

3‘
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"Fern Star" and "Southbank" must have been in different positions between
the main wharf and the "leads" when singing was caused, unless they were
facing different ways and the transmission of the singing was strongly
directional. On the face of it this latter hypothesis seems the most
probable, but unfortunately, as the exact position of the ships are not
known, the question must remain unsettled.

The intersections derived for the origin of the singing on
28th September and 4th October 1962, which were apparently recorded
without bias at both the Observatory and at Rapindik, are plotted on
Figure 24.

An attempt was made at Rabaul to use the apparent travel time
of the L max phase on the records, which gave a consistent figure
of 900 feet per second in the bomb disposals series on 30th November
and 1lst December 1962, as an indicator of distance travelled from the
origin point of a disturbance. The L max - P interval was taken for a
number of explosions and a plot was made of this interval against
distance in the caldera,

An approximate figure of L max - P = 48 seconds was derived
for the greatest L max - P interval consistent with the origin of a
disturbance within the caldera. This figure is not reliable since
evidence was found in a study of explosions at the Japanese salvage
sites 2 and 4 that the apparent velocity at which the maximum phase
travelled could be as low as 750 feet per second.

In conclusion, it is evident that there is no simple
relationship between direction of origin of a disturbance and amplitude
ratios on horizontal seismometers at Rabaul. A workable relationship
can be deduced, but errors average as much as 15 degrees at 5,000 yards.
This confusion is attributed to refraction of simple wave trains at
structural interfaces in the caldera with consequent distortion of
amplitudes on the records.
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CHAPTER S5,

CONCLUSIONS AND RECOMMENDATIONS

1. STRUCTURE OF THE AREA IN THE LIGHT OF REGIONAL SEISMICITY

a) Depth of Discontinuities

Depths to discontinuities in the Rabaul area are not known.
Recent studies by J.A. Brooks of the Geophysical Observatory in Port
Moresby (4) have indicated the existence of a low velocity channel at a
depth of about 125 kilometres (where velocity of P is about 7.6 kms/sec.),
but no accurate figures are available for the depth of the Mohorovicic
discontinuity.

From preliminary arnalysis of the records made by the Bureau of
Mineral Resources seismic field party at Rabaul in 1960 it seemed that
the depth to a discontinuity was about 15-20 kilometres. Strong reflect-
ions were received from a layer at about that depth., It is probable that
the phase identified as "mantle reflection" at Rabaul during the 1962
bomb disposals tests was reflected from the same layer,

It is frequently found that arrival times at Rabaul and Port
Moresby do not agree with the standard tables or with U.S.C. and G.S.
epicentres. This is particularly noticeable in the case of Port Moresby
where arrivals from earthquakes in areas north and east of the main axis
of New Guinea often seem to indicate unusually slow velocities., There is
frequently better agreement between travel times determined at Rabaul and
Djakarta, and Rabaul and Manila, than there is between Rabaul and Port
Moresby.

It should be noted that there are at present no detailed
gravity readings available for the greater part of the area.

Gutenberg (25/26) has suggested that the low velocity layer
suggested a layer of weakness, and Richter (46) has pointed out that this
correlates well with the placing of earthquake foci at that depth.
Certainly in New Guinea and the surrounding area the majority of earth-
quakes occur at intermediate depth (70-300 kms.)

In many other parts of the world most ordinary earthquakes
originate above the Mohorovicic discontinuity,t but taking this level
as 15-20 kms., in the New Britain area it is evident that very few
earthquakes, which are large enough for their epicentres to be reported,
originate above this level. The shallowest so far recorded, at a depth
of 13 kms., below the Bismarck Sea, is barely below the estimated limits.
It is unlikely that all Bismarck Sea earthquakes showing the character-
istically strong develcpment of surface waves originate above the
discontinuity, since depthe of focus for these earthquakes extend down to
over 40 kilometres (see Appendix H).

It is probable’ithat the clags of "anomalous" earthquakes
recorded at Rabaul originate above the discontinuity., Their similarity
to the K3-K4 type earthquakes described by Austin E. Jones (31) after
Wadati(62), by analogy, may indicate that they originate, assuming an

+ C.F. Richter (46) gives the filowing range of depths for the
Mohorovicic discontinuity for various types of tectonic setting:-

beneath the oceans, 10-11 kms. (as low as 6 kms. in some places),

beneath centirents, 30-40 kms., and in the root zcnes of continents,

50-60 kms., New Zealand, about 30 kms, Hawaii (J.P. Eatoa (11)), 14.8 kms.
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epicentral distance of about 40 miles from Rabacl, at a depth of about
12 kilometires 4

b) Structural evidence in the Rabaul area from Seismic data

Figure 2 represents a possible interprecation of the structure
in the Rabaul area, All known epicentres in the area as well as these
estimated at Rabaul, have been plotted; most of the faults are hypothetical,
However there is geological evidence for the pair shown neaxr Ramasaka in
the soutk-east Baining Ranges (N.H. Fisher (16/17)) and for the Warangoi -
Keravat fzult, the Wide Bay - Open Bay fault, and the Weitin River -
Tambaka: River faul:z,

There has been no attempt to show structure iz the area of the
Father volcano, or te fink this area with the velcanic centres at Rabaul,
It is possible, however, that the north-east/south-west trending fault
zone at Ramasaks may contirue down the line of the Toriu River to the
Father volcano. There is no geciogical evidence for this, and recent field
work in the area hss rather tended to accentuate the importance of north-
sousth/east-west lineaments transverse to the direction of the New Britain
arc, (Dr. E.K. Carter and Mr. E.J. Best, (Personal communication)).

The hypothetical fauli line, shown rurning from the north of
the Duke of York Islanmds to an intersection with the Wide Bay/Open Bay
fault, is marked by & considerable rnumber of epicentres, of which the
largest was the eaxthquake of 9th September 1950 near the Duke of York
Islands. It appears to be tectonically active, whereas the Warangoi-
Keravat fault which it displaces has had no recorded movement on it for
some time. From geological evidence, even the great earthquake of January
14th 1941 occurred well to the south of the latter fault,

There is at present no direct evidence of the mechanism of
faulting in the area, beyond the geological evidence quoted by Dr. N.H.
Fisher in his account of the 1941 earthquake, in which downthrow was
to the west, It is not krown whether there was a strike-slip component
in the faulting.

The evidence that can be adduced in support of any structural
analysis of the area is very limited, The two most active areas in the
north New Britain-New Ireland region are evidently in Wide Bay and to the
east of southern New Ireland. There appears to be an area around Namatanai,
possibly an extension of the Duke of York Islands fault, in which earth-
quakes, in the deep and istermediate range occurring between New Ireland
and Bougainville, are characteristically felt. This fact probably has a
structural explanation, and the area may be near the intersection of two or
more faults,

2. GENERAL SEISMICITY AND VULCANICITY

The great majority of the earthquakes which occur in E. New
Guinea fall into the category described by G.S. Gorshkov in Kamchatka (23)
as °‘volcano-tectsnic’, That is to say they are all directly caused by
tectoric processes but all occur in zones which have an intimate relation-
ship with those of the volcanoes in the regiox.

Earthquakes gccurring in the Western Highlands (area No. 23,
Figure 4), and near Wau, represent, as it were, relict movement in areas
which were once characterised bv active volcances. They are analogcus
with H.H. Hess® serpentins belts, which he described as "fossil orogenies™,
(28).

A minority of the E., New Guinea earthquakes are volcanic, due
directly to the expression of volcanic forces in the crust. Those which

+ (15
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have been feit in the Rabaul area have already been listed (page 26 and

 follgwirg). They are of rare occurrence and almost always have an

immediate and direct coreection with impending eruption. However minor
volcarie tremcrs ma2y oscur mear Taliligap, Vunadidir and Toma without
surface expressior of volcarism. They are probably related to movements
of magma at depth.

Elsewhere in the Territory it is possibie that the pattern of
volcanic earcthquakes follows that of eruptions, with the exception of two
areas, the Willaumez Perinsuia on ithe north coast of New Britain and
Fergusson and Nermarby Islands ir the D'Entrecasteaux Group. In both

-these areas "volcaric™ earihqiakes, characterised by small radius of

perceptibility in which intensizies are often high, and by failure to be
recorded at the Pori Moresby and Rabaul seismolegical stations, are
fairly frequently reported. Dormant or extinct volcances are to be found
in both localities. Between August 1961 and November 1962 a close watch
was kept on Mount Victory, on the neorth coast of Papua, to determine
whether any movements were taking place which might indicate impending
renewal of activity. The volcano has been dormant since a violent Pelean
eruption in about the year 1890, irn which a large number of people were
killed. A Willmore seismograph was installed at Utan Plantation near
Wanigela, together with a pair of tiltmeters, the instruments being main-
tained and operated by Mr, and Mrs. A.A. Imlay, the manager of the
plantation and his wife. No velcanic eéarthquakes were definitely ident-
ified, although movements were registered by the tiltmeters which were
consistent with rise and fall of the mountain.

Volcanic earthquakes have preceded and accompanied activity at
Moun: Lamington, Maram, Bam, Tuluman and Langila® volcances, and earth-
quakes of possible volcanic crigin have occurred near Bagana and Balbi
on Bougainville.™ Nene are known in conrection with the Father volcano,
where, if they occur, they should be reported felt at Ulamonra, some ten
miles distant.

It may be noted that earthquakes described and illustrated by
G.S. Gorshkov (23) in correction witih the eruption of Bezymianny volcano
bear a remarkable similarity to some of the "semiharmonic" “anomalous"
tremors at Rabaul. Their origirn, however, is ccnsidered to be entirely
different.

The degree to which "velcano-tectonic” earthquakes effect, or
even cause, volcasic eruvption is cne of the major fields of vulcanology.
Mr. R. Priam*** has recertly found a connection between earthquakes in
the deep and irctermediate range and volcanic eruption in the New Hebrides
(42). G.A. Tayior is werkirg or this problem, a2t present in New Guinea.

A point of great praciical importance is how to distinguish
betweer puvrely velcanic earthquakes and ‘volcano-tectonic® earthquakes
when both are recorded c¢leuse to a volcane,

In ar area such as New Guinea where there may be a great
distance betweern seismographs, the criterion of failure to register at
other stations may be inadequate. It becomes a vital matter to know the
accurate depth of focus of the earthquake, This cannot usually be
determined without a network of at least three stations.

+ (53-5%)
++ ..Rabaul Fizal Bulletirs,

+++ G.S. Gorshkov notes that earthquakes at depths of about 50 kms,
affected the course of the eruption at Bezymianany (23).
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J.P. Eaton (l1) has written, on Hawaian volcanism, "earthquakes
identify regions where the rock is yielding to the strain before the
encroaching magma or to the wholesale deformation caused by its retreat”,
They alse idertify regicns in which strains are being accumulated due to
long drawn out, deep seated tectoric processes, and regions in which
readjustment is taking place due to alterations of load or to movements
in other areas,

This raises the whole problem of progression in earthquakes.
In any study of this kind it is almost impossible to separate causality
and coincidence, However, after some years it is to be hoped that a
pattern in New Guinea earthquakes may emerge, which may lead to a better
ucderstanding botnh of the conrectior which exists between widely separated
areas, and the wav in which the relief of strain in cnre region may build
it up in arvother,

At the present time only the roughest estimate can be made of
the rate at which strain accumulates in different parts of the region, of
the areas which are most affected, and of the amount of energy which is
released by earthquakes, Areas ir which earthquakes are most frequent are
not necessarily those in which the most strain is being accumulated. The
confining pressure of the overlying rock must vary widely in different
areas and at different depths, and the previcus history of a locality will
determine how it withstands the slow accumulation of pressure,

Thus areas which are cut by numerous faults on which previous
movements have often takern place will withstand stresses less firmly and
yield soorer than those where structure is more massive and fewer lines of
weakness in the rocks exist. However, unless stresses are directed into
a weaker environment, leaving the massive rocks as a bastion round which
the weaker structures are wrapped, the time will come when the load has
reached such gigantic proportions that the rocks will ultimately yield,
producing a major earthquake.

Thus without exact measurements of the sirain present in the
rocks, which is still beyond the power of seismology to achieve, it is
rash to state that any area is unlkely to produce a major earthquake,
particularly ir a region as tectonically active as New Guinea, where
recerds go back such an insignificant number of years.,

At the present time it is impossible to say more than that
there undoubtedly is a connection of the most direct kind both between
earthquakes in different parts of the region and between earthquakes and
volcapic activity. Time and time again it has been noticed at Rabaul that
earthquakes in Beugainville are followed by earthquakes in the Sepik
district or along the rorth New Guinea coast,

The deformation of the region by faulting, expressed as earth-
quakes, and by plastic yielding of the rocks at depth, is a continuous
process. The accum:lation of strains and their relief in one area eases
the siress in ancther and accentuates it in yet another, building it up
siowly so thai ever the slight effect of the sun and moon can probably
cause the uisimete fracture, and perhaps with it the renewal of a cycle
of volzanic activizy,

It is this that makes the study of seismology of such absorbing
interest to a geologist,

3. GENERAL DISCUSSION OF GEOGRAPHICAL RELATIONSHIPS

The seismically active zones of E. New Guinea may be correlated
to some extent with geological processes of known age, These range from
the extinct vulcaricity of the Mecunt Hagen and Wau areas to the curreat
faulting that is apparently taking place near the deep trenches to the
south-~west of Bougainville and the north-east of New Ireland.

& glance at Figure 4 immediately suggests that the tectonic
features of the region as revealed in earthquake epicentres are not as
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simple as ore would expect from many standard accounts of island arc
structures in the Pacific,

H.H. Hess and J.C. Maxwell (28) describe the main features of the
region as the expression of two great orogenies, that of the late Jurassic,
and of the late Cretacecus to Tertiary., The axis of the former period of
orogeny they place following the main range of New Guinea and the line of
the Louisiade Archipelago to @ point north of Rernell Island in the Solomon
Islands, That of the latter pericd they place following the line of the
north New Guinea coast aieng the south coast of New Britain to south of
New Ireland where it contirues to the south-east as the Sclomons are,

They point out that the New Britain, Solomons and New Hebrides arcs all
kave the peculiarity of facing away from the Pacific into the Solomons Sea.

It is evident from the epicentres of current earthquakes that the
present seismic zc¢ne is not everywhere constant ia dip., South west of
Bougainville the trace dips nearly vertically. Shalliow, intermediate and
deep earthquakes occur with epicentres superimpocsed on each other. In
New Britain, on the other hand, the seismic trace appears to dip fairly
gently to the north-west. Benioff and others have postulated that these
seismic traces are giganiic thrust planes, and this hypothesis is supported
in the New Guinea - Solomon Islarnds region by the presence of ultrabasic
belts and by much other geological evidence. Thus Dr. R. B. Thompson (58)
has shown that ultrabasic belts in the Solemon Islands were emplaced along
arcuate thrust planes. There are two such zones, a majer one with ultra-
basic outcrops in Choiseul ard Santa Ysabel and a minor one with outcrops
in Guadalcaral and San Cristoval,

Similarly the ultrabasics, which outcrop on the New Guinea
mainland on the north side of the Owen Stanley Range and in the vicinity
of the Bismerck Range, probably irdicate the locus of an ancient axis of
orogeny.

Recent volcancves normally follow a zone along the inside of the
arcuate structures, and this relationship is brought out in Bougainville
aund New Britain, where structure is comparatively simple. Both represent
regions cverthrust to the south west and south east respectively, and
both show characteristic foredeeps. Since movement was, and possibly
still is, to the south west and south east respectively in these two areas,
one would expect the zone of volcanism on the inner sides of the arcs to be
_ tensional environments.

Evidently the tezsional zcne behind the New Britain arc extends
to the north west to the wicinity of Wewak, where it is cut off by the line
of the outer volcaric arc of the Bismarck Archipelago. This g»c, although
convex to the north, hkas on its northern side a wide zone of Pleistocene
Volcanics with remnants of Tertiary velcanics further south. Movement to
the north-east is not consistent with the present pattern, so that the
direction of thrusting has either changed since the Pleistccene, or the
Outer Volcanic Arc, represented by the Admiralty Islands and New Ireland,
has been faulted out of its origiral position. It is at present marked,
across the northern margin of the Bismarck Sea by a line of shallow earth-
quakes. It is therefore probably not a major thrust plane. The explan-
ation that it is due to the presence of a tensional environment behind
the New Britain arc is unlikely since it follows the line of the outer arc
more closely. The conclusion seems inescapable that it is the last relic
of some ancient structure of which New Ireland was also a part,

Similarly the New Guirea mainlard shows no simple arcuate
structures, It is not, as it is often described, a northward fronting
tectonic arc, The present active zone of the Sepik-Ramu-Markham valley is
the locus of deposition of much material and is probably a zone of
subsidence, rather than thrusting, accomparnied by possible large strike-
slip movements, The area is not at present associated with volcanies,
the Inner Volcanic Arc being genetically part of the New Britain Arc.
Extensive uplift -has cccurred up to Recent times along the north coast of
New Guinea,
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The extensive vulcanism in the New Guinea Highlands (Mount Hagan
to Wau) and the Papuar Plateau (Mt. Bosavi) suggests block rather than
arcuate structures. However the Tertiary Volcanic deposits of the
Northern Ranges represent an ancient arc, much broken up by later faulting,
The absence of deep earthquakes beneath the New Guirea mainland probably
indicates that the major thrust planes in the area are no longer active.

The Papuan arc has also been much broken up by faulting. It
fronted criginally to the north, as is shown by the presence of Tertiary
volcanic rocks near the south coast. There are few earthquake epicentres
in this area, An interesting feature of the northern scarp of the Owen
Stanley mountains in Papua is the presence of apparent strike slip faults
cf very Recent appearance. There are many such miror instances of the
apparent discordance between conspicuously young topography and the areas
in which earthquakes are taking place.

There is an urgent need ir New Guinea for a great deal of
research izto the problem of the mechanism of the regional earthquakes,
which at present is unknown. As a sideline of such a study it would be
possible to delimit the areas of compressioral and tensional environment
which would greatiy aid the study of present day seismicity,

4. RECOMMENDAT IONS

(a) Instrumental Requirements

The settirng up of a three-station net to cover the Rabaul caldera,
which is already on itsway to completion, should sclve many of the outstand-
ing problems encountered at Rabaul. For the first time it will be possible
to locate the origin of earthquakes accurately in three dimensions.

With all three stations operating on standard time; from the
Observatory, and modern instrumentation in the form of Benioff Seismometers,
it should be a simple matter to determine times of arrival of the "anomalous"
tremors., Withip a short space of time enough information should be collected
to superside that which has been presented in this paper, and to confirm or
dery the conclusions that have been reached regarding westerly origin of
these tremors.

A three-station net should also confirm the dominant longitudinal
nature of transmissicn of earthquake energy in the area, greatly assist in
determining the rate of dissipation or fading out in one direction, estab-
lish to what extent refraction by structural interfaces within the caldera
distort seismic waves, and identify the strong "mantle reflection".

If standard time channels can be provided for other, perhaps
temporary, sites™ in the caldera, the Willmore seismographs that were used
to determine most of the data in this paper could be used to supplement the
permanent stations. The study of the origin of the Dominica tremors (see
page 55) was carried out using a 4-5 station net (G.R. Robson, personal
communicatiocn), and obviously the more stations that are available the more
reliable will be the results, .

The Japasese geophysicist, Dr. Takashi Kizawa, who made observ-
ations at Rabaul during the war, noticed that S-P intervals of earthquakes,
apparently of volcanic origin, shortened before the eruption of Tavurvur
in 1943, His tiltmeters at the Sulphur Creed Observatory recorded their
greatest variation prior to the start of activity, with upward movement
of the crater followed by gradual collapse after eruption. Dr Kizawa is
at present working on the 1943 Rabaul records.

+ Also the permanent site suggested for Rabalanakaia crater.



84

Ian the operaticn of tilimeters at Rapindik and the Observatory
2 number of difficulties have so far been encountered, which have led to
some of the results being of dubious value. Thus tilt readings in the
north-scuth direction at the Observatory have preobably been influenced..to
an unknown extent by caldera cellapse, a purely secondary process due
mainly to weathering and unconnected with any fundamental changes which
may be taking place within the caldera,

At Rapindik failure of the rubber connecting hoses and sealing
rings caused erronecus readings between July arnd December 1961, amounting
to a cumualative apparert rise in the direction of Vulcan of 25 seconds of
arc, In the same month a fall tc the south of 3 seconds at the Observatory
was attd#ibuted to caldera collapse.

There is an urgent need for a seismograph with a fast paper
speed of recording, in excess of 60 mms. per second, for study of travel
times at Rabaul. The present instrumentation is inadequate for really
accurate determinations of this kind.

G.S. Gorshkov (23) suggested in a recent paper that vulcanological
observatories should be equiped with barographs and microbarographs. The
former are capable of recording explosion waves of powerful near eruptions,
and the latter those of weak local explosions and powerful distant ones.

An anemometer would be of value inm studying the Rabaul micreoseisms,

G.A. Gamburtsev (22) has suggested an interesting method of
determining directions of earthquakes based on "azimuth seismic stations"™,
or seismometers arranged in particular directions. It is not certain that
his results would apply, but the paper is mentioned in case a programme of
research should ever be initiated into the subject at Rabaul.

Finally, if there is reason to believe that differential movement
is in fact taking place in the caldera, it would be invaluable if a second
continuously recording tide gauge were installed, for example on Namanula
Street Wharf.,

(b) Analysis of Small Tremors and Disturbances

It would be of great value both to future research at Rabaul and
to those seismologists in other parts of the world who are interested in
the seismic problems of New Guinea, if periods and trace amplitudes of
phases, particularly at the beginning of earthquakes, could be recorded as
a matter of routine. Recent research in other parts of the world has
tended to stress the importance of period changes, especially in the field
of determination of earthquake mechanisms,

Great importance is also attached to periods in such work as that
of Daisuke Shimazuru (51) on volcanic microseisms (recorded not further
than 600 metres from the craters).

At present little is known of the structural layering in the New
Guinea area sco that any recording of such phases as Pn, Pg, etc,, is
likely to be of great value. It may be possible to distinguish volcanic
and 'volcano-tectonic' earthquakes (see Chapter 5, section 2), both by the
period of the vibrations and by the reflected phases that occur.

The earthquakes described by G.S. Gorshkov in Kamchatka (23)¥*
as "volcanic" were strikingly different from his "volcano-tectonic" ones,
which had a sharp beginning in both P and S with a period of about 0.2
seconds., They showed a more emergent beginning in both P and S, longer
periods, and “a peculiar maximum phase after preliminary phases”, Unless

++ This paper, in quarte typescript form, should be in the Rabaul Observatory

P
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close to the point of origin they are not felt so readily as 'normal’,
"volcano~tectonic” earthquakes, on account of their longer period,

Useful results have been achieved in Hawaii, Japan and
California (see Austin E. Jones (30)) by measurement of the natural period
of the ground, through studies both of microseisms and of local earthquakes.
Variations have been attributed to differences in underlying structures,

J.P. Eaton (11) attaches importance to a study of the phaseless
seismic unrest which he calls "spasmodic tremor" (similar to "harmonic tremor"),
In Hawaii it characteristically accompanies the deep earthquakes for many
hours during each swarm, "providing additional evidence that these swarms
are related to movement of magma at depth".

Care should be taken in any future study of the "anomalous"™ tremors
if determinations based on relative amplitude ratios are used. The writer
has found that there are a number of pitfalls associated with this line of
approach, The rapid decay of energy in one direction may distort amplitude
ratios at a recording station, and refraction by structural planes may alter
the directions from which energy from a disturbance would ordinarily reach
a station, However, providing recordings can be made as close as possible
to the source, and at all events within 5,000 yards, it should be possible
to use results determined in the 1962 series of tests to estimate directions
of tremors. . .

If a catalogue, for example of the daily numbers, of the "anomalous"™
tremors can be kept, it is possible that over some years a pattern may emerge
relating them to local tectonic earthquakes or to lunar-solar periodicities.
As Figure 15 shows, no such correlation has yet been established for these
tremors.,
’ If the conclusions regarding origin of the "anomalous" tremors to
the west of Rabaul are correct, it should be possible to confirm them by
operating a Willmore seismograph for a time at a site on Watom Island or,
for example, near Cape Liguan,

A&s a mejor project, it would be of enormous value to determine
the systematic mcan deviation from standard travel time tables (Jeffreys and
Bullen, Eiby and Muir), by means of a statistical analysis of arrival times
from known epicentres (see J.A. Brooks (4)). The amounts by which Rabaul
arrivals vary from the tables may not be the same as that which applies at
Port Moresby. Accuracy of the U.S.C. and G.S. epicentres are given as
+ )% degree, Ultimately it should be possible to construct a special set
©f travel time tables for Rabaul in the same way as has been done in New
Zealand (Eiby and Muir®) and New South wales (H. Doyle).

With regard to the problems presented by "interference" at Rabaul,
little is still known of the effects due to aircraft, both on the ground
and in the air”", Nor has it been definitely confirmed that small ships
can cause "ship singing". In particular there is evidence to suggest that
this pheromeron may have been caused by the movement of the Observatory
temperature-run boat, but no definite correlation has even been established,

It would be of the greatest interest if "ship singing™ could be
recorded on a seismograph on the Beehives. As already mentioned, an attempt
to do this early in 1963 was unsuccessful. Before any final analysis of
the phenomenon can be made, the exact positions of the ships responsible,
their orientations, and, probably, the number of revolutions per minute of
their engines, would have to be ascertained.

-~

+ These tables contain a description of the methods employed in New Zealand
in determirning local epicentres.

++ Effects due to aircraft passing overhead are sometimes visible on seis-
mograms recorded at the Australian National University in Canberra,
(H. Doyle, personal communication).
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(¢) Relative Importance of Seismic, Geological and other Methods
of approach,

A wide varlecty of apprcaches are possible in the study of local
earthquakes, interference and volcanic tremors at Rabaul. The com-
plementary methods of regular measurements of temperature and continuous
seismic recordings have been used with success for many years, supple-
mented by measuremernts of tilt arnd observation of gas emission at the
volcances™.

Owing to the lack of staff and the very high pressure of work at
Rabaul and elsewhere in the Territory, there has been little work
carried out on the detailed geology and structure of the caldera area,
The survey carried out by Mr. F.E. Studt (52) to explore the possibil-
ities of using hydrothermal power at Rabaul raised many interesting
questions regarding local siructure which have never been satisfactorily
answered.

His suggestion that magretic and resistivity surveys of the area
might help to delimit areas in which the greatest amount of leaching
has taken place was implemented in 1960 during the seismic survey. They
were of value in mapping underground extensions of the thermal areas,

Final results of the seismic survey carried out in 1960 were
published as B.M.R. Record No. 1962/9 ("Rabaul Geothermal Investigation,
New Britain, 1960" by W.A. Wiebenga and E.J. Polak). Three major shear
plares (running N/S or NW/SE) were located near Sulphur Springs. Seismic
velocities ranging from 2000 to 11,000 feet per second were encountered.

A careful study of apparent tidal movements at Rabaul may be
invaluable as a method of detecting relative movements in different:
parts of the caldera. Infermation derived by this means is hard to
come by unless the most accurate theodolite surveys can be carried out.
Such a survey, as suggested in the past by G.A. Taylor, may be a
conclusive way of proving or disproving small movemeants, particularly
if carried out by right wher difficulties due to refraction do not

apply.

The results of the recent oceanographic survey of the Rabaul
caldera by H.M.A.S. “Paluma"™ will, when they are released for public-
ation, provide data by which an exact analysis of ship singing may be
possible.

An extremely interesting line of approach, and one which would
be of great value in an area such as Rabaul is the absolute measurement
of rates of movement in regions which are tectonically active. The
suggestion was made some time ago at Rabaul that measurements be carried
out reguiarly with a tellurometer between New Britain and New Ireland
in oxder tc measure the differential movement, if any, between the two
islands. This could be carried out, for example, at six monthly
intervals, and after ary large earthquakes in the region. Regular
readings across St. Georges Strait from Cape Gazelle to the New Ireland
coast north of King Bay might give some indication as to whether strike
slip movement was taking place on the north-south trending Duke of
York Islands Fault. If successful this method could be applied elsewhere
in New Guinea,

Movement of this kind has been discovered in other parts of the
world, for example Greenland is krown to be moving in the direction of
the North American continent, and Japan to be moving into the Pacific
at the rate of two metres per century. (Ting Ying H. Ma and Chia Lin
Pan (59)). It is possible that in an area as active as New Guinea
gradual movement might be very much faster, and after earthquakes sudden
movements might be detected,

+ An improvement in temperature measurement by the use of recording
thermographs has already been suggested at Rabaul.
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Changes might also be shown in the Rabaul caldera after near
earthquakes (cf. the case of the cracks in Kamerere Street) and these
might be detectable by re-surveying the marks set up many years ago on
the Golf Course from, for example, the bench mark near the Burnt Wharf,

Geological evidence regarding mechanism of faults in the Rabaul
area is very meagre at present. It is not known whether there has been
any consistency in sense of faulting in the recent geological past. Field
work might adduce evidence for or against strike slip faulting in the area,

. In this respect a greater degree of discussion with the Wau Geological

da.,

Office would be of great value. D.B. Dow and others have been working on
the problem of strike-slip faulting for some time.

At present little is known of the similarity or dissimilarity of
the mainland New Guinea structures with those of New Britain and New
Ireland, The possibility that New Guinea may have been influenced by
block faulting which has deformed earlier arcuate structures, does not
seem to have a parallel in the islands of the Bismarck Archipelago where
the arcuate structures are still apparently active. The possibility that
New Ireland, which is discordant to the New Britain arc, may have moved
from its original position and orientation, might be confirmed or denied
by geological mapping in the southern part of the island, where a great

area is covered by Pleistocene volcanic rocks which may show signs of

later deformation from a particular direction.

The author hopes to be able to make some determinations of focal
plane mechanism on selected earthquakes in the region, and this may help
to establish the type of faulting that is taking place.

The present trend for increasing numbers of earthquakes to be
reported in the Preliminary Determinations of Epicentres at the U.S.C. and
G.S. with estimated magnitudes may allow a quantitative approach to the
problem of energy release in New Guineat. This will benefit future studies
of periodicity in earthquakes, which remains one of the fundamental problems
of seismology.

Apart from helping to delimit areas in which earthquakes may be
triggered by tidal effects due to lunar and solar periodicities, a study
along these lines may show that initial compressions and dilatations may
be correlated with compressional and tensional periodicities. Times of
new moon and other phases, not merely dates, mayshow a correlation with
earthquakes, and there may be a particular position of the moon in the
sky relative to the sun which is optimum for earthquakes. The major
earthquake of 24th May 1962 occurred almost at the equinox., A statistical
study should show to what extent such events are coincidental and to what
extent they may be said to be caused by the stresses concerned.

The writer is of the opinion that in most fields in which
coincidence appears to be a major factor, a pattern of causality may
one day emerge.

- With appropriate instruments, such determinations could usefully
be undertaken in Rabaul.
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NOTES TO APPENDICES ON METHODS OF READING SEISMOGRAMS

RELATIVE ACCURACY AND NOTATIONS USED.

Accuracy of Reading Seismogirams

Where possible seismograms are read to 1/10th second,
decimals being used in writirg times thus determined. 1In other
cases the order of accuracy is to the nearest half second. In order
to make it plain which standard has been used a reading of ten and
a half seconds would be written 10.5 seconds and 10% seconds respect-
ively. Sharp phases are prefixed °i°’, emergent phases 'e®, very
sharp phases of high amplitude *ii° and sharp phases which emerge
gradually from the microseismic background ‘ei’., Periods are read
to the nearest 1/10 second, and trace amplitude to the nearest
millimetre. Actual ground motion in terms of A1 is not normally
determined. Before March lst, 1962, time marks ‘usually ended on
the 60th second. Since that date, te bring them into line with the
world wide standardised system, they have commenced on the 60th
second.

2. Conventions and Notaticns

The sense of ground movement on the seismograms is as

follows:
Component Trace Ground movement
Vertical Upwards Upwards (Compression)
"North-South Upwards To North
East-West Upwards To East

The following notations are used:-

Dil. or D. Dilatation (to epicentre)-
Comp. or C. Compression (from epicentre)

Z, Z, 2Zr, Zw, Zh Vertical component instruments ) See Chapter 2,

Ne N, Nr, Nw North-South component instruments ) Section 1 for

E, E, Er, Ew East-West component instruments ) locations and
) ‘constants.

Tg Period of galvanometer M.M. Modified Mercalli Scale of intensity
-Tp Period of Pendulum R.F. Rossi-Forel Scale of intensity

M Mass cof pendulum G.M.T.= 10 bours behind L.M,T. (Local mean time)
V Static megnification of recording system,

3. Timing

Minute and hour marks are placed on the records either by
electronic clock (as in the case of the world wide standardised
Seismograph System) or by chronometer (the old Benioff Seismograph
At Rapindik, and the portable Willmore Seismographs), or by
Synchronome clock (the old Berioff Seismograph up to February 1962,
at the Observatory). Times are checked to an accuracy of 1/10 second,
once daily, by means of radio time signals from Stations JJY or WWv.

A much high order of accuracy is possible in the case of the world

wide standardised instruments (& 5 milliseconds). When a stop watch

is used in conjunction with a Chronometer an accuracy of ¥ 50 milli-
seconds can be achieved. Minute marks are usually 3 seconds in

length. However, on some early records they are 1% seconds in length,
Hour marks are recognised either by the absence of the 39th minute mark
or by the presence of an additional mark at half a minute past the hour,



APPENDIX A.

CO-ORDINATES OF STATIONS IN THE EARTHQUAKE REPORTING NETWORK

o P

Key to Key to -
Fig. 1  Place Lat, Sth, Long, East Fig, 1 Place Lat, Sth, Long, East.
109 Abau 109 10' 148° 40’ 121 Kairiru 03° 20* 1439 30'
1 Aiome 05 10 144 45 33 Kairuku 08 50 146 35
2 Aitape 03 10 142 20 153 Kalalo 06 00 147 10
152 Amanab 03 30 141 00 122 Kambubu 04 35 152 20
110  Ambunti - 04 15 142 50 34 Kandrian 06 15 149 35
=3 | Angoram 04 05 144 05 = 123 Karimui 06 30 144 50
4 Arawe 06 05 1499 05 ° 35 Karkar 04 40 146 00
5  Aropa 06 25 155 - 50 36 Karlai 05 05 152 00
6 Atitau 04 45 145 20 37 Karoola 05 10 154 35
7 Awala 08 500 148 05 38 Kavieng 02 35 150 50
8 Awelkaon 05 40 147 50 39 Keravat 04 20 152 00
9 Baluan 02 35 147 20 40 Kerowagi 05 50 144 50
10 Baniara 09 45 149 35 41 Kiep 05 10 152 00
11" Beara 07. 30 144 50 42 Kieta 06 15 155 4o
12 Bialla 05 20 151 05 43 Kikori 07 25 144 15
13 Bogia 04 15 144 55 44 Kilenge 05 30 148 20
14 Boku 06 35 155 20 45 Kiunga 06 05 141 15
15 Buin 06 50 155 45 47 Kokoda 08 50 147 45
111 Bundi 05 40 45 15 46 Kokopo 04 20 152 15
16 Bwaruada 09 55 151 10 124 Kompiam 05 20 143 S5
112 Cape Gloucester 05 30 148 30 156 Koroba 05 45 142 45
* 113 Cape Hoskins 05 25 150 25 125 Kulumadau 09 00 152 40
17 Chimbu 17 Kundiawa
(=Kundiawa) 06 00 145 00 (= Chimbu) 06 00 145 00
- 149 Chuave 06 05 145 05 49 Kunua 05 45 14 45
18 Daru - 09 05 143 15 S0 Lae 06 45 147 00
81 Doilene _ 89 Lagenda (near
(=Rangarere) 04 15 151 35 _ Talasea 0S5 20 150 05
114 Dreikikir 03 35 142 50 - 126 Laiagam 05 30 143 25
115 Dyaul Island 02 55 150 55 48 Lake Kutubu 06 25 143 20
116 Erave ' 06 40 144 00 S1 Lake Murray 07 00 141 30
19 Esa'ala 09 45 150 50. 52 Lindenhafen 06 10 150 35
20 Fead Islands 03 25 154 45 53 Lingalinga 05 35 149 45
2l Finschhafen 06 35 147 S50 54 lolobau Island 04 55 151 10
22 Fyfe Bay 10 35 150 * 00 . 55 Londolovit 03 05 152 40
v 23 Gaima 08 20 142 55" 56 Ldngau 01 15 144 15
117 Garaina 07 55 147 05 127 Lorengau 02 00 147 15
118  Garove 04 40 149 30 57  Losuia 08 30 151 05
24 Gavit 04 10 151 40 58 Lufa 06 20 145 15
25 Gehua 59 Lumi _ 03 30 142 05
(= Sinaeada) 10 20 150 * 25- 60 Madang 05 15 145 50
134 Gembogl 05 S0 145 10 159 Malala 04 25 145 20
26 Goroka 06 05 145 25 160 Malekolon 04 00 153 40
27 Green R. 03 55 141 10 62 Manam Is. 04 05 145 05
155 Gumine 06 10 144 55 63 Maprik ' 03 40 143 05
28 Henganofi 06 15 145 35 150 Maritsoan 04 15 153 05
151 Hilalon 03 50 152 40 61 May River 04 35 141 35
119 Ialibu 06 20 144 00 64 Mendi 06 10 143 40
29 Ihu 07 S5 145 25 65 -Menyamya 07 10 146 00
30 Ioma 08 20 147 50 128 Metlik 04 45 153 00
120 Jimi R. 05 20 144 20 66 "Minj ‘05 50 144 40
158 Kabwum 06 10 147 10 67 Misima Island 10 40 152 45
e 31 Kaiapit 06 15 146 15 . 68 Morobe 07T 45 147 35 .
32 Kainantu 06 15 145 55 69 Mount Hagen 05 50 144 157



APPENDIX B.

INTERMEDIATE FOCUS FELT EARTHQUAKES - E. NEW GUINEA REGION

June 1955 to December 1962.

GMT. - GMT. O=0MORI (Modified Mercalli) Lat,.°S.

Date Origin First Arrival B=BENIOFF Scale Long.°E Kms. Mag.
‘ Time Motion P S-P Intensity Felt. [Epicentre Depth
12/7/56 054007 Cc 054034% Rabaul 1, - 150

21/11/56 074949 o 8"(0) Namatanai 5, '

Rabaul 2, 4 152% 100
23/8/57 133351 133435 Rabaul 2. 6 154 100
26/8/57 195333 D 195417 Rabaul 2 etc. S% 154 100
15/9/57 184220 e184259% Rabaul 4 etc. 6 153% 150
1/10/57 071226 071315 Rabaul 1
Londolovit 1-2 etc 5% 155 100
4/6/58 094739 094922 Okaoa Kaiapit 3 etc 2 145 150
19/7/58 063019 e063334 Lumi 2, 4 138% 150
12/8/58 231217 D  :231248 Rabaul 2 etc. 6 152 100
13/8/58 215631 c 1215710 Rabaul 2-3 etc. 4% 154 200
20/8/58 224805 224908% Kainantu 4, 5 149 250
22/8/58 221656 D 221728 32"(0) Port Moresby,
Chuave 2. S 149 250
28/9/58 125025 C 1125050 Rabaul 2, 5 153% 100
; 4/10/58 004936 D 005140 Angoram 5 etc.
‘ widel 4% 143% 100
{ _12/11/58 103947 104050 Rabaul 1, .
: ' Warangoi? 7 156 100
' 24/12/58 011317 1011402 Kandrian 1, 6% 150% 100
8/1/59 040646 1040721 3 217 Pomio 2, 5 151% 150

® 24/1/59 153356 153424 Rabaul 2,

Rangarere 3. - - 100

9/2/59 211318 1211353 Rabaul 4 etc, 5 154 100
20/4/59 032752 1032852 Lingalinga 5 etc. 6 149% 100
28/4/59 130057 $130113 Rabaul 2 etc. S 152% 100
18/5/59 054009 095037 Taliligap 2. 4% 153% 100
28/5/59 222715 222948 Ambunti 5 etc, 4 141% 100

8/8/59 235605 235656 Karoola 6,
Rabaul 3. 6 155 100
4/9/59 085255 +085308.1 Pondo 5,

Rabaul 2-3 etc. 4% 152 100

23/10/59 034332 034402.6 Londolovit,

: Pomio 3. 4 154 150
5/11/59 054523 1054540.8 Rabaul 2-3 etc. 4% 153 100

20/11/59 105659 +105723.2 Rabaul 2 etc. 4% 153 100

24/1/60 121623 el21808 . Mendi 3 4% 143% 100
4/2/60 092723 e092731.3 26"(0) Rabaul 3 etc. 5 154 100
8/2/60 091945 $092024 .8 Rabaul 3 etc., 5 155 100

10/2/60 154454 $154529.3 Rabaul 2. 4% 154% 100

11/2/60 082858 082949,5 Rabaul 2 etc, 6 155 100

12/3/60 021456 1021530.,0 Rabaul 1 etc. 4 152% 150

18/3/60 121651 el21715 Rabaul 2, 4% 152 150
4/4/60 124530 1124549.9 ‘Rabaul 2 etc. 5 152 100

27/5/60 201000 1201016.0 Taliligap 2. 5% 153 150

18/7/60 014329 1014334,7 Rabaul 4 etc. 4% 151 200

27/7/60 141006.6 1141122,1 Kaiapit 2. 5.5 147.3 205

31/7/60 070437,1 +070518.2 35"(0) Rabaul 2 etc. 6.0 150,0 93 6
1/8/60 162855.0 +1162912,5 Rabaul 2 etc. 4.8 152.6 77

©21/8/60 005925,2 1010012,6 Wataluma 3 etc, 5.5 149.5 177
14/9/60 155901.7 - Buin 2. 6.5 155.1 100
17/9/60 125856.4 - 125942.5 Buin 2. 6.3 154.4 134
*1/10/60 114403.6 :114424.2 Rabaul 1-2 etc. 4,7 153.3 90



(ii)
APPENDIX B. | -

Date GMT. GMT. O=OMORI (Modified Mercalli) Lﬂt.“S .
Origin First Arrival B=BENIOFF Scale. Long.%E Kms Mag. Remarks
Time Motion P S-P Intensity Felt, Epicentre Depth
4/10/60 095116,1 €095213,1 49%"(0) Torokina 2. 7.5 155.3 134
12/10/60 182935,1 :183031.5 Kandrian 2-3 6.1 148.6 119
13/10/60 184030.3 1184056,5 ¢20"(0) Rabaul 2-3 ete, 3,8 152.4 213
22/10/60 222219.8 - Chuave 2 etc, 4.6 144,3 170
25/10/60 093647.9 e093746 (Torokina 2)? 6.5 155.,3 100
23/11/60 012430,1 D ‘ Rabaul 3,
: "~ (SW)$012453,5 ¢18"(0) Taliligap 4 5.0 153.3 79
23/11/60 094250.6 094416.6 Bwaruada 2, 0.3 152,3 70 Slight
_ _ rumbling
24/11/60 045015.8 $045037,3-_c17"(0) Taliligap 6,
Rabaul 4-5 etc. 4.6 153,0 87 64
27/11/60 131011,0 131135,2 Awelkon 1, 5.6 146.4 100
"1/12/60 204950.4 $205020.5 Taliligap 1-2 4,5 154,0 117
31/12/60 210601.7 D Wi
(SE) $210626.8 Talitigap 1-2 5.0 151,4 136
5/1/61 Tari 6 etc,widely 4.1 143,0 108 6%=7
14/1/61 063242,5 1053405,9 Gavit 2, etc, 5.4 152,9 81
27/1/61 135515.6 $135534.4 clB"(O) Taliligap 2,
: (sun Rabaul 1-2 . 5.5 151,9 118
16/2/61 140013.6 911401125 565(3) Buin 3. 6.9 155,1 162
17/2/61 185504.3 D Rabaul 2-3,
: (SE) $185524,0 Taliligap? 4.4 153,0 108
20/2/61 141727,3 D 141755.3 16"(0) Rabaul 2,
: Taliligap? 5.0 153,4 107
21/2/61 035027.6 ,035125.3 Buin 2, 6.5 154,8 213
2/3/61 091902,8  ~092003,8 50,0"0B) Buin (2?) 6.5 155,8 138
7/3/61 231159,6 C $231222,1 14"(0) Karoola 5,
Rabaul 3, etcs 4,7 153,2 90
8/3/61 032716,2 032940.7 Aitape 3 ete, 4.0 141,8 217
13/3/61 100656.0 €100814 Awelkon 1, 5.5 146,7 75
15/3/61 130102,2 D $130117,7 ¢,10"(0) Metlik 4, ‘
" (SE) Rabaul 3 etc, 4,4 152,5 99
4/4/61 103511,1 D $103557.3 Kandrian 4, Kandrian
. (sw) ~ Rabaul 1-2 etc,. 5.9 149.4 124 rumbling,
13/4/61 215128,4 - - 215033,3 Buin 1. Y 6l7154.7 192
7/5/61 002540,8 002624,6 Karoola § etc, _ 6,1 154,4 . 123
9/5/61 110626,2 © 110711,3 Karoola3; *~ -  6,2-154,5 110
'14/5/61 122436,8 (122604,3) Awelkon 2, 6.3 146,2 79 Willmere -
o E L records gal
- 14/6/61 925949,3 fgw; 1030610.6 Rabaul 2 ete, 5,5 181,98 98 ¥
24/6/61 161923,7 162168,4 Kundigwa 4 ete 4.6 144.9 212
14/7/61 010710,9 B? }016734,5 20"(@) Pomig §=§5
Rabaul 1=2 ete, ggé 151.9 ;?
o e i Cilad ote:  Lib d 10
' &Y.’ yngiawg 9 Eic. 8 288: :
WL T B g Babaul 2 ete: 5.5 162:3 1
. H 9 QH¢ & SEE: : deg TILS %i
spo/er 102741 192953 é Wadang 2 ete. 5.0 147.7
/10/61 082554,6 082623,6, Kargela 3,
. Rabaul 2, 9.4 %§§:§ %gﬂ
16/1%/61 175504,8  175622,0 Kaiapit 3. 3:6 147:2 106
17/10/61 0328097 anipg 3-4 2,0 1a.9 @
29/11/61 lﬂliﬂggg 151315-7 oku 4, Babaul 1, @,3 }ﬁégg 3
26/11/61 1 9199§1§H 644" (B) paruady 23 8.3 190:0 1
3/12/61 zlq§2ga bunti 4= 4,1 14238
9/13/61 223900.2 B 223947, ape gigussaesr 2, 6.0 148.3 )
24/13/el 112652, e1128(28) Tung 2= T 47 14438 8



(iii)
k]
APPENDIX B.
Date GMT. GMT. O=OMORI (Modified Mercalli) Lat.°s
Origin First Arrival B=BENIOFF Scale Long .°E Kms. Mag. Remarks
Time Motion P S-P Intensity felt. Epicentre Depth
27/12/61 231826.9 231921,0 Kandrian 3 5.7 148.9 155
8/1/62 170318,9 C :170432.7 Awelkon 3-4 etc. 6.4 147.3 104
15/1/62 182112.8 182233.9 Henganofi 3-4 etc. 6.0 146.8 140
18/1/62 154225.5 el54254 Rabaul 1-2 5.3 153.7 83
18/1/62 154540.9 1546(19,0) 20"(0) Rabaul 3. 4.2 153.6 127
22/1/62 213020.2 C(SW) :213035.4 Rabaul 3 etc, 4,3 152,5 104
27/1/62 202804.0 (e202951) Tung 3-4 etc. 5.1 144,2 145 Willmore
2/2/62 033248.3 (033404%) Kabwum 2, Lae, records only
’ Kainantu 1 5.4 147.3 161 . a
4/2/62 125951,8 $(130013) 16%"(0) Rabaul 4 etc. 5.3 151.6 81 " "
4/2/62 161640,9 $(161703%) 10" (0) Pomio 4,Rabaul 3etc.5.7 152,1 85 " =
8/2/62 114913.9 - Vanimo, &manab 3. 3.2 141.3 87
11/2/62 135700.4 135726 Keravat 4-5 etc. 4,3 153.5 120
11/2/62 185532.0 185559% Rabaul 6 etc. 4,5 :153,5 100 6
11/2/62 194841.6 194908% Rabaul 1 4,6 153.6 107
11/2/62 224113,8 224145 Rabaul 1-2 4.3 153.7 118
12/2/62 134440.0 $134508% Rabaul 2, 4.4 153.5 121
14/2/62 015333.9 1015359 Taliligap 1 4,3 153,5 119
14/2/62 073809.9 1073836 Rabaul 1-2 . 4.2 153.4 137
15/2/62 152529.5 152557 17.4"(0) Rabaul 4-5 etc. 4.4 153.8 109 Many after-
shocks
19/2/62 045740.2 :045804% Rabaul 2 etc. 4.2 153,3 117
23/2/62 114052.8 €114203 63%"(0) Awelkon 3-4 etc. 6.3 147.0 80
9/3/62 083127.6 e0832(16) Boku 1. 6.4 154.7 117
= 9/3/62 220735.6 2209584 Kalalo 6 etc.widely 5.8 146.4 76
24/3/62 125930.9 C(NW) el30115 83"(B) Simbai 7-8,Bundi 6-7
. etc. very widely 5.7 145,0 111
26/3/62 152041.8 D(SW) :152158.5 Lae 3-4 5.5 148.1 122
1/4/62 121109,2 C(SW) 121318 Koroba 6 etc. very
widely 4.2 143.6 80
3/4/62 154012,1 " el54220 Ambunti 4 etc, 4,5 143.2 80
8/4/62 042840.5 e043109 May River 3 etc. 4.1141.5 115
6/5/62 071014,1 071039.9 Rabaul 1 5.7 151,6 98
7/5/62 045638.4 045839.3 Kerowagi 3. 4.1 143.,7 113
22/5/62 220336.0 D 220354.4 Palmalmal 5-6
Rabaul 4 etc, 5.5 152.0 100
23/5/62 063400.4 D(SW) :063423.8 18.2"
(B) Rabaul 2-3 etc. 5.4 152,0 70
25/5/62 094033,9 D(SW) :094047.4 16%"(B) Ulamona 1-2 .4 151,07 129
9/6/62 102540,3 102701,5 Kalalo 3. 5.9 147.0 72
19/6/62 033201.8 C  1033223,2 28"(B) Rabaul 2 etc, 5.6 151.5 130
22/6/62 145539.8 eld5707 92"(B) Lae S etc. 6,9 147,0 70 Sound effects
: Kaiapit
26/6/62 080534.5 e080653 Lae 2, Awelkon 1., 4.8 146.9 82
27/6/62 122140.0 122200.7 Taliligap 2. 4.6 151,4 110
2/8/62 132642.4 :1132652.8 Doilene 4,
) Rabaul 3 etc. 4.8 152.1 79
5/9/62 111706.7 111958 Amanab 3, 3.3 139.9 110
23/9/62 070145.7 1070201,3 Gavit 4, Rabaul 2. 4.9 151.9 71
3/10/62 115721,.8 115919.7 Simbai 3, etc. 4.5 144.6 108
7/10/62 123530.9 123726.5 Tung, Yangoru 2 etc.4.9 144.3 75
23/11/62 104157.6 1044 (28) Telefomin 2-3 4.0 142.,3 100
30/11/62 230751.6 230926.5 Okapa 3 etc. 5.5 145.,.9 719
4/12/62 103427.8 +103513.9 Kandrian 3-4 etc. 6.1 149.,9 83
9/12/62 142704,1 D 1142733 .4 Rabaul 2. 4.7 153.7 117
13/12/62 100848.5 :100918.2 Rabaul 5, Kunua 2,
; etc.very widely 4.8 153.8 94
19/12/62 125619,9 el25651% Rabaul 3 etc. 4,7 154.0 98
21/12/62 012631,5 . e012653% Rabaul 2, 4,2 152.9 150
21/12/62 173556.1 - © Taliligap 3 4,6 153.8 95
22/12/62 232759.5 232824,9 Rabaul 1. 5.1 151.,2 105
30/12/62 181621.4 181650 Boku 4, Rabaul 3. 4.7 153.7 116



APPENDIX C.

SHALLOW FOCUS FELT EARTHQUAKES, E. NEW GUINEA REGION
June 1955 to pecember 1962
GMT. GMT. (0=0MORI (Modified Mercalli Lat.’s
Date Origin First Arrfival B=BENIOFF) Scale Long.°E Depth Mag., Remarks
Time Motion P s-P Intensity felt Epicentre KMs
- 10/ 10/55 085744 085810 Rabaul 5,Kokopo 5, 153 Shallow 7% Minor
6-7 etc, V,widely Damage
12/11/55 100747 100833 25"(0) Karoola 4,
Rabaul 3 etc, 5, 152% 60
20/3/56 094136 094201 23" (0) Warangoi 4-5
| . Rabaul 3 etc., 5. 1524 60
4/7/56 094845 D 094908 Rabaul 3 etc, 5.. 153 60 6l4-6%
10/12/56 164821 D(ESE) 164837 12"(0) Rangarere 4-5
' Rabaul 3 etc, 8. . 152 60
2/5/57 015009 D(SE) 015032 Warangoi 3 etc.. 4%. 153 60
8/9/57 131855 D(SSE) 131913 Kokopo S5,Rabaul 3etc.S. 152 60
12/2/58 063459 063528} Rabaul 4 etc... S%. 151 60
12/2/58 072137 1072200 Rabaul 3 etc, 5% 151% 60
26/3/59 022412 022527 Rabaul 1 7 155% 60
1/5/59 145657 1145726 Rabaul 3 etc. 5. 154 60
16/5/59 061623 1061653 Rabaul 4-5 etc, 4%, 1538 60 6%
16/5/59 073118 073149 Rabaul 1 4%. 153% 60 .
22/7/59 230227 1230250 Warangol 6 3. 152% 60
B Rabaul 4 etc., . _
2/11/59 200332 1200405,8 Rabaul 3 etc, 5%. 151% 60 6%
. 31/7/60 025546.2 :025631.4 35"(0) Rabaul 4, etc, .
v. widely 5.6 150,0 25 6%
'+ 21/8/60 001801,5 002006 .3 Manam Is. 3 etc. 4.3 143,3 39
6/9/60 123516,1 123707.5 (Chuave 2-3) 4,9 145.,1 38
T 23/9/60 211956.2 1212103.5 Awelkon 2 5.6 147.3 60
10/11/60 144447,3 144756 .2 Vanimo (?Int,) 2.6 139.,4 25 6%
1/12/60 101144,6 101322.4 Madang 4 etc, 5.7 145,9 45
2/12/60 043728.,2 D  :043808.9 Taliligap 2-3,
Rabaul 1 6.6 152,5 33
29/12/60 134234.5 134403 Saidor 4-5 etc. 5.5 146.1 57 rumbling
2/1/61 205159,3 1205246 Taliligap 2 6.8 150,3 62
27/1/61 005214.6 ei005313% Torokina 3, Rabaul
' 1 6.4 154,7 23
6/2/61 214513,5 e214620% (48") (0) Buin 6, Rabaul
: 2-3 ete. 6.8 155,3 59
6/2/61 215733.4 12158 (46) Boku 2-3 etc. 6.4 155.0 25
8/2/61 192554.,9 C(NW):192624,7 (34") (O)Rabaul 1 5.9 151.8 51
13/2/61 134557.7 el34714% Buin,Torokina 2 6.9 155,7 25
3/3/61 094616,7 D(SW) :094732,6 Tapini 3, etc. 5.7 147.4 25
12/3/61 040903.3 C(E) :040953.8 Karoola 3 5.3 155.4 64
15/3/61 101455.5 C(NW) :101518.6 Rabaul 2-3 3.3 150.7 21 6 Bismarck Sea
' Kavieng 2
28/5/61 023020.8 023212,9 Tung 4 etc. 4,9 145,0 59
28/5/61 104717,5 104916, 1 Tung 4 5.1 144.8 25
31/5/61 191557,0 (191619,2) Palmalmal 6,
Rabaul 4-5 etc, 5.3 151.6 56 5k-5%
2/6/61 043652,3 Henganofi 4 etc., 5.5 146.4 32
3/6/61 055512,6 C(SW) 055531,7 Rangarere 4,
Rabaul 2-3 etc. 4,3 151,1 18
3/6/61 091432,1 C(NW?) :091452,5 Rangarere 3,
o, Rabaul 2 4,3 150,9 25
o 21/6/61 073334.4 073509,2 Wau, Tapini 3 7.7 146.7 25
7/7/61 131043;8 131133.0 33.4/%4(0) walindi, Volupai 4,
Rabaul 2-3 etc. 5.7 149.7 57 6-6Y4
13/7/61 012244.4 e012356 Awelkon ? 5,9 147.4 54
“ 13/7/61 103155.,6 C $103226,2 17.6'(0) Keravat 5,Rabaul
2 etc, 5.5 150.8 25



(ii)

APPENDIX C.

GMT. GMT. (O=OMORI (Modified Mercalli Lat,©§S
Date Origin First Arrival B=BENIOFF) Scale) Long,°E Depth Mag. Remarks
Time Motion P . S-P Intensity felt. Epicentre kms,
17/9/61 232206.3 232321,2 Sag Sag 4 5.9 147.4 45

11/10/61 040239.5 Vanimo 3 2.5 140.9 18 18

12/10/61 082410.0 C :082436.0 Rabaul 3 etc. 5.6 151.9 41

14/10/61 111528,2 D $111556.1 _Ulamona 2 5.1 150.7 35

26/10/61 0038203 D 003924.0 Tong Is. 3-4 etc3.1 147,.4 14 6Y%- Bismarck

. 6% Sea,

20/11/61 190806.6 e191005 Mendi, Simbai : .

_ 4 etc, 5.0 144.4 65

26/11/61 181218.9 - Kainantu 2 5.6 146,3 52
4/12/61 053318.5 053342,1 Cutarp 3.4,

Rabaul 3 5.2 151,6 39 Cutarp
| rumbling

14/12/61 071023.2 e0T71304 May River 4, e.3.1 140.9 44

27/12/61 022548.2 Aitape 3 2,7 141,3 22

29/12/61 100033.1 D 100125.3 Boku I. 6.3 154.5 4
15/2/62 005945.1 010120% Wanigela 4-5etc.8,9 147.7 60
23/2/62 180527.1 +180533% 7.5"(0) Rabaul 4 etc. 4.0152.6 25
23/2/62 202128,6 i202135% 7.5"(0) Rabaul 4-5 etc, 3.8 152,0 25
24/2/62 193433.6 e193606% Kainantu 5 etc. 5.5 146.1 40
27/2/62 013903.6 e0140(08%) Boku 3 Ts1155.2 25
28/2/62 051954,1 e0522(44) Vanimo 2 2.5 40,8 25
28/2/62 204422.4 e204709% Vanimo 2 2.9 140,7 25
14/3/62 151732,7 C 151747.8 Karlai 3,

(swy Rabaul 1-2 4.9 152.4 57
22/3/62 151303,9 D :151524% Aitape 5 etc,
- (NNW) widely 3.2 142,3 25
2/4/62 183352.4 elB83516 Kalalo 5 etc, 6.1 146,7 60
6/4/62 065052.6 D 065305 Ambunti 5 etc., 4.2 143.3 63
21/4/62 211801,7 e212002% Kompian 3, ‘
: Manam Is, €tc. 6.5 144.6 42
23/4/62 210604.2 D :210706.2 Walindi 2 etc. 5.9 .148.4 51
26/4/62 024410.8 C 024528.5 Awelkon I. 5.8 147,33 68
11/5/62 045243.4 Kikori 3 6.4 143,6 37
11/5/62 070552.5 070707.5 Finschhafen 3-4 6.6 147.7 42
22/5/62 231546,1 D :231606.0 Pomio 3 etc. 5,0 151.3 65
23/5/62 050347.0 D(SW):050408.5 Gavit 2 etc. 5.4 151,9 55
23/5/62 064328,0 D :064353.9 Taliligap,
Karjai 1 4.9 150.8 44
24/5/62 021135,8 :021201,9 194" Rabaul,
(B) Lolobau Is.3-4 5,4 151,9 55

25/5/62 010958,1 Bp 011021.8 16.,2"

(SW) ... (B) Doilene 3, etc. 5.6 152.2 25
2/6/62 091848.1 D(NE): 091909,.5 Rabaul 1-2 5.4 151,T &3
3/6/62 134237.3 134341.1 Lae 1-2 6.4 148,1 32
18/6/62 234231,3 C 1234356.9 Pomio 5,

: . Rabaul 3 etc. 4.8 151.8 47 6%
24/6/62 030147.6 0303(23) Lae 4-5 etc, 6.8 146.8 50
27/6/62 033001,9 0330(55.3) Kandrian 4 etc, 6,1 148.8 55
17/7/62 231209.0 €2313(30) (Ioma 4) 7.8 148,1 42
18/7/62 012102,8 $012116.8 Rabaul 3-4 etc. 4.3 152,9 51
19/7/62 005213,9 Taliligap 3-4

etc, 5.1 153.6 49
30/7/62 171644.4 e 171849 Kairiru 6 etc,
widely 3.3 143.9 25

7 Bismarck Sea
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GMT GMT (0=0MORI (Modified Mercalli [Lat,°S
Date Origin First Arrival B=BENIOFF Scale) Long.%E Depth- Mag. Remarks
time Motion P S-P Intensity Felt Epicentres. Kms,
31/7/72 021905,2 e0221(25) Wewak 2 3.2 144.1 20 Bismarck
: Sea
1/8/62 043657.6 e043902 Kairiru 6 etc.
widely 3.2 143,7 33 -
1/8/62 103242,7 1103259 Rabaul 1-2 3.8 153,1 51
26/8/62 233038.0 233325% May R. Green R.,
3 Amanab 2 3.7 140.1 50
27/8/62 232845,2 232935.,1 Walindi.3 6.0 .149.,5 48
11/9/62 003312.0 003404.2 wWalindi 3 6.1 149.4 62
12/9/62 181842.9 182021 - Bogia 4 etc 4,4 145.,4 32
27/9/62 182652.5 1182702.4 Doilene 3 etc. 4.0 151,2 51
30/9/62 104910.3 D 1104832,0 Doilene 5,
Rabaul 3 etc. 5.2 152,7 33
30/9/62 105837,0 +105831,1 Rabaul 2 etc, 5,9 151.0 S0
1/10/62 150722,1 1150745.2 Karlai 3 etc, ¢ 5.9 151,9 49
4/10/62 203438.7 D +203500.2 Karlai 3, ,
. - Rabgul 2 « 8,1..-101.9 38
6/10/62 213757.4 Gembogl, '
Kundiawa 2 5.3 .145.,0 43
6/11/62 212647:8 D 1212705.,0 11"(B) Gavit 3,
Rabaul 2 etc, 4.9 152,7 68
45/11/62 162509.4 D 162640,0 Lae 6 etc., 6.9 -146,7 40
20/11/62 101111,2 101157.,9 Karoola 4
Rabaul 2-3 . 6.1 -154,5 69
11/12/62 182330,8 D +182401,9 Taliligap 2. 5.3 150.6 58
15/12/62 142235,2 142246 ,8 Doilene 5, :
. Rabaul 3 etc. 4,6 .152,1 53
27/12/62 140202,1 e140347 Bogia 4 etc, - 4,9 145,1 35
The following severe tremors in the 1950-55 period were probably shallow:
9/9/50 1024 Rabaul 4-5 Duke of York Is. Swarm
11/10/51 0138 Kokopo 5, Minor landslips Rabaul-
. Rabaul 4 - Kokopo road. .
24..25/12/52 0815~ . Minor damage
1800(25") Kokopo 6-T . ¢.100 miles’ Swarm
; . Rabaul 5.
23/4/53 1625 162533 Rabaul 7 . Earthfalls and cracking of
. . ground Observatory Hill,
5/2/54 0921 Rabaul 5 . Landslides on Namanula and

Tunnel Hills



@ APPENDIX D.
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PRINCIPLE HULTIPLE EARTHQUAKES AND EARTHQUAKE SWARMS .
Wb etz s ek te) RECORDED FROM THE NEW BRITAIN AREA
T wovaaenl 22 CTaLIC i S et
:N.B. - This Appendix excludes W&qpmalous" Swarm Shocks
' iGMT. Dateé ‘" To ™"’ Felt fﬂféﬂ?iﬂf1°? s WdyEpicentre © " Remarks
4..Fr0ﬂl ‘.. .Itn i) ‘;loh -}na ._;, 11?;\! ida "y % s -
w8197 1878 Vit o “very viéTéhf* Tate s ‘Vulcan area Preceded (iB78 eruption
PR I (VISP B Jot) Do 1)] b e i j\} Of ..Vlllcan
- 26/5/37 29/5/37 “Severe" B to q (R F ) Vulcan area Preceded 1937 eruption
vieliia 3 e o A 2  of Vulcan! .
.29/5/37 ..1:31/5/37 "severe™ .3 o. 15C.E . ‘Vulcan area Continued {for 'at least
o £.3 U VoTes : 36 hrs, after eruption
3/1/38 “1/1/38 o e 2 Vit
: L 161525) hrs. Toma 6-7 J(RLFW) 1.2-00 - Toma area Volcanic, Hardly felt
in Rabaul,
’ V*Xterminated by a maja& aﬂthqpake. Int. -7 (R.F.) at Rabaul)
13/2/38 Gl La ‘ : )¢1 ..a. 119 aue >3
., (0805) ..13/2/38 KeravagL (R.E,) Keravat area Probably tectonlc swarm
. 1«(1405) _e e q\.o(_ ada ] - - - W3 e .
6/3/38 -8/3/38 Keravat and Tomd up 3to.. 30 - Swarm.of probable tectonic
4 (R.F.) . i origin
22/10/39 Vunakanau’, up tg-2° (R‘F ) LE Swarm of 6 tremors,
Loha g s Tey e 123.0 & = Rumbling heard. ,
12!9/40 I Rabaul 7.8, GBFy o S+70 miles Over 100 aftershocks
e (1320) %" e andh i "5.S.E. (50106 miles SSE).
-13/1/41 113/2/41 Keravat areah9 (RZEN &, {Wunga 222 .aftershocks recorded
S50 o 81627.6) : T 7.3 40 betgeen 13/1/41
? ‘j_l 771738 hours and 14/1/41 houfs. h°the 4"Successive week$ 333, 78, 44 and
s «i1:33 respect:vely. 202 So 1)¢ov £ 62 et Tult
= ‘-J.- -] . ] ! l.l
9" 9*’ 1) Rebaul 4257 (if:m.§ " %3.,25 miles ENE 56‘atEédshocks felt at
dt 409 Se 154.0 =, 1(near Duke of Rabaul:tmore in Duke of
,] J'[\ \,'..L]q L;,,? s- 15)..?' ;"o 11:?:]! Is.) ¥g§k‘ ISlaﬂdS.
[1134/12/521125/12/52  Kokopo, ip3t&-6170(M,M; Z¢.100 miles 46 tremors recorded (36
, »:(0813) . ;;_ (1800) Rabaul, up;tg 5;(M.M.) z£rom Rabaul felt at.Kokopo, 12 at
o g i o B Rabaul) , Tectenic
<123/4/53 Comp._ Rabaul, ap9to-771¢M:#,)- ~4,5s8 153,.3E Swarm of tectonic
/ -+ §1600) giyn, 2,7 5. 150.1 =. =0 earthquakes (S-P 12%)
.19/5/54 - Pomio 4 (M.M.) c.100 miles 11 aftershocks
- (2307) Rabaul 3 (M.M,) from Rabaul
26/8/54 Kokopo 4, 3, 1 (M.M.) - Swarm of 3 tremors;
(1845-55) felt in Rabaul also
10/.0/55 - Kokopo 6-7 (M.M.) 55 153k Almost continuous after
(0858) Rabaul 5 (M.M.) shocks 2--3 hrs,
4/7/56 4/7/56 Rabaul 3 (M.M.) etc, Rabaul 1.2 58 153E/5S 152E Pair
(0948) (1000) (M.M.) .
17/7/56 17/7/56  Rabaul 2 (M.M.)/Not felt 45 1514E (both) Pair.
(1416) (1510)
4/7/57 4/7/57 Pomio 4 (M.M.) ‘
(1411) (1435) Rabaul 2 (M.M,) (both) 5S 152E/? Pair Aftershocks

follow
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APPENDIX D,

Felt Intensity

Epicentre Remarks

16/8/57 -23/8/57 (0200) Rabaul 5 (M.M.) etc. 6S

i

Mag. 6% earthquake

10/12/57(?)
22/12/57 =
17/4/58 Warangoi, up to 2 (M.M.)

12/2/58 12/2/58

Rabaul 4 etc./Rabaul 3 etc,

154%E Mag. 6% terminated seismic storm,
Early epicentres were E., of
Southern New Ireland,later

ones from east of the Waran-

goi~Keravat fault.,

Bougainville Over 70 aftershocks
recorded next 3 days

- + 18 very small shocks
recorded (S-P3-6")

50-100 miles Swarm of 9 small shocks
S.E.of Rabaul '

(M.M.) _5%S 151E/5%S 1514 Both 60 kms.

(0635)  (0722) pair.,
4/4/58 5/4/58
(0223) (2026) Rabaul up to 4 (M.M.) 5%s 152E 14 tremors felt

" €.25-30 miles 20-30 small shoCks

26/5/59 Rabaul, up to 2 (M.M.) ;
(0710-0950) S.W. of Rabaul (S-P5-6") “&
31/7/60 31/7/60 Rabaul 4 etc /Rabaul 2 etc.(M.M.)5.6 150,0/6,0,150,0 Falr ‘ .

(0256) (0705)
3/6/61  3/6/61
(0555)  (0914)

11/2/62 19/2/62
(1357)  (0457)

18/1/62 18/1/62
(1542)  (1545)

22/5/62 25/5/62".

Rangarere 4/Rangarere 3

25 kms, 93 kms.
Mag.6¥ Mag.b

4,3,151.1 h,18/ Pair. Also felt Rabaul
4,3.15

+3.150,9h,25

Rabaul up to 6 (one shock) area of 4,3 Swarm of 11 earthquakes

Rabaul 1-2/Rabaul 3

Palmalmal 5-6/first shock

153.5 h.c,110 comprising 1 Foreshock,
main shock (Mag.6) and 9
aftershocks. Numerous

other minor aftershocks from
same area (S-Ps 15-20")

5.35.153.?5 Pair, followed by 2 after-
h.83/4/2s shocks
153,6E., h,127

Area of 5.5, ‘Series of 8 good-sized
152,0 h,25-129 earthquakes with numerous

(2203)  (0940)

kms. aftershocks,
26/7/62 26/7/62 Not felt 5.55,151,18  Pair
(0503)  (0701) h93/5.3s
150,8E.h,71
23/9/62 4/10/62 Doilene up to 5, Rabaul 4-65.151-152E Series of 6 earthquakes

(0702) (2035) up to 3 h.33-71 kms,

+ N.B. Swarm tremors with very small S-Ps continued to be recorded commonly up to March

1958,
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CORRELATION OF EARTHQUAKE FREQUENCY MAXTMA WITH LUNAR PERTODICITY

NEW GUINEA 1957=1962
Period 14,8 day 29.6 day Period 14.8 day 29,6 day Period 14.8 day 29,6 day
maximsa, maxima maxima maxima, maxima maxima
July 1957 New Moon Aug,1959 New Moon + 3 - Oct,1961 Last qtr.+ 1 Last qtr.+ 1
Full Moon + 1 Full Moon + 1 Lagt qtre~ 3 -
New Moon Nove, '61 Last qtr.- 2
Aug., 1957 - - tsteqtzre+ 3 1st.gbre+ 3
Full Moon + 2 Full Moon + 2| Septe'59 1st.qtr.+ 3 - v
Full Moon +1  Full Moon+ 1 Dec., 61 last qtr,
Sept.1957 - - Full Moon - 1
Fall Moon Full Moon Octs '59 Full Moon+ 2  Full Moon +2
' Jan., '62 Last qtr.+
Nov., 1957 Full Moon +1 Full Moon +1 Nov. '59 Full Moom ~2 - an a 3 boat ]
New Moon (Fhll Moon +2) 1st.qtr.-1 18t.qtr.~
Feb, 162 N M M
Dec. 1957  TFull Moon +1 Full Moon +1 New Moon+2  (New Moon +2 ) | = poy Moen - New loon
Last qtr. Decs '59 Full Moon+ 2  Full Moon+ 2 Tull Moon + 2 Full Moon + 2
o -
Jan, 1958 - - Jan. '60 TFull Moon+ 1 _ Mar. '62 Full Moon = 2
1st, qtr. 1st. gqtr. ' .
Feb, '60 Full Moom +1 Full Moon +1 Apr, fo2  Last qtr.
Feb. 1958 ILast qtr.+ 1 - 1st.at M1l Moon -2 Fall Moon -~ 2
New Moon + 3 Sheatte 5
o Mar, '60 Last qtr.+ 2 Last qtre+2 May. '62 New Moon - 2
. 1958 Last qtr.+ 1 Full Moon Full Moon
New Moon +1 - .
Faull Moon =2 Full Moon- 2
Apr, '60 Full Moon+ 3 Full Moon+ 3 June '62 Last gtr.+ 4
April Full Moon -2 Full Moon -2 ‘ Full Moon - 3-
(4pril) Full Moon +2 - Last qtr.- 1 Last qtr. = 1
vy _ -
April 758 New Moon -3 New Moon - 3 | june '6p New Moon - 1 New Moon - 1 July 162 Full Moon - 2
May 1958 Last qtr.+ 3 -
v ( a ) July '60 New Moon Aug. '62 New Moon- 2 New Moon ~ 2
New Moon +3 New Moon +3 1st. qtr. 1ste qtr. Full Moon (Full Moon)
Last qtr.+ 1 Last qtre+ 1.
June1958 Full Moon +2 - Aug, '60 Last gqtr.-1 Last qtr.= 1
1st.qtr. 1st. qtr. ' Septe.'62 (1st.qtr. - 3)
' Sept.'60 New Mbon“-3 - (1st.qtr. + 2)
July '58 - - 18t.qtret+ 3 1Steqtr.+ 3
Full Moon - 2 Full Moon -2 | Oct. '62 New Moon New Moon
Oct. '60 New Moon- 3 New Moon -3 1st. qtr.
Aug, '58 New Moon New Moon - 19t.qtre - 1 Last qtr.
15t.qtr, ~ 2. last qtr. (New Moon +1) (New Moon + 1).
Sept. 158 Last qtr.+ 2 Nove '60 1st.qtr.- 1 1st.1tr,- 1. Nov. '62 (1st.qtr.+ 2) (1steqtr.+ 2)
1st.qtr.~- 1 1st.qtrs = 1. Last qtr.-2 Last qtr.= 2 Last qtr.+ 3% |
Oct. '58 Last gqtr.+ 2 (Last qtr.+2) | Dec. '60 New Moon Dec. '62 Full Moon Full Moon
1st.qtre +2 (1st. gtr.+2) Full Moon + 4 Full Moon +4 Last qtr.+ 2
Nov.'58 Lest qtre- 2 Last gqtr.- 2 | Jan. '61 New Moon + .3
- - New Moon + 3
Dec. '58 - - Feb, '61 1st.qtre+ 1 1steqtre+ 1
1st.qtrs -3 1steqtre= 3 b 4
Last qtr.
Jan.1959 New Moon New Moon
Nov, '61 New Moon + 4 -
Full Moon + 3 -
Full Moon Full Moon
Feb,.1959 Full Moon + 3 - Last gtr.+ 2
Last qtr.- 2 Last gqtr -2,
! Apr. '61 1St0q_tr."' 1
Mar,1959 New Moon + 2 -
May '61 Full Moon-3 Full Moon =3
Last qtr. Last qtr.
June '61 1st.qtr.+2 1stoqtre+ 2
Apr. '59 Full Moon + 1 -
Last qtr.-3 last gqtr.~ 3
(Last qtr.+ 2)
j Jul. '61 Full Moon
May. '59 1st.qtre~ 3 Tsteqtre- 3  last gtr.+ 1 ILast qtr.+ 1
Last qtr.+" Tast dtr.+2 Ist.qtre+1
June '59 New Moon - Aug. '61 Last qtr.- 2 Last qtr.~ 2
1Sto q_tI’.“ 3
Lagt qtr.-1 Last qtr.- 1
July '59 15%,qtT.+ 2 - Sept.'61 New Moon- 2 New Moon - 2

Last qtr.

Last gqtr.

New Moon + 2




APZEIDIX B
e

PLESABTLTNY PARLE FOR LUNAR CORRBLADTTONS (58 FICURES 10 LD 11)

(Total aunber of correlations = 123 (63 lfor 29.6 Day Period)

(Average or expected number of correlations = 4 per Fhase (2 for 29.6
Day Period)

LUN&R ‘ WUMBER OF VARIATTION FROU PAVOURABRILITY GF PEASE ALLD R ARKS

FUASE (DA15) CORELATIONS ggpgggggLﬁgiONs 14.6 Day Period 29,6 Day Period  Overall

Yew Moon 10 (4%) + 6 (+ 2%) 1 (Most i 15t

favourable)

New ioon + 1 1 (1%) -2 (= 1%)

L Mog2 2 - 2 (- 2%)

n "oy 3 5 (1%) + 1 (= 1%) 5 5th

" "4 4 1 - 3 (- 2%)

" "4 5 4 (2%) Wil (Wilx) 6 (Average) 5% (Average) Average
nomeg 2 -2 (- 2¢)

" "7 5 (3*) + 1 (+ 1%) 5 4* 5th

(Pirst Quarter)

n "8 5 (3%) + 1 (+ 1%) 5 4¥ Dt

o "9 2 (1%) -2 (- 1%)

. "4 10 5 (3%) + 1 {(+ 1¥%) 5 4% 5th
" " 11 3 (2x) -1 (Wi1w) 5% (Average)
N
" "oy 13 8 (3%) + 4 (+ 1%) 2 4% 2nd

on "4 14 4 (2%) Nil (Nil*) 6 (Average) 5% (average) Average

Full Moon 6 (6%) + 2 (+ 4%) 4 1* (Most 2nd

; Lt Favourable)

Full Moon + 1 4 (3%) Nil (%) 6 (Average) 4% 5ta
M 2 5 (5%) + 1 (+ 3¥) 5 2% 3rd
" 43 2 (1%) -2 (- 1)

" 4y 1 (1%) =3 (= 1)

" " o4 5 2 (1%) -2 (= %)

" "4 6 5 (4%) + 1 (+ 2%) 5 3% 4th
" "oy 7 4 (4#) Nil (+ 2%) 6 (Average) 3% dth
(Last quarter)

" "o+ 8 8 (2%) + 4 (Nilx) 2 5% (Average) 2nd

" "+ 9 4 (3%) Nil (+ 1%) 6 (Average) 4% 5th

v e10 7 () 3 (4 ) 3 & 3rd
" LR b 3 -1 (- 2%)

" "oy 92 5 (2%) + 1 (Nilx) 5 5% (Average) 5th
" "o+ 13 4 (3%) Nil (+ 1*) 6 (Average) 4* 5th
oM 4 g 1 (1%) - 3 (-1%)

Plain Figures are plotted for Correlations in the 14.8 day period;

* denotes correlation also in the 29.6 day period,



AFPENDIX G

DIRLCTIONS OF FIRST MOVAMENT FOR BARTHQUAKES OF KWOWN EPICEITRE,
WEW GUINLA RIGITON, 19661962
bave 15t movenent mLplcencre Lepin Remnarks
(Kms)

9/6/56 dil 5 S. 152 E, - Felt
4/1/56 ail. 5 S. 153 E. 60 Hag. 6% = 6 Felt
10/12/56 dil. to E.S.E. 5 8. 152 £, 60 Felt
20/4/51 dil. to E.N.E, 6 8. 147% E. - Felt
28/4/57 Comp. 6 S. 155 E, - Felt
2/5/51 dil, to S.B. 4% S. 153 L. - Felt
a/1/51 dil. to E.S.E. 5 8. 152 E, - Felt
4/1/51 comp. from S.E. ? - Felt. Afters.uck
21/1/51 dil, to E.S.B. 4% S. 153 Ee - Pelt. Hage 55
21/1/51 comp. from S.S.W. 6% S. 151% E. - Kot felt
5/8/57 dil. to N.W. 5 S. 154 E. - Felt
15/8/57 dil. to E.S.E, 43 3. 155 B 500 Not felt
16/8/5T dil. 5 5. 154 L. - Felt

. 16/8/571 dil, 5 S. 155 &, - Felt
11/8/57 dil. 5 S. 155 E. - Felt
;8/8/57 Comp. 44 S. 153 E. - Felt
19/8/51 Comp. 4% S. 153 E. - Felt
26/8/51 dil, 5% S. 154 E. 100 Felt
4/9/51 Comp. 4 S. 1514 E. - Fel%
8/9/51 dil, to S.S.E. 5 S. 152 E. 60 Felt
5/11/57 Comp. 6 S. 150 E. - Felt
2/1/58 dile 0 E.S.E. 58, 152 E. - Felt
12/2/58 dil. to S.S.E, 5% S. 151 B, 60 Felt )
12/2/58 dil. to 5.S.E. 52 Se 5% Be 60 Felt g Pair
22/2/58 Comp. 6 5. 147 2. 200 Felt
25/2/58 Comp. from S.S5.E. 6 5. 151% B, - Yot Felt
26/2/58 dil. to E.S.E, 3 S. 1523 B. 300 Not felt
15/3/58 dil. to S. 5 S. 152 E. - Felt
28/3/58 ail. 6 5. 153 E. - Felt
2/4/58 dile 5 S. 154% E. - Felt
4/4/58 dile 5% S. 152 B - Felt
4/4/58 dil. 55 S. 152 E. - Felt
4/4/58 dil. 5% S. 152 B. - Felt
17/4/58 Comp. from S. 54 5. 152 E. - Felt
23/4/58 Comp. from S.E. % S. 153 E, - Felt
23/4/58 dils 4% S. 153 B, 100 Felt
14/5/58 ail. 4z S. 153 E. - Felt



~ Appendix G. (Contd.)

2.

Doate 13t liovewent tpicentre bepth Hemarks
(Kns)

7/6/55 Comp. 5 So 150% Ee 150 ot felt
10/8/58 dil. 3% S. 150% E. - Felt
12/8/58 dil. 6 S. 152 E, 100 Telt
13/8/58 Comp. 4% S. 154 E. 200 reld
22/8/58 dil. 6 S. 149 E. 250 Felt
2/9/58 dile 55 S. 145% B, - Pelt
28/9/58 Comp. 5 S. 153% E. 100 Felt
4/10/58 dil. 4% S. 143% 5. 100 Felt
21/10/58  ail. 5% S. 147 E. - Felt
29/10/58  Comp. 4% S. 153% L. - Felt
4/11/58 dil. 6 S. 147z i. - Felt
51/6/59 Comp. 5 S. 1525 BE. - Yot felt
42/2/60 dil, 4i Se 153z B. - Not felt
%7/2/50 dil. 5 S. 1427 B, - Felt
23/11/60 dil (to S.W.?) 5.0 S. 153.2 i 9 Felt
b/12/60 il 6.6 S. 152.5E, 33 Pelt
3/12/60 dil. to S.E. 4.2 S. 152.1 L. 40 Not felt
4/12/60 Comps 5.35, 148.8 E. 43 Not feit
éz/12/so Comp. from S.E. 6.8 S. 155.3 . 469 Felt. iag. 5
?1/12/60 dil. to S.E. 5.0 S. 151.4 E. 136 Felt

- 3/1/61 dil. to N.W. 6.2 S. 150.9 E. 113 Nos reLt
27/1/61 dil. to S.u. 5.5 S. 151.9 E. 118 Felt
6/2/61 dil. to 5.E. 4.8 S. 154.2 E. 470 Sot felt
8/2/61 Comp. from N.u. 5.9 S. 151.8 E. 51 Fels
11/2/61 dil. to S.E. 4.4 S. 153.0 B. 108 Felt
20/2/61 dil. 5.0 3. 153.4 E. 107 Felt
2/3/61 dil. to N.E. 3.9 'S. 154.5 B, 407 Not felt
3/3/61 dil. to S.Y. £.7 S. 147.4 E. 25 Felt
1/3/61 Comp. from E.S.E. 4.7 8. 153.2 E, 90 Felt
12/3/61 Comp. from N.E, or E. 5.3 S. 155.4 L. 64 Pelt
13/3/61 Conp. from S.H, 5.2 S. 153.3 &, 25 Yoi felt
15/3/61 dil. to S.E. 6.0 3. 151.6 k. 19 Foi reit
15/3/61 Comp. from N,W, 3.3 8. 150.7 &. 21 Felt. lag. 6
15/3/61 dil. to S.E, 4.4 S. 152.5 B, 99 Feld
15/3/61 Comp. from 5.2, 4.6 S. 153.4 E, 18 Wot 1alt
18/3/61 dil to S.%E. 4.8 S. 153.8 &, 157 Not felt



. Appendix G. (Contd.)

e

)

~Date 15t ilovement mpicentre Lepth Remarks
' (Kas)
4/4/61 dil. to S.W. 5.9 S. 149.4 L. 124 Folt
16/4/61 dil. to V. 3.5 S. 149.5 k. 109 Fot felt
2/5/61 dil. to S.B. 5.3 8. 151.5 B. 81 Not feli
1/5/61 dil. to S.E. 5.3 S. 151.2 E. 76 Not felt
3}6/61 Comp. from S.W. 4.3 S. 151.1 E. 18 1t
3/6/61 Comp. (from N.W.?) 4.3 8. 150.9 E. 25 sit
12/6/61 Comp. from S.W. . 5.58S. 151.9 E. 98 Fels
19/6/61 Comp. from N.W. /é.T S. 150.7 k. 124 Lot reld
13/1/61 Comp. " 5.5 S. 150.8 E. 25 Fels
14/1/61 ail. ? 5.4 S. 151.9 E. 71 Pelt
1;/7/61 dil. to S.E. 5.4 S. 152.4 E. 64 ot felt
11/8/61 ail. | 5.3 8. 152.4 L. 79 Wot felt
23/8/61 dil. to é.w. 6.0 S. 149.9 L. 96 Not felt
28/9/61 Comp. from S.E. 5.5 S. 152.2 B. = 113 Falt
8210/61 ' Comp. ’ 5.2 S. 153.7 E. 204 Not felt
1%{10/61 Comp. 5.6 S. 151.9 E. 41 Felt -
1@{10/61 dil. 5.1 8. 150.7 E. 35 Felt
26/10/61°  dil./ 3.1 8. 147.4 B, 14 Felt, Mag. 6 - 6;
1Zg2/61 Comp. 3.6 5. 152.5 B, 342 ot Mels
9412/61 dil. 6.0 S. "149.3 E. 123 Fel:
29/12/61 ail. 6.3 S. 154.5 E. 44 Felt
8/11/62 Comp. 6.4 S. 147.3 E. 104 Felt
2é/1/52 Comp. from S.W. 4.3 S. 152.5 E. 104 Falt
24??/62 Comp. 5.6 S. 153.6 E. 25 Not felt
14/3/62 Comp. from 3.H. 4.9 S. 152.4 B. 57 Felt
21Y3/62 ail. 6.6 S. 150.1 £, 25 Lot felt
22?3/62 dil. to N.N.W. 3.2 5. 142.3 E. 25 felt. Lzrge esariiquake
24/3/62 Comp. from il.H. 5.7 S. 145.0 E, 111 Felt. Large carthquake
26//3/62 dil. to S.4. 5.5 5. 148.1 L. 122 Falt |
1/1/62 Comp. from S. or S.W. 4.2 S. 143.6 E. go Felt. Lorge eartiquake
(3}4/62 dil, 10.6 S. 164.9 B. 36 Mage S5ze BeSeI.T.)
6/b/62 dil. 4.2 S. 143.3 E. 63 Pelt
21/4/62 dil. 4.4 S. 151.2 L. 334 Not felt
23)/a/62 dil. 5.9 S. 148.4 B. 51 | Felt
26)/a/62 Comp. 5.8 S. 147.3 E. 68 Felt
(82/5/62  dil. to S.L. 12.3 S. 166.C E. 151 Kag. 6% - 6%. B.S.I.P.)
22/5/62 dil. 5.5 S. 152.0 E, 100 Fels
22/5/62 dil. 5.0 5. 151.3 E. 65 Felt
© 23/5/62 dil. to S.W. 5.4 S. 151.9 B. 55 Felt
2545/62 dil. to S.¥. 5.4 S. 152.0 L. 70 Folt
23/5/62 ail. 4.9 5. 150.8 B. 44 Felt
2545/62 dil. to S.W. 5.6 5. 152.2 E, 25 Pelt



APPENDIX _H,

BISMARCK SEA EARTHQU WITH KNOWN EPTCENTRES
1955 TO FEBRUARY 1963.

OCCURRING IN THE PERIOD

o SRR e AN i e

N
Date GMT GMT Direction KNS | ' Period
Origin Time P.Arrival of First  Epicentre Depth ] L T of L Remarks (Felt etc,)
Motion Waves
. sk ——
8/6/57 032333 032404 - 3%s.1473°E. - b €0325.8 €0329,0 5-8"  Not felt, D = 5
8/6/57 060747 060835% - 24%., 150°E - - e0609.6 €0610.5 5-7"  Not felt, D = 2°48¢
«12/T/51 205618 205717 - - 3%. 148%°E - - e2058,1 €2100,4 4-55 Not felt D = 4°
4/8/57; 003912 e004057% - 3%93.145°E - 004222 e0043.0 b= Felt Manam Is,etc, D =7°10!
18/2/58 200844 e201000 - 3°5.1473°E - - e2011.6 - - Not felt D = 4°48!
17/5/58 070225 070348 - 3°8.1473°E - - (070507 - - Not felt D = 4°48!
22/5/58 150800 150934 - 3%5.146°8 - (sEPP151000) (0093435, - - Tot felt D = &°16!
25/6/58 093630 093821 - 3°5.1444°E - - - - - Mag.6% - 6%. .
Felt Chuave etc, D=7 45!
' Nuku.
10/8/58 180553  1180608% Dil. 33°5.150%°E - - - - - Felt Rabaul D = 1°52°
17/8/58 180105  e180244 - 3% 1452°E - - 1180548 - - Not felt D = 646!
31/10/58 190254 190440 -~ 33%5.1433°E - - §e19o6z6 - - Not felt D = 8°42¢
190706
1/11/58 033836 033911 - 3%s. 150°E - - - Recorded - Felt Kevieng D = 2°28!
1/11/58 060647 060829 - 3%%s.143%°E - - - - - Not felt D = 8°42¢
7/5/59 000324 000426 - 39S, 148%°E - €0005(18) - Recorded -~ (Foreshocks.Not felt,
(Mag. 6 - 6. D = 3 50!
7/5/59 090346 090428 - 33°5.1493°E - €0905(08) - - - Not felt D = 3°
1/5/59 111716 111758 - 33%°S.150°E. - e1118(34) - - - Nor felt D = 2°20¢
21/6/59 032810 032911 - 3%s.146°E. - 0330.3 - - - Not felt D = 610t
12/9/59 015347  €015518 - 3°S.1464'E. - - e0157.8 - - Not felt. Many aftershocks,
12/9/59 070145  €070310 - 3%°s.147°E - 1070431.0 e0704.6 - - Not felt, Many aftershocks.
13/9/59 043805  €043929 - 3%°S.146%°E - €0441.0 e0441.2 - - Not felt
14/11/59 103356  1103450.3 - 3°s.148%°E. - 103443 e103545 - - Not felt
10/2/60 215045  i215103.6 - 3%%1514°E - - - - - Felt Rabanl.
27/4/60 171130 171305.7 - 33°s.14634°E. - 1171326.7 e171439 1171807.6 - Not felt
28/4/60 050807 051001,2 - 33°s.14434°E. - 051149 e151219 - - Not felt. D = 7°50!
20/5/60 002322 002534 - 33°s,1475°E - - - - - Not felt,
25/7/60 213646 213749 - 3%°5.148°E. - - e2138.7 - - Not felt,
31/7/60 184613.9  184715.1 - 2,8%s.148,2°E. 13 - - - - Not felt.
15/3/61 101455.5 $101518.6 Comp. 3.3°8.150.7°E. 21 - - - - Felt Rabaul,xavieng;n;g.6
26/3/61 202905.7  203054.7 - 3.1?5.146.2°E. 25 1203138% 203245 - - Not felt, o
3/6/61 0555126  055531.7 Comp. 4.3°8.151.1°E. 18 - - - - Felt Rangarere,Rabaul.
3/6/61 091432.1. 1091452.5 Comp. 4.3°S.150.9°E, 25 - - - - Felt Rangarere,Rabaul.
25/8/61 055141.5 €0553(02) - 0.7°5.148.2°E, - - - - - Not felt.
17/9/61 171359.1 - - 3.6%°5.143.4°.E 44 - - - - Not felt.
20/9/61 190337.1 190327 - 3.6%8.150.9°E. 30 - - - - Not felt.
12/10/61 06012545 - - 2.9%5.144.9°E, 25 - - - -~ Not felt
26/10/61 003820.3 003924.0 Dil 3.1°S.147.4°E. 14 i004030.2 i004133.2 Several apparent . Felt Tong.Is.amd Lorengau
41
o o T waves recorded. ' Mag.6% - 6%
28/5/62 030807.4 030940 - 3.3°S.146.0°E. 25 1031058 031157 - - Not felt.
2/6/62 053536.1 053714 - 3.5°8.145.3°E. 42 1053857 e0540(00) - - Not felt.
1/1/62 015615.6 015640 - 3.895,150.4°E. 24 - - ~ - Not felt.
22/7/%2 234927.0 e235102.6 - 3.5%8.145.6°E, 28 - - - Not felt.
30/7/62 171644.4 e171849 - 3.328.143.9°E. 25 1172021 - - Felt widely.Mag T
31/7/62 021905.2 e0221(25) - 3.2°S.144.1 E. 20 - - - - Felt Wewak.
1/8/62 043657 e043902 - 3.2°5.143.7°E. 33 - - - - Felt widely.Mag.7.
'8/8/62 054202.8 €053958 - 3.5%°8.150.5°E 19 05324 - - - Not felt,
9/10/62 201438.3  201531.9 Dil. 3.2°5.148.2°E. 33 - - - - Not felt.Mag. 6%
'2/10/62 043438.9 043616.3 Coppe 3.4°5.145.3°E 36 1043733 1043620 - - Not gelt,
3/11/62 043409.6 043524 - 2.7°8.147.4°E. 33 1043620 - - - Not felt
24,/11/62 172259.5  172355% - 2.5°5.148.9°E. 32 1172452.3 - - - Not felt.
11/12/62 180958.6 e181157 - 3.9°S.143.6°E. 33 - - - - Not felt.
21/1/63 115615.3  115655.5 Comp. 2.7°S.150.1°E. 50 - - - - Not felt.
28/1/63 1212--- - - 2.6°5.149.9°E. 33 - - - - Felt Mussau.
12/5/57 215845 215942 - 3.95.148%°E - - e220033 €2203.0 5. 5:8" Not felt D = 4°.
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iy APPENDIX I
2 CATALOGUES OF EARTHQUAKES RECORDED AT RABAUL WITH KNOWN S-P
INTERVALS OF NOT MORE THAN TEN SECONDS
Date GMT S-P Omori or Direction
Arrival (Seconds) Benioff of first = Felt Remarks
Time - movement
2/3/55 013707 (8) . B to N.E.
14/4/55 223133 9. B %
9/5/55 0102% Rabaul  (int.2-3) within 20
miles of Rabaul
7/8/55 010559% (8) 0 pDil/to S. (Possibly foreshocks of
9/10/55 210916 (10) 0 (earthquake of 10/10/55,
9/10/55 232646 (10) 0 (Mag. T4
22/10/55 152330.3 (4) B Compression
23/10/55 164313.4 9 B Comp,.from S.S.W.
27/10/55 114923,1 (8.1) B Comp, from S.W. Deep?
1/11/55 153838,2 4.8 B Compression
20/11/55 022046,0 3 B Dilatation
2/12/55 184951,9 Tud B Comp. from 302°
8/12/55 0549 CBM 8 B
12/12/55 132212.4 4,7 B Comp. from S?.
12/12/55 140420,2 4,8 B. Comp. from 1459 ,
12/12/55 203146.6 2.4 B Compression Possibly deep
14/12/55 large No. of i '
shocks N B None clear
v 15/12/55 190337 8k B
18/12/55 082256.4 6% B iP! .Comp, from 289,
18/12/55 = 224715.8 7 B Comp, from 36°
» 19/12/55 103623.0 7 B Comp, from 124°©
26/12/55 082130.3 6 B Compression : _
27/12/55 043711,5 2 B Dilatation Explosion? v, short.
: , period beginning
29/12/55 120824.9 6 B Dilatation '
31/12/55 023917.0 17 B Dilatation. "
4/1/56 110154.6 6% B iP! Dil to 148°
6/1/56 020128,3 7.8 B Compression
1/2/56 103031,2 (6.2) B Dilatation
10/2/56 003719,9 (3% B Compression
16/2/56 065650,2 8 B Dil, to 1580
13/3/56 233310 10 0 - Rabaul,Warangoi (Int,. 4)
. i : 405, 153°E
2/5/56 104731 6 B :
2/5/56 114610 10 B Comp. from N.E,
4/11/56 200811 10 0 Rabaul (int,.l)Not recorded
) : elsewhere
21/11/56 0750 . 8 0 Namatanai (Int.5) '
Rabaul (Int,.2)
h=100 kms. 49S 152)0E.
21/12/56 141635 10 0 Comp. from: Tol (Int,3)
S.E. Bialla (Int.2) Deep
17/4/57 194648 9 B Compression i
29/5/57 0013009 9% B Dil, to S.E,
8/7/57 105910% 3% B i
22/7/57 163935 9 B
6/8/57 115002 10 B
9/8/57 100118 10 B
- 9/8/57 193216.3 9.7 B
17/8/57 093738% 9% B
27/8/57 133141 10 B
s 3/9/57 192643 8 B i
4/9/57 113924 8% B
4/9/57 B



T

(ii)

APPENDIX I
S-P
Date GMT (Seconds) Omori or Direction :
Arrival Benioff of first Felt Remarks
. Time movement '
4/9/57 120346 8 B Compression
£ . 120633% 8 B ’ - -
“ 120726% 8% B Compression (N.B. Shock 122650% felt
' Rabaul (Int.,3) Epicentre
49 151%°E
o 131608 4 B '
= 211933 10 B
5/9/57 030718% 8% B
9/9/57 140244 8% B Dilatation
" 203614% 10 B .
14/9/57 090253 9 B
20/9/57 105357 10 B Dilatation
21/9/57 073537% 6 B
- 132313% 10 B
25/9/57 175205% 8 B
26/9/57 0428(05) 10 B eP. eS.
+:-5/10/57 052332% 8, B Dilatation
7/10/57 040503 10 B
10/10/57 180457% 9% B Dilatation
» 183723 8% B
14/10/57 062602 8% B iP! is!
“ 142608 9 B
16/10/57 115226 8 B €3
" 204946 9 B
19/10/57 192341% 8 B
" 192806% 6 B
21/10/57 133124% 10 B
" 232250% (5) B Compression iP}
23/10/57 125907 9 B
. 192018 5 B Compression
29/10/57 123236 10 B
“ 141100 10 B Compression iS:
" 161509% 8% B Compression Warangoi (Int,1-2)
2/11/57 181735 | 9 B
' 214754 8 B
3/11/57 175404% 8% B Dilatation
4/11/57 010736% 9 B '
“ 150454 3 B Dilatation
" 215722 8 B
5/11/57 004603 2 B is:
w 152314 9 B
o 161257 4k B
L - 173704% 4% B
6/11/57 "153327% 8% B
- 1546 (51) 6 B (eP)
7/11/57 100232 6 B
» 100455 8 B
" 142327% 4% B Comp. from N.W.
8/11/57 174452 10 B ¢
5 230748 10 B
9/11/57 082829 9 B
11/11/57 212557% !/ 8 B Compression
13/11/57 134409 8% B
14/11/57 094827% 10 B es
15/11/57 133322 10 B
21/11/57 191253% 2% B Dilatation : eiP, very small shock
22/11/57 025258% 4 B :
23/11/57 175421% 9 B
» 192036% ) B
25/11/57 200642% 8 B



(iii)

APPENDIX I.
-Date . GMT S--P
2 - Arrival (Seconds) Omori or Direction
Time Benioff of first Felt Remarks
movement i
26/11/57 064553 10 B pilatation ise
27/11/57 1151204 9 B Dil.to.E.N.E. Rabaul (Int.l.) ?Not recorded
= " elsewhere
28/11/57 011650 ol B
" 235143% 9 B
30/11/57 213800% 10 B
1/12/57 104853 8k B
" 161119 6% B
2/12/57 185355% 8 B ’
3/12/57 1157L.7% 6 B
6/12/57 0926064 9 B
S 110404% 6% " B
7/12/57 062913 8 B
" 075746 8% B '
= 134014 6 B . eS
d 212444 10 B
9/12/87 143647 9% B
" 180701 8% B
10/12/57 105553% 8l B
12/12/57 004029% 3% B Similar to blast
15/12/37 040928 3 B _
s 050619 1% B Dilatation is:
o 100652% 9% B
17/12/57 071543% 9 B
o 171418 9% B
18/12/57 162609 6% B
20/12/57 001104 10 B iS! Similar to blast
22/12/57 024921 5 B )
" 140154% 5% B )
" 144249% 5% B , )
o 165909% 2% B Compression ) is?
" 182548% 7 B ) Several of these
- 1921224 S B ) small tremors
" 192939% 4 B ) appear deeper
" 193540% 3 B ) than normal
" 193610% 5 B Compression )
- 194055% 5% B )
" 194227% 54 B )
’ 204345% 4 B )
|23/12/5? 172134 S B. ,
24/12/57 025529 8 B Compression Deep?
o 160853 6 B
. 25/12/57 202725 10 B
26/12/57 040034 10 B
s 075739 9 B pilatation
i 145206% 9 B es
27/12/57 074517% (9) B Dilatation
29/12/57 060152 9 B Dilatation
. 093216% T4 B Compression
“ 173558 9 B eP
30/12/57 103901 9 B Compression
" 143404 9 B
" 165059 9 B
. 234110 10 B Comp,from N.N.E.
31/12/57 052934 9 B
1/1/58 074248% 2% B
2/1/58 100136 7 B J
W 1855405 9 B Compression
3/1/58 142938% 8 B Compression
4/1/58 131944% 9 B . 1
" 224943% 10 B' . N



(iv)
APPENDIX I. -
Date GMT. Direction
; Arrival S-P Omori or of first Felt Remarks ’
Time (Seconds) Benioff movement :
5/1/58 012912 4.8 . B ip’
i) 013514 9 B
& 123642 8 B
= 174033% 8% B
6/1/58 080326 3 B
7/1/58 0801144 8 B~
" 102424Y% o B
9/1/58 100932 "% B
" 222237 6 B
10/1/58 160241% 8% B
11/1/58 192126 9 B Compression
12/1/58 032608% 9 B :
13/1/58 052335 10 B Dilatation
15/1/58 015215% 1% B
" 080315 8 B
& 091103 10 B
" 233805 8% B
18/1/58 043117% 1% B " ’
19/1/58 002344% 10 B Dil.toS.E.iP!}
13/3/58 065432 4 B
19/3/58 125358 4 B
22/3/58 001711 8 B o .
3/59 165052 10 B Rabaul (Int.l) Deeper than normal,
Not recorded elsewhae
19/3/59 142642 8 B iP} Rabaul (Int.l) Not mcorded elsewhere
2/4/59 162607 (7 B iP! v
15/4/59 164155 (9) B ipi
26/5/59 094954 5-6 B From S.W. Rabaul (Int.2) Not recorded elsewhere
S-P measured frome
aftershocks.
4/1/60 062003.7 10 0 " Rabaul (Int.3) etc.

(N.B. 13 small earthquakes of

27/3/60
2/4/60
20/12/60
1/2/61
10/2/61
11/2/61

12/2/61

13/2/61

15/2/61
1]

[14

16/2/61
17/2/61
18/2/61
21/2/61

23/2/61
1/3/61

LU

2/3/61
4/3/61
5/3/61

6/3/ 6l

it

233229 ,2 6.0

141516.4 6.1
131444.2 5.8
2025 (%)
2228 (4)
1431 (9)
151517.,0 (2%)
163933.9 (9
2042 1)

081903.0 (2)
1510449 .9 (8)
1548 (3)
042826.1 (2)
0754 (%)
194357 .7 6
1013 1
213237.1 9%
0917 (10)
001723,8 (4)

004306,9 (3)
123105.9 (10)
0308 8)
224227,8 9
0318 4)
2236 (8)
034724.5 (4)
102935.7 (4,3)

165625.6 943

=xiies = ie e Re =R e = oe v o e~ o v B w s B s oo v e B w = e B e B v o B~ e o= e e o

S-P less than 5" were rec

4%9s. 15340E,

orded during January 1960).

ip? Rabaul (Int.l) Not recorded elsewhere

ip: is:
Compression

Rabaul (Int.l) Not recorded elsewhere

V.short period, possibly volcanic?

Comp, from N.W,
Dilo to (Nﬂw.?)

Possibly volcanic?

Dila l‘.O N.E.
Comp, from N.N.E,?
Harmonic

Dil, to (S?) Possibly volcanic?

Harmonic
Dilatation
Possible volcanic
Dilatation

Dil, to ((N.)WD?).
Dilatation
Dil, ‘to W.S.W.?

Comp, from E.N.E.
Comp, from (N)W.

Comp. from N(E).
Dil, to N(W).



(v)

APPENDIX I.
4 Date GMT. Direction
Arrival S~P Omori or of first Felt. Remarks
Time (Seconds) Benioff movement ;
6/3/61 173111.0 (4) B Dil. to (S)W.
7/3/61 001023.3 (4) B Compression
" 031032.9 (8) B Dil. to S.W.
" 053415.6 5% B Dil. to N.W.
8/3/6L 095219.9 4.4 B Compression
9/3/61 110723,3 3.6 B Dil. (to WD)
10/3/61 093522,2 7 B Comp. from (S.E.?) iP:
" 174138.7 7 B Comp. from N.W. iP!
12/3/61 135550,0 (6) B Comp. from (S.E.?) iP:
w 142955,7 (2%) B Comp, from N{W?)) iP! ;
15/3/61 130117.7 (10) 0 Dil, to S.E. iP! Metlik (Int.4) Rabaul (Int.3)
h= 99 kms, 4.49S 152.5°E
15/3/61 150554.4 (10) B Dil. to (E.D)
17/3/61 221108,1 10 B pil. to S.E.
18/3/61 112531,5 (1) B Dil. to (S.E.?)
B/4/61 0516 8% B
L 215644.9 10 B Comp., from (S.W.?)
14/4/61 184349.6 7.4 B Dilatation
22/4/61 122743.8 9k B Dilatation
5/5/61 1438.8 (7% B Compression
6/5/61 140329.4 7.6 B Compression
7/11/6) 162947 8 B Very small shock. Not recorded
. elsewhere
4/2/62 161703% 10 0 iP: Pomio (Int.4) Rabaul (Int.3) etc.
v 5.79S, 152,1°E, h= 85 kms,
23/2/62 180533% % 0 iPi% Rabaul (Int.4)etc.
, 4,0°, 152,60E, h= 25 kms.
" " 2021354 7% 0 ip!- Rabaul (Int.4-5) etc.
3,895, 152,0°E. h= 25 kms.
24/2/62 103203 7 B
v 142828% 7 B Compression
(1] 145931 7 B (1] s
1/3/62 194149.4 9,1 B
3/3/62 191014.0 % B Dilatation
15/3/62 1035(27) 4 B eP :
(26/3/62 152158,5 7.5 B Dil. to S.W.)
1/4/62 193458% 8% B Dilatation
16/4/62 2200(16) 8% B eP
29/4/62 124754.2 9.3 B iP: :
7/5/62 094004.1 9.9 B Compression Taliligap (Int.2-3) Rabaul (Int.2)
, - also Londolovit and Ulamona
4/8/62 085805.2 (9 B
12/9/62 222344 T B
5/10/62 105048.8 9.5 B Dilatation
18/10/62 072644.8 8.5 B Compression iP$ .*
19/10/62 221303.5 3% B Dilatation iP! Possibly deeper
. ¢ ; than usual
21/10/62 095546.4 10 - B Dilatation iP!
25/20/62 083828.6 9.4 B pilatation
30/10/62 2245284 3 B eiP Vunalama (Int.l) Not recorded
. elsewhere
9/11/62 112724.8 6 B
3/2/63 015220.5 9,5 B iP!.

v
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EARTHQUAKES WITH REPORTED EPICENTRES OR FELT IN THE RABAUL AREA

MAY 1960 - MAY 1961,

Date GMT - Epicentre Kms. Magni- -(Intensity Modified Mercalli Scale)
Time : Depth  tude Felt Remarks
27/5/60 2010 5%°s 153°E 150 Taliligap 2
2/6/60 0747 5505_151£PE+ Rabaul 4-5 etc,Deeper than normal
3/6/60 0738 5%°S 1510E Rabaul 3 etc,
10/7/60 2105 - E Taliligap 2 Not recorded
12/7/60 1347 - + Taliligap 3 Rec. only at Rabaul
18/7/60 0143 4%°s 1510 200 Rabaul 4-etc. Deeper than normal
" 0708 + -Taliligap 2 Not recorded
! 1046 + Rabaul 2 Rec. only at Rabaul
27/7/60 (1512) + Taliligap 2-3 Time reported as 1635
31/7/60 0256 . 5.69S 150°0E 25 6¥  Rabaul 4 etc, V, widely as far as
. : Wanigela
" 0705  6.0% 150005 93 6 Rabaul 2 etc,
. 1821 . Taliligap 3 Not recorded

1/8/60 1629 . 4,89 152 6°E+ 77 Rabaul 2 etc.

2/8/60 2234 - Rabaul 2 Rec. only at Rabaul

6/8/60 1046 + Taliligap 2 Not recorded
10/8/60 0745 - Taliligap 2 v

; 1909 + Taliligap 1 - K
24/8/60 0427 - 6,295 150.4°E :© 66 Not felt '

3/9/60 1242 6.19S 154,5°E 457, . 6%-6¥ Karoola 5 Rabaul 3 etc, ;
17/9/63 1512 3.6058 149,59E - 220 Not felt Deep Dismarck Sea
25/9/60 1705 + Taliligap 5~6 Recorded

& Rabaul 2-3 Charters Towers

1/10/60 1144 4,79 153,3°E 90 Rabaul 1-2 etc,

7/10/60 1415 - Taliligap 1-2 Not recorded
13/10/60 1841  3.8%s 152,4°et 213 Rabaul 2-3 etc,

24/10/60 1710 6.0°s 150,0°E 122 Not felt

11/11/60 1942 + Taliligap 1. Rec. only at Rabaul
(15/11/60 - Large number of nnusual pulses throughout the day)

21/11/60 0430 3.4% 152,38 371 Not felt

23/11/60 0125 5.005 153,3°E 79 Taliligap 4 Rabaul 3

" 0412 . 4,995 153.8°E . -516 : .Londolovit 1-2

24/11/60 0451  4,6% 153,097 | 87 6% Taliligap 6, Rabaul 4-5

1/12/60 2050  4.59S 154,0°E 117 Taliligap 1-2
2/12/60 0438 - 6,6°S 152, 5°E 33 Taliligap 2-3 Rabaul 1
3/12/60 2148 - 4.2 152,19t 40 Not felt. Eplcentre probably wrong.

! Possibly about 5.3%S 152.89E.

18/12/60 2055 . 5.4% 152,7%t 62 Not felt
20/12/60 1315. + Rabaul 1 S-P 5.8"

. . .- Rec, only at Rabaul,
20/12/60 2220 . 4.3% 152,19 154 Not felt
21/12/60 0253 ' + Rabaul 1 Rec. only at Rabaul
22/12/60 2103 6.8%s 155,3%E 469 5% Rabaul 1-2 (Buin)?
31/12/60 2106 - 5,005 151.4%EF 136 Taliligap 1-2

2/1761 2052 . 6.8% 150.3°E 62 Taliligap 2

3/1/61 1803  6.2°S 150.9°E 113 Not felt ;

4/1/61 0520 + Vunadidir 2 Not recorded.

Series of small shocks
13/1/61 1734 .  + Taliligap 2-3 Not recorded
14/1/61 0534 5.495 152,90 81 Gavit 2 etc,



~
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(ii)
APPENDIX J.
Date GMT Epicentre Kms . Magni- (Intensity Modified Mercalli Scale)
Time Depth tude Felt 'Remarks
- 27/1/61 0553  6.49S 154,7°E 23 Torokina 3, Rabaul 1
' o 1355 5.5°S 151.9°E 118 Taliligap 2, Rabaul 1.2
6/2/61 1930 4,805 154,20 470 Not felt

- 2146 6.89s 155,3% 59 Buin 6, Rabaul 2-3 etc.

8/2/61 1926 5.99s 151,8°E 51 Rabaul 1
17/2/61 1855  4.4% 153,067 108 Rabaul 2-3,? Taliligap -

20/2/61 1418 5,005 153,4°%E 107 Rabaul 2,?Taliligap = =

3/3/61 2002 + Rabaul 2, Recorded Brisbane
4/3/61 0226 Dil (to NW?) + Rabaul 2 Recorded only at Rabaul
7/3/61 2312 4,795 153,208 90 Karoola 5, Rabaul 3 etc,

8/3/61 0926  Comp. from N.E.*- Rabaul 2 Rec. only at Rabaul
13/3/61 0451 5,205 153,3°E 25 Not felt "y ' '
15/3/61 0058  6,0°S 151,6°E 79 Not felt

" 1015  3,3% 150,706% 21 6 Rabaul 2-3 Kavieng 2, Bismarck Sea
" 1301  4.49s 152,50t 99 Metlik 4, Rabaul 3 etc,
" 1612 4,69 153.4°E 18 Not felt.

4/4/61 1036 5,905 149,4°E 124 Kandrian 4, Rabaul 1-2 etc,

19/4/61 0557  5.595 152,99E 111 Not felt : .
22/4/61 1900 3.59s 150.1°%E %1 Not felt Intermediate

Bismarck Sea
26/4/61 0620  5,7° 151,1°E 34 Not felt
2/5/61 0643  5.30s 1515t 81 Not felt
/5/61 0026 6.1°S 154,4°E 123 ~ Karoola 5 etc,
“ 1451 5.395 151,2°E 76 Not felt
9/5/61 1107 6,295 154,.5°E 110 Karoola 3

+Shocks marked with an asterisk are those with probable epicentres less than

19 from Rabaul.

plotted as closed cirles,

They are plotted on Figure 15 as open circles, all other shocks are



APPENDIX K.

CATALOGUE OF HARMONIC SINUSOIDAL DISTURBANCES, RABAUL, OTHER THAN CLEARLY INDUSTRIAL DISTURBANCES.
JANUARY, 1954 - JANUARY, 1963,

B = PERFECT SINUSOIDAL ON AT LEAST ONE COMPONENT.

A = UNUSUALLY PERFECT EXAMPLE, A = PERFECT SINUSOIDAL ON ALL 3 COMPONENTS.

C = IMPERFECT HARMONIC SINUSOIDAL. D = POOR HARMONIC SINUSOIDAL
SaTe T, L.M.T, LT, L.M.T. coml\rg)qgm SECONDS SECONDS z e el T
HARMONIC  HARMONIC HARMONIC MAX, MAX PERIOD OVERALL A SHIP TON- (OFF WEARF REMARKS
ARRIVAL ARRIVAL ENDS  AMPLITUDE AVMPLITUDE PERIOD S NAGE WHARF EREHIVES
TIME TIME AT (TRACE) ENVELOPES S
26/3/54 093536 1935 . . - - 3%(2) 3 4=5 c No records of shipping exist for 1954-1955. A little less than
" 1849 - 0449(21/3) 0450 - 1%(2) % C " " A little more than
21/1/54 1951 0551(22/7) - - 12(2) - - c " "
1/9/54 2223k 08233(2/9) 0825 - 3%(2) /3 4 c " "
14/11/54 2328 0928(15/11) 0930 - 5%(2) % 5 D " "
15/11/54 1220 7220 - - 5 (2) 2/3 35 B " "
6/6/55 0916 1916 - - 22(2) 1/3 - D " "
28/7/55 2323 0923(29/7) - - 8 (E) 2/3 44 A " "
1/8/55 2109 0709(2/8). - - 72(N) 2 14 (4) " "
Seismograms read for harmonic Simusoidal disturbances to the end of 1955. No further readings made until Jamary 1960 except for the following fourcases:
19/1/56 2249 0849(20/1) - - small - - (4) Nil Friday morning (Observatory temperature boat?)f
28/1/56 0617 1617 1619 - 4%(2) + 16 A Nil (M.V.Funing berthed 0800 hours L.M.T. main wharf).
- 19/12/57 0800 1800 - - - - - () Ivybank 4448 1815 1840
" 1945 0545(20/12) - - - - - (4) Wil
5/1/60 201321 (W) 0613(6/1) 06165 061504 8(N)  1/3,%1 - A Chungking 3084 0610 ?
10/1/60  203233(Z) 0632(11/1) 06333 063252 65(N) 5 - B Asuma Maru 7 2060 - 1930(10/1) 0830(11/1)
Anchorage (leads)1930(10/1) 0830(11/1).
13/1/60  225136(N) 0851(14/1) 0852 085146 233(N) +.1/3 - B Nil
17/1/60  124035(N) 2240 224420 2242265 2%(N) 2/3 - A Nil
" 215424(N) 0754(18/1) 075742 075521 105(2) /3 - A 7
28/1/60  205216(N) 0652(29/1) 065350 065233% 52(E) 2 - B Chefoo 3130 - ? 0600-0730 Main wharf,
2/2/60  080602(N) 1806 180635 180621 8(N) +  13-16 B 2
5/2/60  221127(2) 0811(6/2) 081300 081205 92(N) 4+ 12-37 B 2 - - - Friday morning,probably
' Observatory Temperature boat,
12/2/60  220643(N) 0806(13/2) 080709 080658% 6 (W) 4 30 B 2 " |
19/2/60  220757(XN) 0807(20/2) 080841 080814 52(N) % 38 c 2 "
26/2/60  150523(N) 0105(27/2) 012555 010527% 53(N)  1/6,1/3  4-19 c - -
o 220814 (N) 0808(27/2) 080849 0808265 62(N) % 35 D  Nil "
12/3/60  065932(2) 1659 C1T4TTE - 73(E)  1/3,% - A-B Nil (However Lisbank, Stanvac Nairobi and Chitose Maru were in port)
" 220626(2) 0806(13/3) - - - - - A-B Wil
18/3/60  195550(N) 0555(19/3) 055819 no clear max, 54(E) 34 30-36 A  Chitose Maru 1532 0530 ?  *Delos probably caused the
Delos * 2211 - 0545-0630 Mein %S.r Cbance.
19/3/60  105306(N) 2053 205647 205422 6%(W) % 20 B Delos " 2100 - - Main wharf
21/3/60  220736(N) 0807(22/3) 080809 080756% 175() 2/3 14 B  Tung Fengi 3782 0700 0830 Main wharf
22/3/60  1433(07)(W)  0033(23/3) - 003440 B(N)  2/3,4/5 23 B Foylebank 3219 (22/3)2345 0045 - Wreck wharf
23/3/60 083740(W) ° 1837 . . 183(8)46 183806 52(B) 2/3 - ¢  Tung Pengi 3782 1800 1845 - Main wharf
Overla Moved from Main Whar
16/4/60  2107(25)(2)  0707(17/4) 071026 070926 13(E) 1/%,}5/3 15-16 A Southbank 3523 0700 - 0830 tg Toboi. £
18/4/60  082823(E) 1828 183937 183101 433(E) 2/3 15-19 A Séuthbank 3523 1745 1930 - Toboi

260



Page 2, Appendix K,
Gl COMPONENT COMPONENT c ——
DATE G.M.T, L.M,T, L.M.T, L.M.T, MMS SECONDS  SECONDS L TERED LOLT LLT LT
HARMONIC  HARMONIC HARMONIC MAX. MAX PERIOD ~ OVERALL A SHIP PON= LEFD W LEEDS™ BERTHED
ARRIVAL ARRIVAL ENDS AMPLITUDE AMPLITUDE PERIOD S NAGE WHARF OFF WEARF REMARKS
TIME TIME AT (TRACE) S BEFRHTVES
23/4/60 225516(E) 0855(24/4) 090200 085915 55(N) 2/3 25 A (SOuthbank* 3523 0715 - 0930 Toboi to Wreck Wharf.
(Citos 2104 0815 0835 - Main wharf?
(Aros * 2067 0845 0900 - Wreck wharf.
*Southwark or Aros probably caused the disturbance.
30/4/60 213627(2) 0736(1/5) 0739(21) 073720 14(E) 2/3-4/5 15~18 C Southbank 3523 0730 0745 - Main wharf.
10/5/60 080538(2) 1805 180853 180623 104(E) 2/3 16-32 Laganbank 3219 1750 1815 - Toboi. Harmon%c ag?in at
181341(2.N.
15/5/60 1403(31)(E)  0003(16/5) 000426 000356 42(B)  1/3-2/3 15 B ILaganbank 3219 Eo74og1%§5g - At anchorage
0800(16/5
17/5/60 141121(28)  0011(18/5) 001256 001151 7 (B)  2/3- 1 6-(17) B Sinkiang 1763 2355(17/5) 0020(18/5) - Main wharf
21/5/60 205736(E) 0657(22/5) 070201 070219 43(E®)  1/3-2/3 - C laganbank 3219 0645 - 0800 Main wharf to Toboi
(Harmonic again at 0730(E).
2/6/60 201008(N) 0610(3/6) 061342 061121 3(B) § 2/3 - C (Malaoca* 2192 0600 0615 - Wreck wharf
(Chekiang 3131 0615 - 0700 Main wharf to Wreck wharf,
(Bulolo 3319 ? 0715 Main wharf
' * Malacca probably caused the disturbance,
4/6/60 0638(17)(z2) 1638 165247 165212 106(N)  £,1/3,2/5 - ¢ Bulolo 3319 1630 1645 - ‘
Alkwaar * 6914 - 1545 1715 Main wharf.Intermittent
*(Alkwaar probably caused the disturbance). harmoniz,
15/6/60 125017 (E) 2250 225156 225121 7(XW) 2/3 14-30 A Delos 2211 2215 2250 - Main wharf
10/7/60 204510(N) 0645(11/7) 064600 064537 204(N) 4, 2 23 B- C Schelde Lloyd 4692 20545 0715 - Main wharf
0700
13/7/60 1403(24)(N) 0003(14/7) 001027 000407 53(N) % - C Sinkiang 1763 0000 0015 - Wreck wharf
27/7/60 143917 (NE) 0039 (28/7), 004133 004029% 21(E) 2/3 13 B Citos 2104 0035 0055 - Main whar?
29/7/60 130842(N) 2308 231825 231816 33(@) % 4 18 C (Chitose Maru 1532 (30/7)0020 oo4o - Wreck wharf *
(Stanvac Sydney 0800(29/7) **
*Harmonic again at 002139(20/7)
intermittent until **Pumping operation continuocus until daylight hours (3Q/7),
9/8/60 154127(2) 0141(10/8) 015730 (014156 9§Eg 2/3.2/3  (20) c 3321 2330(9/8) 0200
(0157074 9% (E p Nessbank -0145(10/%) Toboi
21/8/60 214612%(E) 0746(22/8) 075357 no clear max. 9 (E) - - D Nil - - - - Saturday morning.
23/8/60 215903%(E)  0759(24/8) 0805 " 73(X) % - D Wil
27/8/60 152132(N) 0121(28/8) (0124) 012336 3 (E) 1/6. 2/3 - D Nessbank 3321 0115 0140 - Tobed,
3/9/60  153305(N)  0133(4/9) (0158) 014927 48(E)  1/3.3/4 - B Name not recorded - 0152 - Anchorage Eigﬁiﬁiizzent
6/9/60 081303(E) 1813 (1915) 181328 40(E) 21 24 B (Shansi * 1826 1745 1830 - Main wharf
(Vayadis 4785 - 1835 1915  (Anchorage mid-stream)
* Shansi probably caused . the disturbance.
7/9/60 201913(E3 0619(8/9) (062620) (062347 27§ 2 1 19-27 ¢ (Shansi 1826 0600 0625 - Main wharf
again  203129(E = graaually (063147 172(N 1 - ¢ (Nayadis 4785 - 0545 0630 Main wharf
15/9/60 14(1900)(z) 00(19)(16/9) 0025% 002135 4Z(N) 1/5. % - C Westbank 3523 2330 (15/9)0045 - Wreck wharf
24/9/60 1423284 (E) 0023(25/9) 004129 002413 18%(N) 1/5.2/3 - C Carranbank 3645 2330(24/9) - Main wharf
0030 (25/9)0100
Urmsual overlap of periods.,
30/9/60 204247 (N) 0642(1/10) 064542 064333% 19(E) 3 9,14,27. A Mataram 5866 0545~ 0645 - Main wharf
0615
15/10/60  0818(18)(E) 1818 183050 182729 224(W) £ 1 14-18 A (Soochow 1808 1805 1820 - Main wharf
Intermittent harmonics
(Oronsay* 15, 122 - 1830 - Anchorage
obscured by *Qronsay probably caused the disturbahce.
23/10/60  081230(N) 1812 earthquake 181305 82(N) + - C Nil. - - - -

3eoe
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Gur COMPONENT COMPONENT £
DATE G.M.T, L.M.T, L.M.T. L. T, | MMS SECONDS  SECONDS L SHIP REGIS- L.M.T. L.M.T, L.M,T.
HARMONIC  HARMONIC HARMONIC MAX MAX PERIOD  OVERALL A TERED LEFT "LEADS" BERTHED y
ARRIVAL ARRIVAL ENDS AMPLITUDE AMPLITUDE S TON-  WHARF OFF WHARF REMARKS
TIME TIME AT {TRACE) S AGE. BEEHIVES
1/11/60  080135(N) 1801 1816% 1805263 ' 38(N) %,2/3,%.  13,23,34. B squthbank 3523 1810 1825 - Main wharf
Intermittent harmonics (perfect on on N.E.)
3/11/60  140607(2) 0006(4/11) gradually 000646 14(E) 1/3 (10) B ~C Kanimbla 6225 0010 0025 - Main wharf
9/11/60  071910(2) 1719 ? 172010 20(N) 2/3. % (13)  (B)  Southbank 3523 1715 1730 - Main wharf
13/11/60  080523(N) 1805 (1810) 1807(07) 22(E) 2 ' - (B) Bintang 4957 1755 1815 - Main wharf
29/11/60  124325(NE) 2243 224929 224606 7(E) 1/3  $,2/3 - B Nil. From 1/1/61 main Simusoidals only are listed.
Complete lists between 1/2/61 and 10/5/61.
23/2/61 0418 1418 - - 8(E) - - A Nil (However Restormel was at anchorage all day.) ’
" 1409 0009(24/2) 0014 ? 19(E) 4/5 (also shorter period. A Citos 2104 0000 0015 - Main wharf
26/3/61 0654 1654 - - 3%(2) . - - (A) Nil. (No N.E. Records)
(Recorded on Z Willmore at Observatory. :
27/3/61 1502 0102(28/3) 0103 ? 11(E) - - A Delos 2211 0100 0115 - Main wharf
30/3/61 1431 0031(31/3) - ? 9(N) - - A Nil. (However, Inchstaffay Vedarbank, and Soochow in port).
5/4/61 2133 0713(6/4) - - 15(N) - - (A)EMalacca 2192 - ? 0715 Wreck wharf
Chengtu 3084 - ? 0730 Main wharf
No.Z. record.
8/4,/61 0608 1608 1610 - 54(N)  very short - A Chengtu 3084 1600 1615 - Mzin wharf
Recorded Z Willmore Obs.
8/4/51 1941 0541(9/4) - - 7(X) - - C Nil. " "
" 2249 0849(9/4) - - 5(N) - - B Nil. Nil on Willmore at Obs.
13/4/61 0705 1705 1706 - 11 () short - B Nil Nil on Willmore Obs.at Tavurvur Tunnel,
" 1604 0204(14/4) - - 5() long - B Cedarbank 3218 0200 0215 - Wreck wharf.
Nil on Willmore, Tavurvur Tunnel.
" 2019 0619(14/4) - - 11%(N) - - (B) Nil - - Nil on Willmofe, Tavurvur Tunnel,
14/4/61 1045 2045 2048 - 6(z) - - (B) Langkoeas 5552 2030 2030 ~ ?No NE Records
) Trace on Willmore, Vulcan Tunnel.
16/4,/61 2203 0803(17/4) - - 33(2) - - (B) wil - - - ?No NE Records.
17/4/61 0248 1248 - - 4.9(2) - - (C) Nil. - - - No NE Readings.
Recorded on Willmore,Vulcan Tunnel,
" 0524 1524 - - 52(2) - - (A) Nil - - - No NE Readings.
‘ Nil on Willmcre, Valcan Tunnel,
" 2115 0715(18/4) 0719 - 7(2) - - (A) Fil - - do. do.
" 2348.5 0948(18/4) - - 43(2) - - (A) Nil - - do., " da.
18/4,/61 0416 1416 - - 45(2) - - (D) Fil - - do. do.
19/4/61 0550 1550 - - 82(2) - - (A) mil - - do. do,
20/4/61 0429 1429 - - 4.3(2) - - (C) Wil - - e - No.NE Readings.
24/4/61 0454 1454 - - 4%(2) - - (D) Ml - - - No NE Readings.
N11 on Willmore Lat Lat,
" 2327 0927(25/4) - - 7 (2) short - (A) mil No Willmore Record. No NE Readings,
25/4/61 0045 1045 1055 - 43(2) medium - (A) Nil (However Chefoo sailed at 11.30). No Willmore record. No NE Readings.
' " 1616.9 0216(26/4) 0217 - 33(2) Very short - C Nil - - - No NE Readings.
Perfect on Willmore, Tavurvur Tunnel.
" 2026.5 0626(26/4) 0752 no clear max. 34 (2) medium - (A)- ¢ Wil No NE Readings,

( Partlyrecorded on Willmore Tavurvur Tunnel, (very short period).
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GMT DATE COMPONENT COMPONENT c
G.M.T. L.M.T. L.M.T. L.M.T, WS SECONDS SECONDS L REGIS- L.M.T, L.M,T. L.M.T,
HARMONIC HARMONIC  HARMORIC MAX MAX PERIOD OVERALL A SHIP TERED  LEFT "LEADS" BERTHED
ARRIVAL,  ABRTVAL - mps | AMPLITUDE AMPLITUDE PERIOD S TON- WHARF OFF WHARF REMARKS
TIME TIME e AT (TRACE) ENVELOPES S NAGE. BEFHIVES
26/4,/61 0304 1304 - - 4.4(2) medium - (A) ¥Nil, Nil on Willmore Tavurvur Tunnel. No NE Readings.
1808,0 0408(27/4) - - 11 (2) short-medium - (4) N1, do. do. do.
27/4/61 0104,8 1104 - - 9,4(2) medium-short - (4) WNil do. do. do.
1506 0106(28/4) - - 11%(2) - - (4) Nil (Malaita sailed 0000) do.
30/4/61 0402 1402 1426 TOteTIItpgL Wbl g gz) d2'6?10 32-37 A - A Eastbank 3516 - 1340 1500  Main wharf.
wn-Long Recorded Willmore at Rapindik. No NE Readings. See Plate 11,
2/5/61 1252,6 2252 - - 8.6(2) - - C Nil (Shansi berthed 1900) Recorded Willmore, Lakunai. No NE Readings.
3/5/61 1227 2227 - - 5%(2) - - A Nil, Nil on Willmore Lakunai. "
57/5/61 0650 1650 - - 5.8(Z) - - (A) Lederwaal - 1600 1620 - * (No Willmore Rec.)
" 1409 0009(6/5) - - 4,0(2) - - A-B  Nil, - - - - " "
" 1446 0046(6/5) - - 5.3(2) - - C Wil - - - - " "
" 1938 0538(6/5) 0541 - 2.,9(2) - - (4) mi1 - - - - " "
1/5/61 2018 0618(8/5) - - 5.6(2) - - C Eastbank 3516 - 0605 0750 "
7?Rec.Willmore, Toleap, Toboi Wharf,
10/5/61 2011 0611(11/5) - - 2,45(2) medium-long - (A) EBastbank 3516 0600 - 0700 "
Rec.Willmore at Obs,Toboi to Wreck Wharf,
" 212658% 0726(11/5) 0732 no clear max. 3.9(2) " - (4) Nil - Rec.Willmore Observatory. No NE readings.
16/9/62 1418 0018/17/9) 0020 - 1.9(2) Halicorder - (A) Roepat 4779 0010 0030 - No ZNE readings. Wreck wharf.
28/9/62 033639.2 1336 (1338) 133736.8 21(N) - - A Southbank 3523 - 1310 1415 Toboi wharf. (C.P.L.)
(Recorded on the long period horizontal standardized seismograph at the Observatory, and on all components of the old Benioff Seismograph at Rapindik.)
4/10/62 090120(N) 1901 191446 190430 60(N) Z (180) A Southbank 3523 1845 1900 - Rec.on all instruments,gzie 10)
(Remarkably long period waves were recorded on the long period vertical standardized seismograph at the Observatory over the period of this disturbance,
(Period = 2 mins.45 secs. Trace amplitude = 14 mines.)
12/10/62 122938%(2) 2229 (2250) 223210 (Rapindik) 16(N.Rap.) 2, 4/5. 1 - A Southbank 3523 2215 2245 -
210036(2) 0700(13/10) 07058%P10%k5108  w 17(E.Rap) 1, 1% - A TFern St ? 063 og
: . boarded by Harbour Master 1948 chorage)
21/10/62 070925(N) 1709 - 171139 5(I) 2.1 - A Orcades, 15839 left harbour).
Recorded with umusually long period on Willmore at Namanula.
28/10/62 085220(N) 1852 - 185342, 3 17.4 (W.Rap.) 2 - A Delos 2211 1840 1855 - Wreck wharf.
.o _ _ _ . Recorded on all 3 short period components at the Observatory,
30/31/%2 1323 (Rap1nd1k)2323 1(N)W111moree¢ Namamle, (B) Nil. on the Willmore at the Racecourse and on the Willmore at Namamla.
" 142150 (N) 0021(1/12) 002715 0023% 2(N) Willmore at Matupi Is.) (D) Nil. Recorded only at Matupi Island (Willmore).
( Willmore at Matupi Is.)
1/12/62 1412(03) 0012(2/12) 005456 004237 62 (Z.Rap.) 1/3 5 -7 B Nil. Not recorded at Observatory,N¢nga, Nordup or Namanula.
11/12/62 1447(0bs.) 0047(12/12) - - - - - (A) Beverbank 3321 0030 0040~50 -
15/12/62 151323 0113(16/12) - - - - - (B) Rodsley 3014 Times unknown - Recorded only at Rapindik,
(N.Rapindik). »
16/12/62 103550 2035 203655 203610 1% (z.Willmoéé 10-15 A ( Milos* 2294 2030 - ¢2035? Wreck wharf to main wharf,
(2.Willmore at Observatory) at Obs,) ( Foylebank 3219 - 2049 - (Arrival at anchorage).
*Milos probably caused the disturbance.
8/1/63 0122 1122 - 11224 5% 1/3 (4) C Nil ) However "La Perouse" was at Rec.only at Racecourse.
(2 Willmore at Racecourse) (2 Willmore at Racecourse) anchor in the Harbour, and
" 0154 1154 - - - Mmoo Nil "Michael Jibson was at the
(Z Willmore at Racecourse) - - " u ) Wreck Wharf.
" 0449 1449 - - - " " ¢ mil)

(Z Willmore at Racecourse (No record at Sulphur Springs.)

Simusoidal harmonic disturbance are not listed between 10/5/61 and 16/9/62.
Hereafter readings are taken from the world-wide standardised seismograms recorded at the Observatory.
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APPENDIX L.

MODIFIED MERCALLI INTENSITY SCALE.

Not felt except by a very few under especially favourable circumstances.

Felt only by a few persons at rest, especially on upper floors of build-
ings. Delicately suspended objects may swing.

Felt quite noticeably indoors, especially on upper floors of buildings
but many people do not recognize it as an earthquake. Standing motor
cars may rock slightly. Vibrations like passing of lorry. Duration
estimated.

During the day felt indoors by many, outdoors by few. At night some
awakened. Dishes, windows, doors, disturbed; walls make cracking sound;
sensation like heavy lorry strzklng building. Standing motor cars rocked
noticeably.. .

Felt by-nearly everyone; many awakenéd. Some dishes, windows, etc.,
broken; a few instances of cracked plaster; unstable objects overturned.
Disturbance of trees, poles and other tall objects sometimes noticed.
Pendulum clocks may stop.

Felt by'all; many frightened and run outdoors, Some heavy furniture
moved; a few instances of fallen plaster or damaged chimneys. Damage/
Slightc

Everybody runs outdoors. Damage negligible in buildings of good design
and construction; slight to moderate in well-built ordinary structures;
some chimneys broken. Noticed by persons driving motor cars,

Damage slight in especially designed structures; considerable in ordinary
substantial buildings with partial collapse; great in poorly built
structures. Panel walls thrown out of frame structures. Fall of chimneys,
factory stacks, columns, monuments, walls. Heavy furniture overturned.
Sand and mud ejected in small amounts. Changes in well water, Disturbs
persons driving motor cars,

Damage considerable in specially designed structures; well designed frame
structures thrown out of plumb; great in substantial buildings with
partial collapse, Buildings shifted off foundations, Ground cracked
conspicuously. Underground pipes broken.

Some well-built wooden structures destroyed; masonry and frame structures
and their foundations destroyed; ground badly cracked. Rails bent. Land-
slips considerable from river banks and steep slopes. Shifted sand and
mud. Water splashed over banks of‘rivers, etc.

Few, if any, masonry structures remaining standing. Bridges destroyed,.
Broad fissures in ground. Underground pipe lines completely out of
service, Earth slumps and landslips in soft ground. Rails bent greatly.,

Damage total, Waves seen on ground surface. Lines of sight and level
distorted. Objects thrown upward in the air.
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Figure 11

DAILY AND MONTHY PERIODICITY IN EAST NEW GUINEA EARTHQUAKES , 1957 -1959

(ONI..Y EARTHQUAKES WITH REPORTED EPICENTRES,OR THOSE FELT IN THE TERRITORY OF PAPUA AND NEW GUINEA ,INCLUDED)
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Figure

DAILY AND MONTHY PERIODICITY IN EAST NEW GUINEA EARTHQUAKES , 1960-1962

( ONLY EARTHQUAKES WITH REPORTED EPICENTRES,OR THOSE FELT IN THE TERRITORY OF PAPUA AND NEW GUINEA, INCLUDED)
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DAILY NUMBERS OF ANOMALOUS TREMORS
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Figure 15

FREQUENCY OF “AN(SMALOUS ” SWARM TREMORS, RABAUL
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TIMES OF OCCURENCE OF "ANOMALOUS™ SWARM TREMORS AT RABAUL, 1t FEBRUARY TO 10th MAY, 1961. Fig.lﬁ_—
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PERIOD AND AMPLITUDE OF ‘ANOMALOUS” SWARM TREMORS, RABAUL — 1st February to 13th April, 1961
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RELATIVE TRACE AMPLITUDES OF "ANOMALOUS” TREMORS AT RABAl]L OBSERVATORY AND PORTABLE STATIONS. VERTICAL COMPONENT
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Fig 21

SKETCH OF LOCAL EARTHQUAKE TYPES, JAPAN AND HAWAII

AFTER K WADAT! ("THREE KINDS OF EARTHQUAKES OBSERVED IN JAPAN", 4TH PACIFIC SCIENCE CONGRESS PROC.2A)
AND AUSTIN E.JONES ("EMPIRICAL STUDIES OF SOME OF THE SEISMIC PHENOMENA OF HAWAII,
Bull. Seis. Soc.Amer. 1938 ,Vol 28 No 2,p 313)
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Fig.22

UNIDENTIFIED EARTH TREMOR RECORDED AT THE SEISMIC RESEARCH
UNIT'S SEISMOGRAPH STATION AT ROSEAU, DOMINICA, WEST INDIES

ON SEPTEMBER II™ 1959
(From note by G.R.Robson and K.G.Barr,in Nature ( Geophysics) October 22. 1960)

0-Su
up
ot ground
down
05’& i L A 3

o 4 8 Soconds

UNIDENTIFIED EARTH TREMOR RECORDED AT FORDHAM,
NEW YORK, U.S.A. ON A VERTICAL BENIOFF SEISMOGRAPH

(After William A. Lynch, ' Traffic and other Local disturbances registered at Fordham
by the vertical Benioff Seismometer'. Bull. Seis. Soc. Amer. 1938. No 28 p.217)
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EXPERIMENTALLY DETERMINED AMPLITUDE RATIO/DISTANCE GRAPH AND EXPECTED DEGREE OF ERROR
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APPARENT BIAS IN TRANSMISSION OF SEISMIC
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