














rode the steep banks, and spread northwards and northwestwards and produced
tongues, as shown in Figure 6. Few good sections through the ash-flow deposits
have been exposed by erosion, and their thickness is, therefore, not completely
known. Near the terminal end of the ash-flow deposits, a thickness of more than
1 metre of ejecta was measured, whereas, 700 m above sea level, more than 5
metres were present in rain gullies eroded soon after the eruption. Aerial inspection
suggested that, above 900 m in the Northwestern Valley, nuée deposits covered
the valley floor, but that they did not increase in thickness towards the summit, It
is probable that much of the coarse clastic material avalanched down as a result of
the steep gradient, coming to rest on the lower slopes.

The ash-flow deposits consist of an unconsolidated mixture of poorly sorted
ash, lapilli, bombs, and blocks. Over 80 percent of the material is porphyritic,
‘primary’ ejecta (new magma); of this, 60 percent is dark grey, and the remainder
is oxidized to red or brown. The largest bombs are over 2 m in diameter (Fig. 9);
over 100 bombs were counted with a diameter greater than 0.5 m. Many lapilli
and bombs are subrounded, and most have pumiceous interiors and denser,
scoriaceous margins. The interior of larger bombs is composed of partly vesicular
basalt cut by scoriaceous fissures. Some bombs are fracturgd and broken, probably
as the result of the continued release of volatiles after emplacement of the nuée
ardentes. No impact craters were observed.

Scattered throughout the ash-flow (and ash-hurricane) deposits are accessory
blocks and lapilli of light grey porphyritic basalt. These clasts differ from the
primary ejecta in being more angular and rarely vesicular and lacking a scoriaceous
crust. Locally, they litter the surface of the ash-flow deposits (Fig. 9). The largest
block discovered was over 1.5 m across. Though it is possible that this accessory
material was derived from the walls of the conduit, it seems more likely that it was
picked up and transported by the nuée ardente from the higher parts of the North-
western Valley.

The only evidence of sorting found in the nuée deposits is the presence of
long narrow ridges, subparallel to the main river valleys. These ridges are composed
of blocks with an average diameter of about 10 cm. They probably originated
when the moving ash flow was deflected off a prominent shoulder or bank. During
this change of course, larger particles, with a consequently greater inertia, were
presumably less deflected, and therefore sorted into shoals on the valley sides.

Ash-hurricane component. The greater part of the devastated area was covered
by a layer of black ash, with lapilli, bombs, and accessory blocks scattered through-
out. The thickness of the ash layer ranges from léss than 3 cm on elevated ridges
and shoulders to over 1 m in river courses and topographic depressions. In many
places, the ash was banked against the up-slope sides of bombs and blocks, which
suggests that much of the finer component in the nuée arrived after the large
ejecta were emplaced.

Effects and features of the nuée ardente: The descent of the nuée ardente on
22 January was controlled by gravity, and the steep slope of the upper part of
Ulawun (up to 37°; see page 4) suggests that velocities were probably high. From
the observations given on page 20, it seems that the nuée ardente travelled down
the upper 1 300 m of the mountain at an average velocity of over 100 kph. Lacroix
(1904) estimated velocities approaching 170 kph for glowing clouds at Mount
Pelée, and Moore & Melson (1969) calculated a velocity range of 32-227 kph
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for a nuée ardente at Mayon volcano. The Ulawun nuée ardente, on encountering
the lower, gentler forested slopes, must have lost much of its momentum, for it
travelled only another 2.5 km before coming to rest.

The erosional power of the nuée ardente was greatest in the Northwestern
Valley, whose sides, between 500 and 900 m, were stripped of all vegetation and
loose clastic material. Larger-scale erosional features, such as the ravines described
from Mayon volcano (Moore & Melson, 1969) and Asama Volcano (Aramaki,
1956), were not evident. The accumulation of trees at the margins of the ash-flow
deposits showed that much of the vegetation was swept up in front of the moving
mass. Few trees were seen on the surface of the deposit.

Many of the destructive features seen in the ash-hurricane zone were similar
to those at Mount Lamington (Taylor, 1958). Most of the rainforest was flattened
downslope; except at the margin, vegetation was so completely stripped that no
green foliage remained. Most trees were completely uprooted, some were felled
from their base, and others were severed higher up (Fig. 9). Some eucalyptus trees
over 40 m high were split open and twisted, and only their largest limbs remained
attached. The bark of many trees was removed on their upslope side, before they
were uprooted.

Irregularities in the orientation of fallen trees showed that the nuée had
undergone local changes in direction, caused by prominent topographic features.
Elsewhere, very irregular patterns could not be related to topography, which
suggests that turbulent and vortex-like movement had been set up in the nuée
ardente.

A zone, 20-50 m wide, in which effects were less severe, bordered the entire
margin of the devastated area. In this zone, at the front of the area, many trees
were flattened upslope, that is, opposite to the direction of movement of the nuée
ardente. This feature is thought to be due to the inrush of cold air beneath the
front of the expanding cloud.

It seems that much of the foliage was carried up from the devastated area in
the expanding ash clouds. At Matisibu, 12 km west of Ulawun, many scorched and
charred leaves were found several hours after the nuée eruption. Villagers said the
leaves had floated down amongst the ash during the fallout on the morning of
22 January.

Five days after the eruption, temperatures of over 80°C were recorded on
thermometers driven into the surfaee of the ash-flow deposit, and twenty days
after the time of emplacement, during and after rainstorms, the ash-flow material
emitted dense steam. Entrapped gases in thick parts of the deposits gave rise
to secondary vents, but one week after the eruption these vents were found to be
inactive. Crater-like depressions, some containing charcoal, marked the site of
burned-out trees, and these were emitting vapour and smoke twenty days after the
eruption. Large bombs retained some heat until at least 14 February.

In the ash-hurricane deposits cooling was more rapid, and within seven days
of the eruption normal ground temperature had been attained. Most trees were
charred on the side facing the crater, and many were burned out. At the margin
of the devastated area, in the zone where destruction was less severe, the vegetation
was scorched, but not charred.
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Two days after the eruption, a bright orange fungus was found on tree trunks
in the devastated area. The fungus was probably a species of Neurospora (see
Taylor, 1958, p. 50), which usually only germinates when subjected to high
temperatures.

Airfall deposits

A great volume of airfall material erupted in 1970 now constitutes the strongly
modified summit region, and mantles the upper 1 000 m of Ulawun. The North-
western Valley was extensively infilled by coarse ejecta (Fig. 6), and a finer
fraction was deposited over a large area of rainforest. Prevailing easterly winds
were the dominant factor governing the distribution of airfall material away from
the eruption site. Thin films of ash were deposited at Kimbe (Fig. 1), 130 km
west-southwest of Rabaul. Thicknesses of over 1.5 cm were recorded 13 km
northwest of Ulawun, and near the nose of the lava flow in the Western Valley
(Fig. 6), the ash was 7-13 cm thick. Less than 8 km northeast of the summit,
however, thicknesses of less than 0.25 c¢cm were recorded. East of Ulawun, the
fall-out caused only a slight discoloration of the rainforest, indicating that the ash
mantling the vegetation was extremely thin.

Lava flows

The aa flows have rough fragmental tops formed of partly scoriaceous blocks and
rubbly clinker. Vesicles in the outer crust, as well as those in the more massive
interior of the grey porphyritic lava, tend to be distorted. Rude jointing is developed
in the central part of the flows, and surface blocks are irregular in shape, and
extremely spinose.

On the higher southern slopes of Ulawun the two separate flows (Fig. 6)
eroded channels in pyroclastic deposits. The flows have thin marginal levees,
whereas lower down in the Western Valley, repeated overflows and changes in
flow direction produced complex levee systems, studded with small lava islets.
Many individual units show transverse ridges, strongly convex downstream, which
resulted from a higher flow velocity in the centre of the stream.

The areal extent of the 1970 aa flows is illustrated in Figure 6. Forward
movement of the flow in the Western Valley was first examined in detail on 4
February. The flow front was over 50 m wide and about 8 m high (Fig. 10), and
a flow rate of less than 10 m an hour was estimated. Temperatures of over 850°C
were recorded on thermometers inserted in cracks in blocks of cooling lava which
had become detached from the nose. As the flow moved, the top part of the
flow-front bulged forward, until piecemeal collapse took place, revealing part of
the incandescent interior and mantling the foot of the flow with debris. This
debris was subsequently overriden as the flow advanced.

SEISMIC ACTHUITY
Seisst "

In the months preceding the 1970 eruption, no earthquakes with epicentres in
the vicinity of the volcano were recorded at the Central Volcanological Observatory,
Rabaul; neither were any earthquakes felt in the region of Ulawun either immedi-
ately before or during the activity. During the course of the eruption, a three-
component Willmore seismograph, coupled to three Mark I seismometers (one
vertical and two horizontal components), were used at Ulamona. Details of the
equipment and the procedures adopted are given by Davies (1970).
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The seismic activity recorded was characterized by a continuous volcanic
tremor, which probably originated in the vicinity of the crater. This type of volcanic
earthquake is discussed by Minakami (1960). The period of the tremor ranged
between 0.7 and 0.9 second on the vertical component, and between 0.7 and 1.0
second on the horizontal components. The variation in computed ground motion
(double amplitude) is shown in Figure 11. It can be seen that the overall trend of
the amplitude of ground motion is similar to that of the tilt variation graph for
the radial component tiltmeter. More striking is the way this trend is in general
accord with the pattern and intensity of the eruptive activity. This agreement is
best shown by the events of 3-8 February, when waning activity was matched
by declining ground motion. The general increase in ground motion after 16
January, reaching a peak of 25-28 microns immediately before the nuée ardente
eruption on the 22nd, also agrees with the observed build-up in eruptive intensity.

GROWND TILT
Gronnd—Tilt

Changes in inclination of the ground surface at Ulamona, recorded on two portable
bubble tiltmeters (radial and tangential components), are shown in Figure 11. On
most days three readings were taken, and it is apparent that a strong diurnal varia-
tion, independent of eruptive activity, is superimposed on the main trend. This trend
is best shown by the plot of readings taken between 6 a.m. and 8 a.m. each
morning (Fig. 11).

The data recorded on the radial tiltmeter (Fig. 11) indicate that tumescence
of the volcano accompanied an early increase in volcanic activity; a maximum
reading of nearly 15 seconds of arc took place before the nuée eruption of 22
January. The readings remained fairly steady until 5 February, when a rapid fall
through 23 seconds of arc took place. Stability was regained about 11 February.
This marked change in tilt is thought to indicate deflation of the volcanic pile,
probably associated with the gradual withdrawal of magma from beneath, or
within, the volcano. This conclusion is supported by the marked decrease in
activity during this period.

The data recorded on the tangential tiltmeter are, in general, also sympathetic
with changes in eruptive intensity. However, the marked change in tilt recorded
on 3 and 4 February has no obvious explanation.

CONCLUSIONS

1. The 1970 activity was the most severe eruption observed at Ulawun, and
the first occasion on which the expulsion of nuées ardentes and lava flows had been
seen at the volcano.

2. All the 1970 products are of basaltic composition, and have tholeiitic
aftinities (see page 37). The eruption of basaltic nuées ardents is an event which
has seldom been observed outside Papua New Guinea.

3.The nuées ardentes were of the ‘explosion vulcanienne’ type. The nuée erup-
tion on 22 January devastated an area of rainforest on the northern slopes of
Ulawun: most trees were flattened downslope, stripped of all foliage, and severely
charred. The surface of the devastated area was covered with tongues of coearse
clastic ejecta, surrounded by a thin veneer of dominantly fine ash. An avérage
velocity of over 100 km an hour was calculated for the descent of the nuée ardente
down the upper part of the Northwestern Valley.
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I 8. Soon after the nuée ardente was discharged on 22 January, lava was
expelled; this suggest that degassing of the magma accompanied the nuée eruption.

5.8. The main effusive phase began with the rise of a block 60 m high from
the disrupted crater floor, and the eruption of three small nuées ardentes. The total
volume of lava expelled exceeded 8 x 106 m3,

b.The eruption produced marked changes in summit topography. Most of the
crater and the upper part of the Northwestern Valley was infilled by the products’
of strong explosive activity. The terminal cones of vents A and B, and the raised
block, now dominate the summit of Ulawun, which has grown about 60 m.

78. The level of seismic activity and tilting of the ground both varied with
eruptive intensity.
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PETROLOGY

by
R. W. Johnson, A. J. R. Whitel, and R. A. Davies

INTRODUCTION

Seventy-seven Ulawun rocks have been examined in thin section, and 24 samples,
believed to be representative of rocks from all exposed parts of the volcano, have
been chemically analysed. It is necessary to emphasize, however, that the core of
Ulawun is concealed, that the oldest rocks exposed probably belong to only the
younger carapace of the volcano, and, therefore, that the samples we have examined
may not be representative of the entire volcano.

PRE-1970 ROCKS

Petrography

Fifty-eight samples of Ulawun rocks extruded before 1970 have been examined in
thin section. Modal and chemical analyses of 14 of these are given in Tables 1
and 2 respectively, and sample localities are briefly described in Table 3. Four
groups, A, B, C, and D, corresponding to different sampling areas on the volcano,
are also distinguished in Table 3. The relative ages of the four groups are unknown,
except that group C is undoubtedly the youngest, and groups A and B are probably
the oldest.

The rocks of Ulawun are highly porphyritic; most contain between 10 and 40
percent phenocrysts (by volume). The phenocrysts are plagioclase, magnesian
olivine, clinopyroxene (mainly augite), pleochroic orthopyroxene, and iron-titanium
oxides. No amphibole phenocrysts have been found.

Plagioclase is the most abundant phenocryst mineral and, in most samples,
it ' makes up between 10 and 35 percent of the rock. The phenocrysts show a wide
range of size and habit. Many large crystals, up to 4 mm long, contain abundant
inclusions of groundmass material; smaller phenocrysts tend to be free of inclusions.

1 Australian National University, Canberra; present address: La Trobe University,
Melbourne.
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TABLE 1. MODAL ANALYSES* OF PRE-1970 ROCKS

Volume percent phenocrysts

Plagio- Olivine Ortho- Clino- Iron- Total
clase pyroxene pyroxene fitan-
ium oxides
1 19 1.5 4.5 6 — 31
2 7 <1 <1 <1 <1 7
3 18 <1 <1 <1 <1 18
4 16 <1 <1 1 <1 17
5 16 <1 2.5 <1 <t 18.5
6 33 5 = 4 _ 0
7 24 3.5 <1 2.5 — 30
8 26 2 1 <1 —_ 29
9 21 <1 2 4 — 27
10 7 <1 —_ 1 — 8
11 14 3 <1 4 — 21
12 13 <1 <1 2 <1 15
13 40 — 6.5 35 <1 50
14 35 —_ 1.5 1.5 — 38

% 2000-2500 points counted on each sample (exclusive of vesicles) using 0.3 mm square grid.

A few glomeroporphyritic aggregates of plagioclase, with or without ferromagnesian
phenocrysts, are present. Many feldspar phenocrysts show either normal zoning
or complex oscillatory zoning. The compositions of most grains (determined by
the combined Carlsbad-Albite twin method) fall in the bytownite range.

Augite, the most common pyroxene phenocryst, is present in all but two of the
samples examined (the two exceptions are from the flank fissure lava flows near
Ulamona Mission). Most augite phenocrysts are pale brown and euhedral; many
are twinned, and a few are weakly zoned. Aggregates of augite, with or without
other phenocryst minerals, are commonly present.

In many rocks, rare (less than 1 percent) microphenocrysts of zoned clino-
pyroxene have 2V values between 0 and 25°, which probably indicate pigeonite or
subcalcic augite. Although low-calcium clinopyroxene composition is indicated by
low 2V values (Deer, Howie, & Zussman, 1963), MacDonald (1968) and Stice
(1968) have shown from electron microprobe analyses that low-2V clinopyroxenes
in lavas from Samoa are ferroaugites. Microprobe analyses of clinopyroxene pheno-
crysts in the Ulawun rocks are therefore necessary to be certain of their true
composition.

Pleochroic orthopyroxene (hypersthene or bronzite) is commonly present as
phenocrysts. In several samples, orthopyroxene phenocrysts are rimmed by grains
of augite, and in a few specimens orthopyroxene and augite are intergrown. Some
lath-shaped orthopyroxene crystals also have clinopyroxene overgrowths; these are
generally restricted to the prism faces of the orthopyroxene, giving a distinctive
sandwich-type configuration (Muir & Long, 1965). Most of these orthopyroxene
laths are intermediate in size between phenocrysts and groundmass grains. The
mantles of clinopyroxene are probably augite, but some could be low-calcium
varieties (pigeonite or subcalcic augite).
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TABLE 2. CHEMICAL ANALYSES AND CIPW NORMS OF PRE-1970 ROCKS

1 2 3 4 5 6 7 8 9 10 11 12 13 14

SiO, 51.92 5232 52.47 52.50 55.48 51.79 51.84 5243 54.95 51.31 52.10 52.33 53.47 51.98
TiO, 0.78 0.76 0.75 0.76 0.52 0.74 0.77 0.77 0.48 0.94 0.75 0.73 0.86 0.72
AlLO, 16.37 18.66 19.16 18.80 17.85 18.06 17.13 17.80 17.05 17.17 16.78 1771 16.67 20.37
Fe, O, 3.77 322 3.40 3.29 3.30 2.51 2,92 3.32 3.17 3.16 3.07 4.05 2.17 2.16
FeO 6.70 6.05 5.82 592 4.75 7.25 7.50 6.55 6.34 7.02 7.32 6.33 8.04 6.23
MnO 0.19 0.17 0.17 0.16 0.14 0.17 0.20 0.18 0.18 0.19 0.19 0.20 0.19 0.15
MgO 6.56 4.69 4.90 4.79 475 5.85 6.32 5.17 5.47 5.64 6.52 5.54 4.90 3.87
Ca0 10.66 10.60 10.76 10.67 10.00 10.98 10.77 10.61 9.82 10.70 10.84 10.43 9.78 11.17
Na,0 2.16 2.48 248 2.48 2.53 2.19 2.20 2.35 2.39 232 2.19 244 2.49 2.56
K,O0 0.34 0.32 0.32 0.35 0.39 0.32 0.33 0.36 0.34 0.33 0.32 0.32 0.44 0.37
PO, 0.08 0.08 0.09 0.10 0.06 0.09 0.08 0.08 0.05 0.09 0.09 0.07 0.10 0.10
H,O-+ 0.73 0.33 0.14 0.18 0.35 0.16 0.26 0.19 0.22 0.26 0.20 0.22 0.19 0.29
H,0— 0.03 0.07 0.03 0.10 0.11 0.07 0.08 0.07 0.08 0.05 0.03 0.05 0.06 0.08
CO, 0.00 0.05 0.05 0.07 0.03 0.08 0.05 0.05 0.04 0.76 0.11 0.00 0.02 0.06
Total 100.29 99.80 100.54 100.17 100.26 100.25 100.45 99.93 100.58 99.94 100.51 100.42 99.38 100.11
CIPW Norms .

Q 5.86 6.68 6.32 6.66 11.32 4.54 4.47 6.69 9.77 6.04 4.94 6.31 7.12 4.87
or 2.01 1.89 1.89 2.07 2.30 1.89 1.95 2.13 2.01 1.95 1.89 1.89 2.60 2.19
ab 18.28 20.99 20.99 20.99 21.41 18.53 18.62 19.89 20.22 19.63 18.53 20.65 21.07 21.66
an 3397 38.84 40.20 39.13 36.20 38.50 35.89 36.96 ' 34.79 35.46 35.01 36.43 33.01 43.00
di 14.94 10.57 10.02 10.40 10.39 12.22 13.68 12.15 1091 10.02 14.29 12.09 12.23 9.44
hy 17.35 14.03 14.29 14.06 12.21 18.92 19.52 15.29 16.87 18.23 19.29 15.37 18.05 13.72
mt 5.47 4.67 4.93 4.77 4.78 3.64 423 481 4.60 4,58 4.45 5.87 3.15 3.13
il 1.48 1.44 1.42 1.44 0.99 1.41 1.46 1.46 091 1.79 1.42 1.39 1.63 1.37
ap 0.17 0.17 0.20 0.22 0.13 0.20 0.17 0.17 0.11 020 0.20 0.15 0.22 0.22
others 0.76 0.51 0.28 0.44 0.53 0.40 0.45 0.37 0.39 2.04 0.48 0.27 0.30 0.51
Total -~ 100.29 99.80 100.54 100.17 100.26 100.25 10045 99.93 100.58 99.94 100.51 100.42 99.38 100.11

All analyses by A. J. R. White, M. J. Kaye, and Z. L. Wasik, Australian National University, Canberra.




TABLE 3. LOCALITY INDEX FOR SAMPLES OF TABLES 1 AND 2

Sample BMR sample Locality description
number number

Group A. Western Valley

1. SINGO0077 Boulder in stream bed; main stream section

2. SINGO0065B Centre of 30 cm-thick steeply dipping lava flow;
920 m above sea-level in main stream section

3. 5ING0079 Centre of lava flow (possibily a sill) at least 4 m
thick; 810 m above sea-level in main stream section

4, 5INGO0066 Lava flow; 970 m above sea-level in main stream

) section
S. 51NG0094 . Lava flow; 910 m above sea-level in cliff north

of main stream section

Group B. Northwestern Valley

6. SINGO0098 Lava flow of unknown thickness; 570 m above
sea-level

7. . 51NGO0158 Lava flow, 25 cm thick, in gully on north side of
main stream; 980 m above sea-level

8. 51NGO156 Lava flow of unknown thickness; 710 m above
sea-level

9. SINGO0150 Top of lava flow; 360 m above sea-level

Group C. Younger Cone

10. S5INGO0059 Core of bomb on western rim of summit crater;
2 130 m above sea-level

11. S51INGO0089 Bomb on southwestern slopes; 1 930 m above sea-
level

12. SINGO0091 Base of 8 m-thick lava flow on southwestern
slopes; 1840 m above sea-level

13. SINGO0095 Bomb on western slopes; 1350 m above sea-level

Group D. Flank fissure lava flow
14. ~ 51INGO0822 Outcrop 1 km southwest of Ulamona Mission

Magnesian olivine phenocrysts are common to all but a few samples, although
in many rocks they do not exceed 1 percent by volume. Olivine is most common
in rocks of group B. There is an inverse relationship between the proportions of
olivine and orthopyroxene phenocrysts (Fig. 12). However, the dominance of
either type of phenocryst is not related to the silica content of the rock, and lavas
containing orthopyroxene phenocrysts are no richer in silica than those containing
olivine phenocrysts.

In rocks with a coarsely crystalline groundmass, olivine phenocrysts have
fine-grained rims of low-2V clinopyroxene or, more rarely, of orthopyroxene. This
olivine-pyroxene relationship is characteristic of tholeiitic basalts (cf. Yoder &
Tilley, 1962). In some rocks with a fine-grained groundmass, the olivine pheno-
crysts have no rims of pyroxene; they are either euhedral, rounded, or embayed.

In several rocks, grains of iron-titanium oxides are either concentrated at
the edge of, or completely pseudomorph, olivine phenocrysts. These opaque
minerals are probably the result of oxidation of olivine (Muir, Tilley, & Scoon,
1957). In some well crystallized samples, an outer zone of clinopyroxene sur-
rounds both the zone of iron-titanium oxides and the olivine phenocryst. This
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relationship can be interpreted in two ways: either that the pyroxene and iron-
titanium oxides are both the result of olivine oxidation (Muir, Tilley, & Scoon,
1957; Yoder & Tilley, 1962; Haggerty & Baker, 1967); or that the iron-titanium
oxides are an additional product of the crystal-liquid ‘reaction relationship’ in-
volving olivine, low-calcium pyroxene, and silica-saturated liquid (Kuno, 1950;
Presnall, 1966). On textural evidence, there appears to be no way of deciding
which interpretation holds for the Ulawun rocks.
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Figure 12. Inverse relationship between percentages of olivine and
orthopyroxene phenccrysts in 46 Ulawun rocks

Iron-titanium oxide phenocrysts are present in some rocks, but they are every-
where less than 1 percent by volume. They are totally absent from all the rocks of
group B. Many of the opaque grains are enclosed in silicate phenocrysts or aggre-
gates of phenocrysts.

Groundmass mineralogy. The groundmass ranges from cryptocrystalline to
coarse microcrystalline. Plagioclase laths, grains of iron-titanium oxides, and glass,
are found in all the rocks, although in the more coarsely crystalline varieties glass
is only a minor inferstitial constituent, and iron-titanium oxides are less abundant.
Interstitial silica phases, such as tridymite and crystobalite, have not been identified
in the Ulawun rocks, and are assumed to be occult in the groundmass glass.

Owing to fineness of grain, the groundmass pyroxene cannot always be identi-
fied. However, in the coarser-grained rocks the most common pyroxene appearsto
be augite and varieties with low 2V, many of which are probably pigeonite.
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Electron microprobe analyses by Lowder (1970) of groundmass clinopyroxenes in
Quaternary basalts and basaltic andesites from Willaumez Peninsula showed a
complete range of compositions between pigeonite, subcalcic augite, augite, and
ferroaugite. These phases are almost certainly present in many Ulawun rocks,
although they cannot .all be identified optically.

Orthopyroxene is present in the groundmass of many rocks, but appears to
be much less common than clinopyroxene. Groundmass orthopyroxene is particu-
larly abundant in sample 5, which has the highest silica content of all the analysed
rocks in Tables 2 and 6. The presence of low-calcium groundmass pyroxenes is
another feature of tholeiitic basaltic rocks (cf. Yoder & Tilley, 1962).
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Figure 13. MgO vs total-iron (as FeQ) diagram, showing trends for Cascades (calcalkaline)
and Skaergaard (tholeiitic) rocks. Amalyses of lavas from northern Willaumez Peninsula
by Lowder & Carmichael (1970)

Petrochemistry

The 14 chemical analyses of pre-1970 Ulawun rocks given in Table 2 show an
overlap between basalt and andesite, irrespective of whether the boundary between
the two rock-types is drawn at 52, 53, or 55 percent silica. The rocks of any one
group in Table 2 are no richer in silica than those of any other group and, although
the two most siliceous rocks belong to the older exposed parts of Ulawun, there
does not appear to be any obvious consistent variation with age.

Chayes (1965) pointed out that there is more titanium in oceanic basaltic
rocks (normally more than 2 percent TiO,) than in circum-oceanic basaltic rocks
(mostly less than 1.5 percent). All the analysed Ulawun rocks have TiO, contents
of about 1 percent, or less, which is consistent with their occurrence in an island
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arc. Although there is some overlap, titanium content is lower than in tholeiitic
basalts from other geological settings; for example, ocean ridge (abyssal) basalts
(Kay, Hubbard, & Gast, 1970), Hawaiian basalts (MacDonald & Katsura, 1964),
and the Columbija River Basalts (Waters, 1961).

The Ulawun rocks are high in Al,03, but because of their very low alkali
content all are ‘high-Al tholeiites’ rather than ‘high-Al basalts’, according to the
Al,Oj5:total alkali:SiO, relationship of Kuno (1960).

Irrespective of silica content, the weight ratio MgO:FeO is unity, or a little
less. This is true of all types of basalt (Taylor et al., 1971), but normally only
rocks of the calcalkaline association show this relationship at intermediate silica
values. Similarly, the ratio MgO:total Fe (as FeO) is constant in basalts, andesites,
and dacites of the calcalkaline association, whereas rocks of the tholeiitic association
are characteristically rich in total iron at intermediate silica values. The low degree
of ‘iron enrichment’ found in the Ulawun rocks suggests calcalkaline affinities
(Fig. 13). Although the total-iron values are more or less constant, the lavas of
group C are slightly higher in total iron than most lavas of the other groups.

The magnesium content is low compared with most basalts (not exceeding
6.5 wt percent MgO). Low MgO and low MgO:FeO ratios suggest that these
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Figure 14. Na:O 4 K20 vs SiOs diagram. Hawaiian basalts boundary line from Macdonald
& Katsura (1964). Analyses of lavas from mnorthern Willaumez Peninsula by Lowder
& Carmichael (1970)
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rocks have not been directly derived from the mantle, but have been modified by
a process such as fractionation en route to the surface (cf. Green, 1971).

Total-alkali contents in the Ulawun rocks are exceedingly low compared to
other volcanic rocks with the same silica content (Fig. 14). Even abyssal basalts
normally contain more total alkali than do the Ulawun lavas (Kay, Hubbard, &
Gast, 1970; Miyashiro, Shido, & Ewing, 1969). Potassium is low (K,O less than
0.44 wt percent), in spite of the apparent fractionation indicated by the ferro-
magnesian elements. At comparable silica contents, potassium is much lower than
in calcalkaline rocks (see, for example, Jakes & Gill, 1970). Nevertheless, it is
about twice as abundant as in abyssal basalts, which typically have about 0.15 wt
percent K, O at the 50 percent silica level.
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Figure 15. K>O vs SiQO, diagram. Analyses of lavas from northern Willaumez Peninsula
by Lowder & Carmichael (1970)

The Ulawun rocks also contain less total alkali and K,O than lavas from the
northern end of Willaumez Peninsula (Lowder & Carmichael, 1970; Figs 14 and
15). Across island arcs, and in lavas with the same silica values, increases in.
alkali content (and in particular K,O) have been correlated with increasing depth
to the underlying seismic, or Benioff, zone (Kuno, 1959; Dickinson & Hatherton,
1967). A similar relationship holds for the rocks of Ulawun and the other Quarter-
nary volcanoes along New Britain’s central north coast. The seismic zone beneath
New Britain dips northwards at about 70° (Denham, 1969; Johnson, MacKenzie,
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& Smith, 1971). Ulawun is underlain by earthquake foci at depths of 70-150 km,
whereas beneath Willaumez Peninsula depths of foci increase from about 100 km
in the south to 250 km in the north (Johnson, MacKenzie, & Smith, 1971).
Analyses of rocks from other volcanoes along the north coast of New Britain also
accord with this general northward increase in alkali content (Johnson, unpublished
data).

Barium and rubidium contents in the Ulawun lavas show similar relative
abundance patterns to potassium: both are much lower than in calcalkaline rocks,
or in other tholeiitic lavas such as those from Hawaii, but higher than in abyssal
basalts (Table 4). On the other hand, K/Rb ratios average 750 in the Ulawun
rocks, compared with values approaching 2 000 in abyssal basalts (Hart, 1969),
and near 500 or less in calcalkaline rocks (Jakes & White, 1970). The average
K/Rb ratio of three basalts from Willaumez Peninsula (Lowder & Carmichael,
1970) is also high (1 000).

TABLE 4. CONTENTS OF RUBIDIUM, STRONTIUM, AND BARIUM IN SOME
ULAWUN ROCKS (ALL VALUES IN PARTS PER MILLION)

Table 3 samples Table 6

5 6 8 11 13 14  Sample 1

Rb ANU+ 5.1 2.6 4.9 3.4 5.0 3.7 3.6
ANU# 222 225 309 220 216 253 198
Sr BMR* 220 220 260 220 160 270 —
NASA** 310 240 280 210 350 270
ANU1 — 96 — 62 — — —
Ba BMR* 150 85 120 96 120 110 —
NASA** 100 73 95 100 122 105
K/Rb 634 1021 609 782 730 829 737

t X-ray spectroscopic determination by B. W. Chappell at the Australian National University,
Canberra.

i Spark source mass spectrometer determination by P. Jake$ at the Australian National University.

* Optical emission spectroscopic determination by T. 1. Slezak at the Bureau of Mineral Resources,
Canberra.

** Optical emission spectroscopic determination by J. R. Martin and A. D. Bennett, NASA Manned
Spacecraft Center, Houston.

Contents of rare earths were determined on two Ulawun lavas (samples 6 and
11 in Table 3) using a spark source mass spectrometer (Jakes & Gill, 1970). In
both specimens, the total rare earth content is low (15 and 25 ppm respectively);
but, more significantly, light rare earths are not enriched relative to heavy and,
therefore, the abundance pattern is chondritic, and distinct from, those of calcalka-
line and most tholeiitic lavas. However, the pattern is similar to those of abyssal
basalts (Kay, Hubbard, & Gast, 1970).

ROCKS PRODUCED DURING THE 1970 ERUPTION

The 1970 eruption of Ulawun produced rocks with essentially the same composition
as the older rocks. Chemical analyses of ten rocks from the 1970 eruption are
given in Table 6, and modal analyses for seven of these are presented in Table 5.
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TABLE 5. MODAL ANALYSES* OF ROCKS PRODUCED DURING
THE 1970 ERUPTION

Volume percent phenocrysts

Plagio- Olivine Ortho- Clino- Iron- Total
clase pyroxene pyroxene titan-
ium oxides
1 11 <1 —_ 1.5 — 12.5
2 26 1.5 <1 1.5 — 29
3 20.5 1.5 <1 <1 22
4 n.d. ** n.d. n.d. n.d. n.d n.d.
5 24 2 <1 1 —_ 27
6 n.d. nd. n.d. n.d. n.d n.d.
7 26.5 —_ 35 1 —_ 31
8 n.d. n.d. n.d. n.d. n.d. n.d.
9 23 1.5 —_ 1 — 25.5
10 22 <1 — <1 — 22
% 2000-2500 points counted on each sample (exclusive of vesicles) using 0.3 mm square grid.
#+nd. = not determined (thin section samples with W. G. Melson, Smithsoniun Institution,
Washington),

A list of sample localities is given in Table 7. Two of the analysed samples in
Table 6 (numbers 6 and 7) were collected from angular, poorly vesicular crystalline
blocks which were contained in the nuée ardente deposit. These accidental blocks
consist of previously consolidated lavas, probably caught up in the nuée ardente
during its emplacement or, possibly, derived from the conduit walls before eruption.

The primary material of the 1970 nuée ardente and lava flows is porphyritic
and, as in the pre-1970 rocks, plagioclase is the most common phenocryst. Ferro-
magnesian phenocrysts (olivine and pyroxenes) appear to be slightly less common
in the 1970 rocks (Tables 1 and 5).

Olivine phenocrysts are present in all the samples of primary 1970 material,
whereas orthopyroxene phenocrysts are either rare or absent. This contrasts with
some rocks of Table 1, and with sample 6 in Table 5, which contain no olivine
and a few orthopyroxene phenocrysts. The olivine phenocrysts of some 1970 rocks
are rimmed by low-2V clinopyroxene, or iron-titanium oxides, or both.

Clinopyroxene phenocrysts are present in all the primary 1970 rocks and, in
some, microphenocrysts with low 2V have also been identified. In common with
the group B samples of Table 1, phenocrysts of iron-titanium oxides are absent
in the primary 1970 rocks of Ulawun,

Chemically, the 1970 rocks are more or less identical with the older rocks
of Ulawun. Silica values (51.41-52.91% ) fall within the range for the earlier
rocks (51.31-55.48% ), and most other oxide values are similar. Total-iron values
for the 1970 samples are identical with those of group C in Table 2, but they are
slightly higher than in other pre-1970 rocks (Fig. 13).

One difference in chemical composition is shown in TiO, content. Whereas
all but one of the primary rocks of Table 6 have TiO, values greater than 0.9
percent, all but two of the pre-1970 rocks in Table 2 have less than 0.8 percent
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(note also the difference in normative ilmenite values). The two exceptions are
group C rocks which, as stated above, show total-iron values comparable to the
1970 samples.

There are no apparent differences in composition between the lava flows and
the primary nuée ardente material produced in 1970.

CONCLUSIONS

1. Ulawun rocks are highly porphyritic basalts and low-silica andesites in
which plagioclase is the most common phenocryst. They show the petrographic
characteristics of tholeiitic rocks; olivine phenocrysts have rims of low-calcium
pyroxene, and low-calcium pyroxenes—especially low-2V clinopyroxenes—are
present in the groundmass.

2. Chemically, the Ulawun rocks also show tholeiitic features. They are
hypersthene normative, and alkali content is low for any given silica value. How-

TABLE 6. CHEMICAL ANALYSES AND CIPW NORMS QF ROCKS PRODUCED
DURING THE 1970 ERUPTION OF ULAWUN VOLCANO

1 2 3 4 5 6 7 8 9 10
SiO, 5141 525 5251 5277 529 5151 529 5262 528 529
TiO, 093 097 09 09 095 079 079 09 065 103
ALO, 1744 182 1751 1800 182 1896 186 1831 179 179
Fe,0, 330 255 310 299 415 272 335 323 275 285
FeO 703 750 700 714 595 150 670 681 730  7.00
MnO 019 009 018 014 009 016 009 014 009  0.09
MgO 574 515 530 498 490 492 450 494 515 490
CaO 1100 985 1050 1048 985 1114 101 1045 990  10.1
Na,0 227 235 240 229 220 224 220 240 230 225
K0 032 037 038 037 041 032 040 040 035 038
R,0; 009 009 010 008 009 007 008 008 0509 010
HO0+ 014 ) 022 <010 ) <010 ) <0.10
L 0.51 10.22 L 0.23 L044 1023
HO— 004 | 004 001 | 003 | 0.01
Co, 0.04 005  0.09 — 7005 — 7005 — 005 005

Total 99.94 100.19 10027 100.21 99.96  100.36 99.99  100.35 99.77 99.78

CIPW Norms

Q 4.84 6.53 6.31 7.10 9.78 4.50 8.85 6.60 7.26 8.23
or - 1.89 2.19 2228 2.19 242 1.89 2.36 2.36 2.07 2.25
ab 19.21 19.88 20.31 19.38 18.61 18.96 18.61 20.31 19.45 19.04
an 36.45 38.02 35.88 37.74 38.58 40.74 39.70 38.01 37.49 37.62
di 14.13 8.15 12.30 11.25 7.59 11.59 7.83 10.88 8.80 945
hy 16.40 19.04 16.29 16.20 1462 - 17.06 15.76 15.49 18,72 16.49
mt 4.78 3.70 4.49 4.34 6.02 3.94 4.86 4.68 3.99 4.13
il 1.77 1.84 1.79 1.82 1.80 1.50 1.50 1.82 1.23 1.96
ap 0.20 0.21 0.22 0.19 0.21 0.16 0.19 0.19 0.21 0.24
Others 0.27 0.62 0.46 0.01 0.33 .03 0.34 0.01 0.55 0.34

»Total 99.94 10018 10027 100.22 99.96 10037 100.00 100.35 99.77 99.75

Samples 1, 3; Analysts: A. J. R. White, Z. L. Wasik, and M, J. Kaye, Australian National University,
Canberra,

Samples 2, 5, 7, 9, 10; Analyst: A. Jorgenson, Australian Mineral Development Laboratories, Adelaide.
Samples 4, 6, 8; Analyst: E. Jarosewich, Smithsonian Institution, Washington D.C.
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ever, the Ulawun rocks are not strongly enriched in iron, and in this respect they
resemble calcalkaline rather than tholeiitic rocks.

3. Rocks exposed on Ulawun at the present day show a restricted com-
positional range, and no obvious compositional trends are revealed.

4. The Ulawun rocks are lower in total alkali and K,O than are those from
northern Willaumez Peninsula. This difference can be correlated with increasing

depth to the seismic zone which dips northwards at about 70° beneath New Britain.

5. Apart from a slightly higher TiO, content, and to some extent total-iron
content, the rocks produced by the 1970 eruption of Ulawun are chemically
similar to those of the older parts of the volcano.
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s
TABLE 7. LOCALITY INDEX FOR SAMPLES OF TABLES # AND B
Sample Collector’s .
number sample Locality description
number
Primary nuée ardente material, ash-flow zone,
Northwestern Valley
1. 70.40.505 Centre of deposit, 1 km from northern limit of
complete devastation; collected by G. A. M. Taylor.
2. 70.71.0013 Centre of deposit, 0.5 km from northern limit of
complete devastation; collected by R. A. Davies.
3. 70.40.504 Centre of deposit, 1 km from northern limit of
complete devastation; collected by G. A. M. Taylor.
4, Smithsonian 500 m above sea-level; collected by W. G. Melson.
Inst. 38
5. 70.71.0005 Centre of deposit, 1.5 km from northern limit of
complete devastation; collected by R. A. Davies.
Accidental material in nuée ardente deposit,
ash-flow zone, Northwestern Valley
6. Smithsonian Angular block, probably from old lava flow; collected
Inst. 35 by W. G. Melson at 500 m above sea-level.
7. 70.71.0004 Angular block, probably from old lava flow; collected
by R. A. Davies.
1970 laval flows
8. Smithsonian Terminus of lava flow in Western Valley; collected
Inst. 11 by W. G. Melson.
9. 70.71.0011 Terminus of lava flow in Northwestern Valley;
collected by R. A. Davies.
10. 70.71.0002 Terminus of lava flow in Western Valley; collected

by R. A. Davies.
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