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ABSTRACT

Tofua Island, approximately five by six miles in diameter, is
one of the more prominent volcanoes situated along the inner volcanic
arc of the Tongan Archipelago and tectonic system. Tofua is an oval,
steep-sided composite volcano, the summit of which has collapsed to
form a caldera. Within the caldera is a still active vent, Lofia cone.

Four formations have been mapped: 1) the Hamatua Formation con-
sists of rocks of pre-caldera age and includes basaltic andesites,
pyroxene andesites, and pyroxene dacites; 2) the Hokula Froth Lava is
a microvesiculated lava flow of andesite; 3) the Kolo Formation consists
of air-laid lapilli-tuff-breccia, consolidated ash, unconsolidated
tephra, small basaltic andesite lava flows, and a thick pyroxene andesite
lava flow; 4) the Lofia Formation is composed of air-laid tuff, ash,
basaltic andesite lava flows, and andesite lava flows. An erosional
unconformity exists between the Hamatua Formation and the Hokula Froth
Lava, and another between the froth lava and the Kolo Formation.

The rocks are typical orogenic andesites and related rocks, though
they have a greater CaO content than comparable ro;ks from Japan and
other Circum-Pacific regions. This accounts for the presence of calcic
plagioclase feldspar and clinopyroxene, even in the most siliceous rocks.
Total alkali percentage increases with increasing silica, but does not
become greater than 4.20 percent. The more mafic rocks show iron en-
richment with increasing silica; however, beyond 57 percent silica,
total iron percent decreases steadily.

Clinopyroxenes are common. Pigeonite and pigeonitic augite are

usually found in the groundmass, while augite is typically phenocrystic.
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Hypersthene is less common and only occurs as phenocrysts. Hypersthene
phenocrysts are always surrounded by a reaction rim of pigeonite and/or
pigeonitic augite. Pigeonite occasionally forms phenocrysts.

Concentric normal faults associated with caldera collapse are
common on the northern, eastern, and southern rim of the caldera. Many
of them have served as conduits for rising magma of the Kolo Formation.
Others are due to continuing caldera collapse and do not have associated

volcanism, Tensional cracks are common along the southern rim.
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INTRODUCT ION

Background and Purpose

The geologic details of the Islands of Tonga, which are located
within an island-arc tectonic system, are imperfectly understood. Partly
for this reason the Hawaii Institute of Geophysics was awarded a National
Science Foundation grant to study the volcanic islands of Tonga and the
Lau Group of Fiji. 1In these islands, rock samples are being collected
for chemical analysis, petrographic examination, and paleomagnetic study,
and gravimeter measurements are being taken.

Previous investigators in the Tongan Islands (Lister, 1891, and
Hoffmeister, 1932) were primarily concerned with detailed descript;ons
of the fossiliferous Tertiary limestone, which is the most abundant rock
type. Descriptions of the igneous rocks were usually dispensed with in
a few short paragraphs or pages.

The author chose Tofua Island as a thesis research problem because
of its size, petrological variations, and the existence of a suitable
base map of the island. The island's structure and stratigraphy were
examined and mapped in detail. Rock specimens collected for thin-section
study were used not only for petrological analysis, but also as an aid
for the correlation of different formations. The foremost purpose of
this thesis is to write a detailed geological and petrological descrip-
tion of Tofua.

Field Methods

Field work on Tofua was performed during the first three weeks of
June, 1968. The writer procured a very adequate base map from the Lands

Department of Tonga in Nuku'alofa priar to sailing for Tofua. The Tongan



Government survey of the island in 1961 resulted in the establishment
of ten triangulation stations and their respective elevations. Al-
though they were only temporary, it was not difficult to relocate. them;
all were at prominent landforms or villages.

A contour map of Tofua was made primarily for the gravimetric work,
but also as an aid in mapping stratigraphic and fault contacts., Due to
limitations of time and difficulty of terrain, a map with 200-foot contour
intervals and of moderate detail was made. Usually geological mapping
was done concurrently with the contour mapping. Elevations were obtained
by an aneroid altimeter (calibrated in meters) on as many trails from the
sea to the summit as possible. The stations were located by bearing
angles off of Kao or triangulation stations already established. This,
in conjunction with the elevations taken with the gravimeter measure-
ments, provided reasonably good coverage. In addition, a graph was con-
structed by plotting the variations of altimeter readings at a constant
elevation against time of day. The employment of this graph enabled the
author to correct for barometric variations. The graph was similar to
that given by Lahee (1961, p. 494).

The location of geologic structures near or on the rim of the
caldera was best done by taking two or more bearings on the triangulation
stations. Coastal geology was easily located by using the base map. This
method proved to be more accurate than the traditional compass and pace
traverse method most often used.

The northwestern and parts of the western flanks of Tofua are
covered by the Kolo Formation. In order to map the froth lava rocks,
which form a prominent sea cliff, a Tongaﬁ canoe was used. The location

of geological structures was done by matching shoreline configuration



with the base map, and by taking bearings on summit features that had
been previously mapped.

Tofua's flanks are heavily wooded; especially on the windward
eastern and southern slopes. Many of the outcrops would have been
impossible to find, and valuable time wasted looking for them, had not
the author employed the help of native guides. The best guides were the
wild-boar hunters, who knew from experience where good outcrops could be
found. On the other hand, some excellent outcrops were virtually im-
possible to sample because of precipitous cliffs,

A week was spent working on the volcano's rim and in its caldera
and approximately two weeks were devoted to mapping the flanks. Even
though the rim and caldera were more structurally complex, the author
thought it wiser to spend extra time on the flanks where the underbrush
masked the geology.

Previous Investigations

The first westerner to discover Tofua was Abel Tasman, in 1643.

He made note of sailing near two high islands (Tofua and Kao) and seemed
surprised by their height, for he had just visited the low limestone
islands east of Tofua. He drew the island's profile and called it
"Amatofoa' (Woide, 1776, no page numbers).

Tofua's volcanic origin was first mentioned by Captain James Cook
in 1774, in his journal, where he writes of "Tofooa'". Cook sailed a mile
north of the island and noted that it was in eruption. A localized rain-
storm was caused by the eruption, and when the rain dropped into the eyes
of his crew it caused a burning sensation. Cook postulated that this was
caused by ejecta from the eruption. He also noticed that the rocks along

the northwest coast were cavernous and appeared to form columns, while



the foliage just below the caldera rim on the northwest flank had been
recently burnt. Cook thought that the summit of Tofua formed a crater
(Cook and Forester, 1777, v. IV, pp. 162-3).

The first white man to set foot on Tofua was Captain William Bligh,
just after the 1789 mutiny aboard the "Bounty'". He also described "Téfoa"
as being a volcanic mountain, and made reference to deep gullies on the
southwestern side (Dalyell, 1812, v. III, p. 153).

Lister (1891, p. 593), who visited the island in 1889, states that
"Tofua is a volcano in a state of intermittent activity'. He provided
Alfred Harker, of Cambridge University, with a collection of rocks from
Tonga, but Tofua was not represented.

Marshall (1912, p.22) collected and gave the first brief petrographic
description of the rock types, stating that they are "augite andesites".
Daly (1916, p. 340) reiterates what Marshall found.

No further work was done on Tofua until 1959, when J. Richard
(1961, p. 16) visited the island and collected two samples which were
chemically analyzed. The analyses indicate that the rocks are quartz
basalts, using Rittmann's (1952) nomenclature. However, the Mn0O content
of the rocks, as indicated in the analyses, is nearly 2 percent, which
is much too high for rocks of this type. Macdonald (personal communi-
cation, 1969) believes because of this that the analyses are not
dependable. The new analyses given in Table I, in contrast, show only
normal abundances of MnO.

Geographical Description

The Tonga Archipelago lies approximately 400 miles south of Samoa.
Niuafo'ou and Niuatoputapu are the most northerly islands of the Tongan

arc. Most of the islands cluster in three groups. Vava'u is the most
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northerly group; about 70 miles south is the Ha'apai group, and the

Tongatabu group is 90 miles south of Ha'apai. Tofua is one of the western

outliers of the Ha'apai group (Figure 1).

In Tonga, coralline islands are found in north-south alignment
on the seaward side of the archipelago just west of the Tonga Trench.
The volcanic islands form a western, inner line parallel to the non-
volcanic islands. Along the volcanic line there are several active
terrestrial and submarine volcanoes, Tofua being one of the more prom-
inent of the terrestrial ones.

According to Admiralty Chart 2421, the geographic center of Tofua
is 19%45' south latitude, 175°05" west longitude. It is 17 miles north-
west of Kotu Island. Between Tofua and Kotu is the north-south trending
Tofua trough. The volcanic cone of the island of Kao lies four miles to
the north. Examination of the bathymetry shows that Tofua and Kao are
joined by a submarine ridge.

In many ways the Tonga Archipelago is similar to other trench-
island arc systems around the world. Macdonald (1949, p. 1590) gives
the boundary between rocks which are nonorogenic-oceanic of the Pacific
basin and those which are continental as the Tonga Trench. The rocks of
Tofua are similar to continental orogenic andesites.
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GEOMORPHOLOGY.

General Statement

Tofua Island is approximately five by six miles across and is
oval in shape. The island is a single composite volcano, the summit
of which has collapsed to form a caldera. The lower slopes rise
rather steeply at an angle of 350, though the slope lessens near the
summit., When viewed from the sea, Tofua has an extremely regular
profile. The caldera rim varies less than 300 feet in elevation, from
1400 to almost 1700 feet.

Features Associated with Volcanism

The caldera is subcircular, with an average diameter of two and a
half miles. Half of its floor is occupied by a cxggg; of unknown depth,
the surface of which is 79 feet above sea level. The walls of the
caldera are extremely precipitous, but the southern, southwestern, and
northern walls are less steep than the others. In some places a relief
of over 1400 feet exists between the caldera rim and its floor; however,
the mean relief is approximately 1100 feet,

Two prominent spatter-and—cinder cones occupy the northern and
eastern parts of the caldera. Less prominent is an older, deeply
eroded ash cone near the western caldera wall.

The northern cone is still active, though currently in the fumarolic
state. Its crater is about 400 feet deep, with a flat floor, and appears
to have been formed by ponded lava. The eastern cone is dormant and is
composed of three vents, two of which are shown on the topographic map.
Its summit is 600 feet above the crater lake, though only 200 feet

above the southern flank of the northern cone.



The formation of Tofua's caldera by collapse is being continued
at present by relatively minor faulting on the northern, eastern, and
southeastern rim. The faults have given this section of the rim a
hummocky topography. Faulting has produced small grabens and steps with

escarpments averaging from 50 to 100 feet high.

Drainage

Large stream valleys do not exist on Tofua; all the valleys are
narrow and small, though some are deep. They are mostly on the south-
eastern to southwestern flanks, the windward side. These steep-sided
windward valleys do not extend more than a quarter of a mile inland.

Some valleys near Hamatua village cut into rocks of the Hamatua Formation,

" but all valleys in the vicinity of Kolo and Manaka villages cut only

post-caldera tuffs of the Kolo Formation. Earlier valleys, if they were
present, have been buried beneath thick tuff deposits of the Kolo Forma-
tion. Small gullies of intermittent streams along the northern coast
cut only rocks of post-caldera age.

Intermittent streams have gullied the soft tuff and ash fill in the
northern and eastern parts of the caldera. The gullies are commonly five
to ten feet deep, with very steep walls. More extensive gullying has
taken place on the southAand southwestern walls of the caldera, in rocks
of pre-caldera age.

Sea Cliff

One of the more conspicuous geomorphic features is the wave-cut
cliff that encircles most of Tofua. The average height of the cliff is
150 feet. In some places, especially where froth-lava is exposed, the
cliff can be attributed to undercutting of the lower clinker zone of

the flow with subsequent breaking of the overlying massive rock along
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joints.

STRATIGRAPHY

General Statement

The author recognized and mapped four different units: 1) Hamatua
Formation; 2) Hokula Froth Lava; 3) Kolo Formation; 4) Lofia Formation.
The sequence of the units was determined by superposition. Some rocks
of the Kolo Formation were found to be contemporaneous with some of the
rocks of the Lofia Formation, but their spafial distribution is different;
therefore, they have been mapped separately.

Hamatua Formation

The rocks of the Hamatua Formation are those which were erupted
before caldera collapse. They are the most voluminous rock unit, but
outcrops occur only in limited areas. On the flanks of Tofua the Hamatw
rocks outcrop in scattered patches, usually as rocky points around the
island, or in stream valleys. On the southwest flank they are covered

by soil, which is believed to have been derived from their weathering,

- but even there fresh outcrops of the Hamatua Formation are found in the

seacliff.

The Hamatua Formation bears the name of the southeastern village.
It occurs directly behind the village as a thick hypersthene-bearing
augite dacite lava flow (chemical analysis 57) which forms an abrupt
cliff 50 feet high. Below the village are rocky points of the Hamatua
Formation.

The Hamatua Formation is best exposed in the walls of the caldera
itself, where the flows attain a thickness of more than 1600 feet. The

average thickness of individual flows is approximately 70 feet. Each
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flow consists of a thick and dense central portiomn, with relatively
thin clinker zones above and below it. Poorly formed vertical joints
are typical in the central mass. Columnar jointing was not seen. The
flows appear to be of the block lava variety as described by Macdonald
(1967, p. 23). The clinker fragments are less spinose than those of
typical aa flows, and more rounded. In most cases they grade into the
dense central portion of the flow.

The Hamatua rocks range in composition from basaltic andesites to
hypersthene-bearing augite andesites, andesites, and hypersthene-bearing
augite dacites. The rocks were classified by color index and the amount
of free silica minerals present. All varieties usually contain plagio-

clase phenocrysts and microphenocrysts, which commonly are zoned from a

~calcic core to a more sodium-rich rim. The cores of plagioclase pheno-

crysts range from Angy to Ang;. The more sodic plagioclase cores are
found in the late flows of the Hamatua Formation which typically are
basaltic andesite. Groundmass plagioclase feldspar is generally more
sodic than the phenocrysts, and sometimes is normally zoned. Its average
composition is about An,s5. When hypersthene appears in the rock, it is
always surrounded by a rim of either quasi-uniaxial pigeonite or pigeon-
itic augite. Augite phenocrysts usually do not show disequilibrium with
the surrounding liquid, though in some thin sections slight embayment

is observed. Groundmass pyroxene in the rocks ranges from entirely
pigeonite in the more basic rocks to combinations of pigeonite,
pigeonitic augite, and augite in the andesites and dacites. Small
magnetite crystals are present in the groundmass, and some large grains
appear in glomerocrysts of plagioclase feldspar, augite, hypersthene

and, in rare instances, pigeonite. Interspersed throughout the ground-



—————————————— ————————————eo——

L1,
mass of the more silicic varieties of the pre=-caldera, rocks are silica
minerals which have been identified as quartz and tridymite. Neither
alkali feldspar nor apatite were observed.

In the field, the rocks of the Hamatua Formation range from light
to dark gray. Outcropping rocks of lighter color display conspicuous
flow banding, with alternately light and dark bands. Some bands appear
to have more ferromagnesian minerals and therefore to be slightly darker
than those with fewer ferromagnesian minerals. On the average, the bands
are two centimeters thick. Within the thicker ones, thin and less pro-
nounced bands are sometimes seen. The bands are usually not horizontal,
but form small folds due to deformation during flowage.

Characteristic of the Hamatua rocks is the superficial occurrence
of a hematite-rich skin approximately one millimeter thick. Beneath this
skin the rock is usually very fresh and difficult to break. 1In hand
specimen the andesites and dacites often look vitreous. In thin section
some are, though most are composed of crystallites of plagioclasé feldspar,
clinopyroxene, magnetite, silica minerals, and glass, and show a
hyalopilitic texture. Intergranular and intersertal textures are also
seen. The andesites sometimes exhibit subparallelism of the groundmass
feldspar laths caused by viscous flowage. In thin section the basaltic
andesites usually display intersertal to intergranular texture, though
some are hyalophitic, with plagioclase surrounded by a matrix of tachylite
glass. .

Small inclusions of coaser grain rock are prevalent in the more
siliceous rocks. These inclusions are angular in shape and consist of
long rounded zones of coarser crystallinity which can be attributed to

the local retention of volatiles during cooling. Quartz and tridymite
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are more abundant in these zones than in the rest of the rock.

A 400-foot type section of Hamatua Formation was mcasércd just
below the rim in the caldera wall between triangulation stations B and
Bl. The lower 350 feet consists of porphyritic hypersthene-bearing and
augite andesites, and nor-lporphyritic andesites. These flows are very.
thick, the one at the bottom being nearly 80 feet. At the top of the ‘
section is a basaltic andesite flow containing relatively large crystals
of pigeonite. It is not known, however, if the general trend of the
Hamatua Formation is from acidic to basic going higher in the section.

A hypersthene-bearing augite dacite sample was collected behind the
village of Hamatua at an elevation of 500 feet.

Hokula Froth Lava

Directly overlying the Hamatua Formation by an erosional un-
conformity and forming a sea cliff on the northern and western shores
of Tofua, is a rock group which in hand specimen appears tuffaceous.
However, in outcrop it shows evidence of emplacement by flowage. It
resembles rocks in other parts of the world that have been called "“froth
lava" (Locardi and Mittempergher, 1965).

The Hokula Froth Lava is overlain by rocks of the Kolo Formation
and is only exposed in the sea cliff. Consequently, its width cannot
be determined. The flow probably originated from the upper part of the
mountain.

The type section of the froth lava flow is approximately 0.1 mile
west of Hokula village. Here two separate flows of froth lava form a
wave-cut cliff about 80 feet in height. The lower flow has been oxidized
to a bright red color whereas the upper flow is gray to green. Struc-

turally, both flows are identical, each consisting of three parts: a
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dense central portion grading into clinker zones above and below it.
Generally the lower clinker layer is thicker, probably derived from the
upper zone during emplacement (Macdonald, 1967, p. 18). The basal -
clinker of the lower flow is approximately five feet thick with cobble-
size blocks that were slightly welded just after flowage. The denser
central portion of the flow has an average thickness of 10 feet. Angular
cobble size cognate xenoliths are common, though there are also rounded
boulder-size inclusions in lesser abundance. They represent pre-caldera
rocks brought to the surface by the rising magma. In addition, in the
dense portion of the flow, there are lenticular masses that are lighter
in color than the surrounding matrix, but composed of the same material.
A thinner clinker deposit overlies the dense zone with a gradational
contact, and its composition is the same as that of the basal one. The
upper froth lava flow repéats the sequence described, the only difference
being that it is thinner. The flow is about 15 feet thick.

The froth lava has rudimentary columnar jointing several feet across.
The sea easily attacks the froth lava cutting out squarish caverns, which
owe their shape to the joint pattern.

In thin-section, the rock shows a great many microvesicles which
range in shape from round to angular. The rock is highly vitreous, con-
taining small microlites of plagioclase feldspar and a green clino-
pyroxene in a matrix of glass. In the lower flow, red glass is due to
the oxidation of iron minerals. Green-gray glass is present in the upper
flow. Its color may be due to disseminated iron minerals which have
not been oxidized.

Small amounts of clear glass are present in both flows. Its re-

fractive index ranges from 1.552 to 1.535 ¥ 0.002. Using a graph
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compiled by George (1924, p. 365) of refractive index versus percentage
of Si0p, the froth lava rocks are of andesitic composition. Hyper-
sthene, augite, and plagloclase feldspar commonly occur as phenocrysts.
Tridymite has been identified in some of the samples and is usually seen
in the vesicles as shards. Small included lithic fragments are also
present. Under the microscope the lenticular bodies of lighter color
are seen to be more vesicular than the surrounding matrix of the same
composition,

Locardi and Mittempergher (1965, 1967) have described froth flows
in Italy. They believe that froth lava or micro-vesiculated flows are
the result of gas separation in a volatile-rich flow and represent a
transition between ordinary lava flows and ignimbrites. That is, if
vesiculation is extreme and the rock is disintegrated, then subsequently
welded, it is ignimbritic. However, if vesiculation did not proceed far
enough to cause disintegration and the rock is pumiceous, they consider
it froth lava.

Lenticular pumice masses have also been described by Locardi and
Mittempergher (1967, p. 133-134) within the dense zone of the Italian
froth lavas. They believe the elongated masses of pumice are due to the
destruction of certain bands where vesiculation was greatest. On Tofua
Island, the lenticles of pumiceous material seem to demonstrate a pre-
ferred orientation. The longest axes of the lenses are nearly horizontal,
parallel to the top of the flow. The lenses are randomly scattered
throughout the central parts of the flows. The author believes that
when movement stopped, masses of volatile-rich vesicular lava remained
scattered throughout the central part of the flow. The elongation and

flatteming of these masses into lenses was due to the overburden. If
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the formation of these lenticles occurred during flowage, one would
expect a lack of preferred orientation and more disorder due to tur-
bulence in flowage.

Inclusions in Hokula Froth Lava

The inclusions in the Hokula Froth Lava flows are fragments of
rocks of the Hamatua Formation, and other rocks presumably from the
basement brought to the surface by the rising magma. The rocks range
from fine to medium grain, the fine-grained rocks predominating.

The fine~grained varieties are texturally and mineralogically
similar to the rocks of the Hamatua Formation described above. The
coarser-grained rocks, however, appear to have crystallized under plutonic
conditions, and have been identified as augite diorite micropegmatite.
Intergrowth of quartz and plagioclase feldspar is common and occurs as
a matrix between the larger grains of normally zoned subhedral plagio-
clase feldspar and greatly altered augite. Most of the augite has been
altered to a low birefringent green mineral or mineraloid. Poor acute
bisectrix figures were observed, definitely identifying the unaltered
pyroxene as augite. One sample was stained for alkali feldspar with a
negative result. The texture between the larger crystals is hypidio-
morphic granular.

Some of the inclusions do not resemble the pre-caldera rocks in
ﬁhe nature of theilr pyroxenes. They frequently contain phenocrysts of
pigeonite, pigeonitic augite with cores of pigeonite, augite, and hyper-
sthene with pigeonitic rims. The bulk of the groundmass pyroxene is'
pigeonite. These rocks are commonly coarser grained than the pre-caldera
types, but are not typically plutonic. They may have been derived from

shallow intrusive bodies. Whether or not these rocks are directly
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related to the Tofua volcano is not known.
The nature of the basement rock beneath Tofua cannot be stated
from the existing data. It can only be said that Tofua may be underlain
by continental plutonic rocks.

Kolo Formation

The Kolo Formation consists of consolidated lapilli-tuff-breccia
with local deposits of consolidated ash and interbedded rootless
basaltic andesite lava flows, unconsolidated tephra, and a thick
porphyritic hypersthene-augite andesite lava flow. The lapilli-tuff-
breccia is by far the most abundant member of the Kolo Formation. It is
best seen near the village of Kolo.

The lapilli-tuff-breccia member is an air-laid deposit, poorly
sorted, with weakly developed bedding. It is composed of approximately
50 percent angular lapilli-size blocks and lapilli cinder, 40 percent
ash, and 10 percent blocks larger thén lapilli. Locally, however, the
proportions change and zones of consolidated ash become abundant.
Clasts of lapilli size and larger appear to have been derived from the
Hamatua Formation. The ash and lapilli cinder are commonly vitreous
and represent new magmatic material. Thé refractive index of the glass
shows it to be basaltic. Within the lapilli-tuff-breccia are small root-
less basaltic andesite flows (determined by color index). Micro-
scopically these flows are similar to the andesitic lavas of the Hamatua
Formation, though they are relatively devoid of phenocrysts. A flow
near Hokula has been identified as hypersthene and augite-bearing
basaltic andesite. The phenocrystic feldspar is bytownite, whereas
the groundmass feldspar is labradorite.

The consolidated lapilli-tuff-breccia member rests unconformably
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upon the Hamatua Formation on the southern, eastern, and northern flanks
of Tofua. It forms a blanket approximately 100 feet thick over the
entire area, though its thickness increases where it fills valleys
previously cut into the Hamatua Formation. Near Hamatua village it
grades into consolidated black ash. Here the ash attains a thickness of
200 feet, perhaps because it fills a valley. Near Hokula village an
erosional unconformity exists between the underlying Hokula Froth Lava
and the lapilli-tuff-breccia. Separating the two formations is a layer
of consolidated ash. This unconformity can also be observed 0.25 mile
west of triangulation station G. There, a deep valley cut into the
froth lava is filled with 150 feet of interbedded ash and lapilli-tuff-
breccia. Conformably overlying this sequence, is a thick and extensive
porphyritic hypersthene-augite andesite block lava flow (chemical
analysis 50). The 70-foot-thick flow forms a rather broad plateau in
the vicinity of triangulation station G. 1In thin section the groundmass
texture 1s hyalopilitic with small crystals of labradorite, clinopyroxene,
and magnetite. Hypersthene and augite phenocrysts appear ragged and have
been embayed by groundmass material. Pyroxene phenocrysts usually form
glomerocrysts. Pigeonite also forms phenocrysts.

Source vents of the consolidated lapilli-tuff-breccia dot the
northeastern, eastern, and southern caldera rim. These vents are commonly
shallow with gradually rising walls and thus give a maar-like appearance.
Small craters 30 feet across and 50 feet deep are found on the north-
eastern rim, but these are not common. Considering the number of blocks
of the Hamatua Formation included in the tuff, in addition to the maar-
like craters, it is probable that explosions took place near the

surface, perhaps involving ground water.
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The unconsolidated tephra of the Kolo Formation 1s younger than
the lapilli-tuff-breccia. Unconsolidated tephra outcrops near tri-
angulation station Bl and the southeastern rim of the caldera, which
has been faulted down into a broad platform, In both places it overlies
consolidated lapilli-tuff-breccia. The source of the unconsolidated
tephra is a series of cinder cones that erupted on the caldera rim.

Near triangulation station Bl recent faulting has truncated the cinder
cones, which now form talus debris in the caldera. Most of the fragments
in the tephra are pumiceous lapilli cinder. Larger spindle bombs also
are present. The refractive index of the glass in the cinder is 1.559 z
0.002, indicating that it is basaltic.

The relationship of the Kolo Formation source vents on the caldera
rim to the fault patterns is clear. Concentric faults formed during
caldera collapse provided conduits for rising magma. However, it is
unknown whether the thick andesite flow near triangulation station G
originated from the caldera rim, Its source has been buried beneath
later deposits of the lapilli-tuff-breccia and pyroclastics of the Lofia
Formation.

Lofia Formation

Rocks of the Lofia Formation are confined mainly within the caldera,
although they are continually exposed to an elevation of 950 feet on the
northern flank of the volcano. Those outside of the caldera constitute
only a thin veneer and were derived from the large spatter and cinder
cones in the caldera. They overlie the rocks of the Kolo Formation,
though near their gradational contact on the caldera rim there is some
question as to whether rocks of both formations were erupted simul-

taneously. The Lofia Formation overlies pre-caldera rocks which have
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collapsed into the caldera during caldera development.

Lofia is the name given to the still active vent, hence the name
Lofia Formation. Lofia cone exhibits almost all of the members of the
Lofia Formation. Pyroclastics probably comprise 90 percent of the
formation. The tephra member includes consolidated lapilli-tuff, tuff,
spatter, and unconsolidated lapilli cinder interbedded with small
basaltic-andesite and andesite lava flows. A separate unit is the ponded
lava floor of Lofia's crater. The older eroded ash cone is composed
mainly of weathered ash. Only one lava flow is large enough to be mapped
separately. The flow is vesicular andesite.

The pyroclastic deposits are thinly bedded and friable. A rudi-
mentary size sorting has taken place. Near the cinder cones lapilli
tuffs predominate, whereas tuff with few lapilli mantles the walls of
the caldera, suggesting that sorting was gravitational, with the larger
fragments falling closer to the vent. However, cow-dung bombs, averaging
50 centimeters in diameter, and spatter are plastered against the eastern
wall of the caldera, a half mile from their source. It is clear from
their position that they originated from Lofia cone as a result of a
directional blast.

The lapilli tuff of Lofia cone contains some angular blocks. A
block selected at random is petrologically very similar #o a small
porphyritic basaltic-andesite lava flow interbedded with the lapilli tuff,
Thin lava flows interspersed in spatter and tuff are exposed in the crater
walls of Lofia cone and appear to be the same as the basaltic-andesite
flow and block. |

In thin section the porphyritic basaltic-andesite flow (chemical

analysis 17) is seen to be crowded with phenocrysts of calcic plagioclase,



20.
augite, pigeonitic augite, pigeonite, augite with.pigeonite cores, and
olivine. 1In addition, rounded and embayed xenocrystic augite 1is present,
The olivine crystals do not have reaction rims, but are anhedral in shape.
Labradorite and pigeonite are present in the groundmass. The texture is
intersertal; groundmass minerals are surrounded by dark tachylitic glass.
In hand specimen, small aggregates of olivine are present. Hypersthene
is absent.

Refractive indices of glass from cinder samples ranged from 1.559
to 1.563 ¥ 0.002, indicating Si0, percentages of about 52 to 53, which
are equivalent to basaltic andesite. The glass is both red and green-
gray. The green-gray glass has partly devitrified to needles of green
clinopyroxene and plagioclase. If the red glass is the result of ferric
iron, then the green-gray glass may contain an abundance of ferrous iron
which has not yet undergone oxidation.

All lava flows of the Lofia Formation are within the caldera, and
all are relatively thin when compared to those of the Hamatua Formation.

Most of them appear to be rootless. However, this is not certain, for

the large volume of pyroclastics may cover their sources. Only one con-

tinuous lava flow can be seen. It is an aa flow, of andesitic composition,

approximately 0.75 miles long and 0.25 mile wide, which poured out of the

dormant southern vent and terminates at the crater lake.

GEOLOGIC STRUCTURE

Faults
The largest structural features on Tofua are faults associated
with caldera collapse. These are classified into three main groups:

1) faults bounding the sunken block of the caldera; 2) faults related to
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the caldera-boundary faults which have been centers of volcanic eruption
either during or after the collapse of the caldera to its present size;
3) faults on the rim of the caldera that do not have associated
volcanism.

The author mapped the caldera-boundary faults at the base of the
escarpment. Their maximum displacement is more than 1500 feet, since
the base of the escarpment is sometimes buried by later volcanics. Even
though parts of the caldera-boundary fault zone are buried, its trace
can be seen because of recent escarpments in the later volcanics of the
Lofia Formation.

Along the southern lake shore, the caldera-boundary fault zone
consists of two major faults, between which is a large down-dropped
portion of the fim. It takes the shape of a giant step. Its surface
is a platform that slopes westward approximately 9°. On the east side
of the platform the upper fault is a hinge fault along which cinder cones
have erupted the unconsolidated tephra of the Kolo Formation.

Although the caldera-boundary faults appear as one continuous fault
on the geologic map, in actuality the base of the caldera escarpment is
probably a zone of many closely spaced fractures.

The faults of the second category are the most numerous. These
faults are concentric to the caldera and are found on the northern,
eastern, and southeastern rim of the caldera, and represent the outward
migration of the caldera boundary. However, this is not the case at the
western and southwestern rims, where there are no faults beyond the main
caldera boundary.

Most of the faults along the eastern rim have acted as conduits

for rising magma, and thus were the source vents for the pyroclastic
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eruptions of the Kolo Formation. Radiating fissure eruptions were not
found on Tofua.

The two major vents within the caldera may lie on a single fissure.
There is no direct evidence for this, except that the two cones appear
to have been formed at or about the same time, although only one con-
tinues to be active.

Faults of the third variety are found on the eastern rim of the
caldera and are high angle normal faults. Where these faults occur
along with those with associated volcanism, they are typically on the
caldera side of the rim, and thus are directly associated with caldera
collapse. Commonly two or three faults are parallel to each other giving
riée to step faulting and grabens. Vertical displacement on individual
faults is as much as 50 feet, but averages 25 feet.

A few faults not associated with volcanism are found in the caldera
north and east of Lofia cone. They are postulated to be part of the
caldera-boundary fault zone.

Tensional Cracks

Tensional cracks extend along the southeastern rim of the calde:a,
but are not found anywhere else. Many are a few inches wide, although
some are several feet and are open to an estimated depth of 60 feet.
Little or no vertical displacement has occurred on them. The larger
cracks are concentric to the caldera, while the smaller ones meander,
following local joint patterns. They are found with faults of the second
and third groups and it is inferred that the cracks may later develop
into faults.,

Fold-1like Structures

Fold-1like structures on Tofua were formed by mantling of pre-
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existing topography by volcanic rocks. Near triangulation station F

lapilli-tuff-breccia of the Kolo Formation has the appearance of a small

anticline with dips of 20° on both sides of its crest. It was formed
by the ash mantling the caldera rim. The same structure is found where
pyroclastic rocks of the Lofia formation overlapped the northern caldera
rim. Some good examples of structures resembling plunging synclines
occur on the western coast, where froth lava followed valleys cut into
the pre-caldera surface. At the end of the froth lava eruption the
fluid lava drained away, thus lowering the center of the flow. The
resulting lava sheet resembles a syncline. Folds of compressional

origin were not found on Tofua.
PETROGRAPHY

General Statement

Ninety=-eight thin sections were examined in detail. It was
necessary to cut two or more sections of many of the rock specimens
when undesirable mineral orientations were obtained with the first
section.

Rocks were classified by color index and the amount of free silica
present as observed silica minerals. However, the latter method is not
always dependable, as some of the more silicic chemically analyzed
samples do not contain any observable silica minerals. The excess
silica is probably contained largely in the glass.

Plagioclase Feldspar

Plagioclase feldspar is by far the most abundant mineral present.
Most of the rocks contain phenocrysts of plagioclase; all have plagio-

clase in the groundmass. Even vitreous cinder exhibits fine needles of
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feldspar. These necedles are probably plates secen on edge.

Plagioclase is typically lath shaped in thin section, showing a
subhedral crystal habit. A few phenocrysts are euhedral, and may be
situated near a phenocryst of the same composition that is deeply
embayed by the groundmass. Similarly, a single rock specimen sometimes
contains phenocrysts of widely varying compositions, Phenocrysts of
plagioclase range in size from 2,0 to 0.3 mm long. Groundmass laths are
from 0.5 to 0.08 mm. The smaller laths are abundant in the andesites.

In the andesite and dacite of the Hamatua Formation, plagioclase
phenocrysts often form glomerocrysts, either with themselves or with
other minerals. Feldspar laths in the groundmass are usually in a
hyalopilitic textural relationship with the other minerals and inter-
stitial glass. ‘Intersertal and intergranular textures are seen in the
basaltic andesites of the Hamatua Formation and those of the Lofia
Formation.

Whether as phenocrysts or in the groundmass, plagioclase laths
are often normally zoned, though in some crystals reverse zoning is also
present. Normal oscillatory zoning is common, and is probably due
simply to falling temperature. Vance (1962, p. 751) proposes that
oscillatory zoning is due to a fluctuation of supersaturation and
undersaturation between the plagioclase crystals and the adjacent melt.
Reverse zoning, when present, is found only locally in a crystal.

Rittmann's zonal method was used with a four-axis universal stage
to determine the composition of zoned plagioclase (Emmons, 1943, p. 115-
133). The combined albite-Carlsbad twin law method was used to
determine composition of unzoned plagioclase following the graph in

Heinrich (1965, p. 365). Where microlites of plagioclase were in the



groundmass, 12 extinction angle measurements were taken; the largest
extinction angle was applied to a graph in Heinrich (1965, p. 364).

Very commonly in the zoned phenocrysts, the cores are rounded.
Composition of the cores range from Angy to Angg, whereas the rims
range from An53'to Ango. Zoned groundmass plagioclase is more sodic,
the cores ranging from An59 to An38 and the rims from Ang gy to Angsg.

Twinning is very common, with albite, Carlsbad, and combined
albite-Carlsbad twins. Pericline twinning is present but to a lesser
degree. In the Hamatua and Lofia Formations, where plagioclase forms
glomerocrysts more complicated twin laws are sometimes represented.

The rocks of Tofua contain a high percentage of labradorite-
bytownite feldspar, whether the rocks contain free silica minerals or
not.

Inclusions in Plagioclase

Some of the plagioclase phenocrysts and larger groundmass laths
contain inclusions of glass, magnetite dust, and microlites of clino-
pyroxene, Similar inclusions have been reported by Kuno (1950, p. 968-
969), Swanson (1966, p. 1303), and Macdonald and Katsura (1965, p. 475-
482). They are common in orogenic andesites and related rocks.

The forms of the inclusions are quite varied. In some cases they
occur only as elongated blebs usually parallel to the (010) face, in
the core of the feldspar crystal. When found in glomerocrysts of
plagioclase, the inclusions tend to form in zones of rounded blebs,