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ABSTRACT

A 10 km wide coastal strip of the Aileu Formation was mapped in
detail. This section of the north coast of Timor lies 70 km south of
a recently active island arc and was chosen as a potential type
example of the deformation style in an arc-continent collision zone.
In addition a brief study was made of the petrography and chemistry of
altered igneous rocks from this coastal strip and igneous rocks of a
similar age from other regions in East Timor.

The Aileu Formation is composed of metamorphosed shales,
siltstones and arenites with minor limestones and basites. The meta-
morphic grade of this formation is zoned from lower greenschist facies
in the southwest to upper almandine~amphibolite facies in the east.

Five structural phases are recognised. The first generation is a

H

cleavage or schistosity which predates the single prograde metamorphism.

No folds were founa associated with this foliation and its significance
is unknown. The second deformation phase occurred in the Late Miocene.
It syn~ and post-dates the prograde metamorphic event, produced £ight
folds and transposed the compositional layering and early cleavage on
all scales. The last three deformation phases produced open to gentle
macroscopic folds. Correlations with structural data from other
formations suggest the third and fourth phases occurred in the Late
Miocene and the fifth deformation occurred in the Early Pleistocene.
The major high angle faults, which form the boundaries of the Aileu
Formation, were also active in the Early Pleistocene.

The amphibolites and altered dolerites of the Aileu Formation are
transitional, in composition, between alkaline and tholeiitic basalté.
Permian and Mesozoic basalts and dolerites from other regions in East

Timor include both alkaline and tholeiitic compositions. All these



xi

igneous rocks are characteristic of continental rift valleys and ocean
islands. However the associated sedimentary rocks were deposited on a
continental shelf or slope. There is no evidence that the Aileu
Formation or the Permian and Mesozoic formations were not formed on
the Australian continental margin.

The geology of Timor is consistent with its evolution as a rift
valley in the Late Palaeozoic and Early Mesozoic, and a trailing marxrgin
from the Cretaceous to the Early Miocene. Structural data suggests a
Late Miocene arc—continent collision. There has been post-orogenic
uplift and minor additional deformation in the Plio~Pleistocene.
Comparison of Papua New Guinea with Timor suggests that the mobile belt
in arc-continent collisions is characterised by medium pressure meta-
morphism, relatively coherent deformation style, and a short history of
orogenic activity. Little evidence of thrusting or imbrication has
been uncovered and their importance as deformation processes in this

environment remains speculative.
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CHAPTER 1

INTRODUCTION

1.1 PREAMBLE

The island of Timor forms part of the Malay Archipelago and, with
an area of 32,300 kmz, is the largest of the Lesser Sunda Islands. The
island lies 700 km north west of Darwin and is separated from Australia
by the Timor Sea. In the north Timor is bounded by the Savu Sea and the
Wetar Strait (Fig. 2).

Portuguese navigators first discovered Timor around ISIIT Dutch
and Portuguese colonialists squabbled over the division of the island
until 1859. From 1859 to 1940 the island was split into two well defined
political entities. The Dutch controlled most of western Timor and the
Portuquese controlled the eastexn section and a few enclaves in the west.
After the second World War the western portion of the island was incor-
porated into the new Republic of Indonesia. Indonesia annexed East
Timor (previously Portuguese Timor) in 1975.

East Timor has a rugged, mountainous terrain reaching 3000 m above
sea level. With a latitude of 8° to 10° south it has a tropical climate.
6n the coast mean daily maximum temperatures vary from 32OC in December
to 30°C in July. Mean daily minimum temperatures range from 25%¢ to 22°c.
The north coast has a wet season from November to May with a rainfall of
about 750 mm per year. The south coast has two wet seasons, November to
April and -June to August. The central highlands are wetter and have a
consistently cooler climate.

The northern and eastern parts of East Timor are covéred in
savannah grassland with scattered eucalypts. In the south tropical rain-

forest occurs on the better soils. The central highlands are
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predominantly grassland, possibly due to human activity, with local
patches of temperate forest. The main crops are maize, rice, peanuts,
copra, rubber and coffee. Common domestic animals are water buffalo,
cattle, pigs and goats.

The capital of East Timor, Dili, lies on the north coast (Fig. 3)
and is the major seaport. Baucau, 80 km east, is the second largest town
and has the international airport. The majority of the total population
of a half a million people live in small villages associated with
subsistence agriculture. A number of larger villages provide markets and
access to some industrial goods.

The area mapped in this project is a 10 km wide coastal strip from
Dili to Manatuto (Fig. 3). This strip contains a major ridge reaching
1345 m at Mt.Curi, in the east, and always higher than 500 m. The
vegetation is predominantly savannahlgrassland which is usually burnt off
in July or August. There is little agricultural activity in this area,
because of the poor soils and, away from the capital, it is sparsely
populated. A good unsealed road runs along the north coast from Dili to
Manatuto. There is a minor unsealed road to Laclo (Fig. 3). The Laclo
Valley contains a few small rice growing areas. The only other centre of

significance in the area is Metinaro.

1.2 PROPOSED MODELS FOR THE TECTONISM OF TIMOR

The island of Timor lies just to the north of the Northwest Shelf
of Australia. It is separated from the shelf by a trough 3 km deep.
However marine seismic refraction indicates the trough is underlain by
crustal rocks which are characteristic of continental areas JCurray et
al., 1977) and gravity modelling confirms that continental crust continues

to the northern edge of Timor (Chamalaun et al., 1976). About 100 km north
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of Timor there is a line of volcanic islands (Fig. 2) known as the Iﬁner
Banda Arc. This arc has active andesitic volcanoes along most of its

"length and is continuous with the volcanic chain through Java and Sumatra
(Ssunda Arc).

The island is presently rising rapidly (e.g. Chappell & Veeh, 1978)
and has undergone a major orogenic event in the recent past. The geology
is dominated by strong faulting and there is a large range of lithologies
on the island, often as small fault bounded blocks. Many of the litho-
logies are similar to rocks of the same age on the continental shelf to
the south, while others have been correlated with lithological associations
found in Supdaland. Some rock suites characteristic of abyssal sediments
have been reported. There is a wide range of igneous rocks in different
structural settings and of variable age. This range of lithology and
complexity of structure has given rise to a diversity of tectonic inter-
pretations.

The most commonly proposed models of Timor can be plotted on a
ternary diagram (Fig. 4) where the three end members are (a) a thrust
pile, (b) a melange, and (c) a strongly deformed autochthonous orogen.
There are recent publications supporting models which lie close to all
three end members. The early workers developed a thrusting model which
included strong deformation. The descriptions of the early workers -
suggest a model lying between a thrust pile and a melange. The individual
sheets are strongly disjointed and deformed. For the purposes of this
thesis the early workers are taken as a consolidated group which developed
a general thrust model. This model makes no specific proposals about the
origins of the lithological units in the thrust sheets. A description of
this model is given in Section 4.3. The other major models %re also
discussed in Chapter 4 but a brief summary is included below to demonstrate

the wide diversity of interpretation.
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Figure 4. Schematic representation of the models proposed
for the structure of Timor.
l. Early thrust models
2. Leme (1968)
3. Audley-Charles and co-workers
4. Grady & Berry (1977); Chamalaun & Grady (1978)
5. Hamilton (1977).



The most detailed model of the tectonics of Timor has evolved
through a series of papers (including Audley-Charles, 1968) and culmin-
ated with Carter et al. (1976) and Barber et al. (1977). They propose
a series of thrust sheets which were assembled in the arc trench gap
of the Inner Banda Arc during the Cretaceous and Tertiary. These sheets
include a number of continental rocks derived from Sundaland. During the
Mid Pliocene the complex was thrust over the continental shelf of
Australia and now crops out over most of Timor (Fig. 5). The thrust
complex includes the Aileu Formation which is described in Chapter 2, and
some of the Permian rocks which are discussed in Chapter 3. The evidence
for this model is strongly linked to stratigraphic correlations of the
units with Sundaland. The lowest Sheet contains Cretaceous to Miocene
deep water sediments. The next highest sheet includes crystalline base-
ment and shallow water Cretaceous to Lower Miocene sediments. The
contrast between shallow water sediments unconformably overlying
crystalline basement and the deep water carbonates ten kilometres to the
south is cited as strong evidence for major thrusting. The next highest
sheet contains Permian limestones and shales grading to phyllites and
schists in the north. These limestones have faunas with Tethyan
affinities and this correlation is the principal datum suggesting a
Sundaland origin for the thrust pile. There are several minor overlying
sheets.

Hamilton (1973, 1977) and Fitch & Hamilton (1974) have suggested
the island of Timor is composed of a melange in which the "formations”
recognised by fieldworkers are actually blocks in a plastic matrix. The
blocks are predominantly of sediments deposited on the outer continental
shelf of Australia. A cross-section illustrating the propésed model is
shown in Figure 6. The model is based on the reported complexities in

the geology of West Timor, marine seismic reflection profiles across the
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10

Timor Trough which show possible underthrusting, and the apparéntly
continuous Benioff zone around from the Java Trench to the Banda Arc.

In contrast to the earlier models, Grady (1975), Grady & Berry
(1977) and Chamalaun & Grady (1978) found no evidence for the widespread
allochthonous elements suggested in the other models. They contend
that the geology so far revealed by work in Timor, is consistent with an
autochthonous or para-autochthonous origin of almost all the rock types
found there. The complexity of the geology is the result of rapid
stratigraphic facies variations, multiple deformation and intense block
faulting. The resultant model for Timor is shown in Figure 7.

These three recent examples of models for the structure of Timor

are representative of the range of interpretations that have been made.

In part the models reflect the conceptual framework of the proponents

but they are also an illustration of the lack of detailed geological
knowledge which might place constraints on the interpretations. The
present study was initiated with a view to improving these constraints.
The models differ significantly in the proposed tectonic history of many
stratigraphic units. In the first model (;thrusting") there are strati-
graphic units from several tectonic environments. They should differ in
deformation history, metamorphism and igneous rock associations. The
second model proposes an evolving tectonic environment where 1arée blocks
and sheets may be rotated, deformed and metamorphosed at high pressure.
In contrast the third model implies that the units now found on Timor
were originally deposited oh the continental margin of Australia and are
autochthonous. Units of the same age should have a similar deformation
history and the orientation of structural elements should be consistent
between crustal blocks. The differences between these modéls suggest

a detailed structural history of individual units will be a significant

test of their validity.
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The geology of Timor is especially of interest because of its
position at a collision margin. As world maps of plate interaction show
the Banda Arc to have a subduction rate, normal to the arc, of 6 cm/yr
(Le Pichon et al.,1973) there is little doubt that Timor is the site of
a very recent or possibly presently active arc-continent collision.

Such an interpretation is implicit in all three of the models described
above. Thus it is probably the youngest example of this type of orogenic
belt in the world. Comparisons of the structural history of this island
with other examples may lead to the development of criteria for
recognition of arc-continent collision in older rocks. This aspect of

the work is discussed in Section 5.5.

1.3 DESIGN AND LIMITATIONS

The project reported in this thesis had a two-fold aim. Firstly,
recognising the wide gaps remaining in our knowledge of the geology of
Timor, it set out to determine the structural and metamorphic history of
a few of the complexly deformed stratigraphic units established by
earlier workers. For reasons discussed below the work concentrated on
a section of the Aileu Formation. Some reconnaissance work was done on
the nearby féult blocks. Mapping in this area drew attention to several
other substantial problems. The potentially most rewarding of these was
the nature of altered igneous rocks found in these units. Suites of
these igneous rocks from several localities were studied briefly so as to
outline their petrography and chemistry. This essay could hot hope to
fill in all the significant data in these fields for an area as large and
complex as East Timor, but it was planned so as to make a sybstantial

beginning.
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A second important aim of the work was to consider the new data
in the context of the stratigraphy of Timor. Specifically it was
planned to test for contrast in tectonic style between adjacent blocks
which some models propose may have a different history due to large
scale thrusting or pervasive imbrication. Contrasts in deformation
history, metamorphic type and tectonic environment of deposition are
considered.

A major block of metamorphic rocks, Aileu Formation, crops out in
the northwest of East Timor. Four factors favoured the detailed
investigation of a coastal strip in this region. Firstly as it occurs
along the portion of Timor nearest the Inner Banda Arc, the effect of
the arc~continent collision should be very strong in these rocks.
Secondly, the strong re%ief, sea level to 1345 m, has produced a moderate
density of outcrop over a significant area. The capital of East Timor
is within this area and a road along the coast provides relatively easy
logistics. Lastly, the rocks have been interpreted in different tectonic
positions by the different models for Timor. It occurs on two thrust
sheets in the specific thrust model of Carter et al. (1976) and is one of
the few units that has been interpreted as part of the thrust complex by
most workers in East Timor.

Because of the diversity of debate, it was important to provide
additional evidence of as complete and factual nature as possible. This
required a detailed and extensive study of the metamorphic rocks so as to
derive an unequivocal deformation history. Such a study involved a large
percentage of the available time. Final model testing would require
similar studies in other rock types which could not be completed within
the period of this work. 1In the original planning it was ehvisaged that
a less detailed but still significant study of the adjacent Permian and

Mesozoic deformed sediments would be used as a comparison. However
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poiitical disturbances in September 1975 precluded the completion of
field work. Although the structure of the metamorphic rocks was
resolved, the data available from other units is of a sketchy and in-
conclusive nature. The premature termination of field work forced a
shift towards laboratory oriented tests of the models. A petrological
study of the available igneous rocks was made to check for the diversity
of tectonic history suggested by the thrusting hypothesis.

The data collected from the Aileu Formation is discussed in
Chapter 2. A short discussion of stratigraphy and igneous petrology is
followed by a detailed description of the structure, mineralogy and
microstructures. The variation of geological character is usually shown
by separate descriptions of the metamorphic zones (Fig. 42) as this
provides a succinct subdivision of the region. Other rocks in the study
area are discussed in Chapter 3.

No attempt is made in Chapters 2 and 3 to consider the models.

The data is considered only in terms of the general assumption that Timor
was or is a site of arc-continent collision. Chapter 4 is a aiscussion
of the models in relation to the data and some regional implications are
considered. The conclusions of this discussion are summarised in

Chapter 5.

1.4 PREVIOUS WORK

1.41 The Aileu Formation

The Aileu Formation was originally defined by Audley-Charles (1968).
He combined a part of the "North Coast Schist" (Bemmelen, 1949; Grunau,
1953, 1957a) with the lower section of the "Maubisse Series% of Gageonnet
& Lemoine (1958). The boundaries of the newly defined formation were

interpreted as thrust faults, including the boundary with the Maubisse
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Formation (of Audley-Charles, 1968). Gageonnet &.Lemoine (1958) argued
that their "Maubisse Series" and the "North Coast Schist" were facies
equivalents despite being on separate thrust sheets. Leme (1968) stated
that there was no evidence of a tectonic discontinuity and proposed that
the boundary between the lower part of the "Maubisse Series" and the
"Dili Series" (Aileu Formation) is a facies variation. Carter et al.
(1976) agreed with this interpretation and redefined the boundary
between the Maubisse and Aileu Formations as a transition in both strati-
graphy and deformation style.

The Aileu Formation consists of a series of shales, siltstones,
and minor quartzo-feldspathic sandstones with rare limestones and
volcanics in the south, but grades through phyllites and carbonaceous
slates to biotite schists and amphibolites near the north coast (Audley-
Charles, 1968; Barber & Audley-charies, 1976). Mapping of the formation
has been restricted to reconnaissance surveys except near Manatuto.

Here the Allied Mining Co. (Wittouck, 1937) mapped'a small section of
the metamorphic rocks and the associated ultramafic rocks. Lack of
adequate topographical control restricts the usefulness of this map
which was prepared as part of a study to assess the chromite deposits
associated with a serpentinite. More recently, for the same area, the
BHP Co..Ltd. drew a geological sketch map showing s;me detail within the
Aileu Formation.

The age of sedimentation of these rocks is not well known.
Gageonnet & Lemoine (1958) identified Permian fossils in the lower part
of their Maubisse Series which Audley-Charles (1968) used to imply a
Permian age for the entire block. ILeme (1968) reported the occurrence
of Atomodesma bisulecata Dickens, implying a Lower Permian age for rocks
just south of Aileu. Brunnschweiler (1978) found phyllites containing

Jurassic fossils on the southern boundary of the Aileu Formation 15 km
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southwest of Aileu. The fossil evidence therefore suggests this formation
contains sediments of Jurassic to Permian age with the possibility of a

substantially greater range.

1.42 Other rock groups

The deformed Permian and Mesozoic sediments to the south and east of
the metamorphic rocks have been mapped in various degrees of detail.
Between Manatuto and the eastern section of the Aileu Formation, Permian
and Mesozoic rocks were mapped by Gageonnet & Lemoine (1958). They found
fossils of Permian, Triassic and possibly Jurassic age and interpreted
their distribution as indicative of thrust faulting. The remainder of the
sediments along the Laclo valley have been variously classified as
Mesozoic (Gageonnet & Lemoine, 1958), Jurassic (Audley-Charles, 1968), and
Triassic to Jurassic (Léme, 1968) .

Other rocks worthy of mention include the peridotite (Fig. 1,
Section 3.41) which was reported as an intermediate volcanic rock by
Wittouck (1937), and a group of hornblende-plagioclase rocks nearby which

have been included in the Aileu Formation by Wittouck (1937) and

Audley~-Charles (1968).

1.5 DATA COLLECTION

The region selected for study lies on the north coast of East
Timor between Dili and the mouth of the Laclo River (Fig. 3). For ease
of access it was restricted to a strip approximately 10 km wide. The
Laclo River and the River Liho Bani provided convenient natural
boundaries for the study. The region between these rivers and the
coast contained a single major ridge reaching 1345 m at Mt} curi and

always higher than 500 m.
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Located at 8% S the climate has a distinct dry season from May to
October. Vegetation cover is mainly tropical grasses with scattered
eucalypts. Fresh rocks crop out in the steep gullies and rivers on both
sides of the major ridge. During the dry season these watercourses are
either dry or have a much reduced flow so that outcrops were readily
accessible. Strongly weathered rocks crop out on the ridge crest, and
provide control of lithological distribution but the structural details
are rarely preserved. Thin skeletal soils cover the remaining area
regardless of slope.

The mapping was carried out over two field seasons. The initial
phase was’three months of field work, during 1974, designed to obtain a
uniform geological cover. This involved traversing the range via major
gullies at every suitable location. As there are no significant popu-
lation centres within the field area the traverses usually started from
the main north coast road and involved climbing up onto the ridge by a
creek and then down to the rivers in the south, followed by a return to
the road at a gully further along. The journey usually took five days.
The set of north-south traverses were made with an average spacing of
2 km. During 1975 four weeks of field work, designed to fill in gaps
identified by analysis of the previous years' data, was completed before
politicél disturbances férced curtailment.

Topographic control was provided by l:SO,QOO contoured maps made
available by the Missao Geografica de Timor. Where steep gullies made
exact map location difficult, an aneroid altimeter provided extra control.
Locations are accurate to 50 m. Aerial photography, 1:30,000 scale, was
available for use in Dili from the local authorities. Copies of these
aerial photographs for the eastern section of the study reg&on were made
available in Australia by BHP. The aerial photography was used in

production of the lithological map but the youthful topography limited its



value. The distribution of massive carbonate bodies and the fault
boundary of the metamorphic rocks with the sedimentary sequences can be

interpolated using aerial photographic techniques but other boundaries

are seldom visible.
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CHAPTER 2

THE AILEU FORMATION

2.1 LITHOLOGY

2.11 Dpata

The Aileu Formation consists of a sequence of pelitic, psammitic
and basic rocks which have been strongly deformed and metamorphosed.

In the southwest the rocks are mainly pelitié phyllites and altered
dolérites. The grade of metamorphism increases to the north and east.
In the far east amphibolites are the major rock type with:less common
pelitic and psammitic schists. It is tempting to regard many of the
lithological boundaries, both observed and interpreted, as original
bedding surfaces. However such an interpretation may be highly mis-
leading due to the intense multiple deformation and limited exposure.
In particular there is strong evidence that the second deformation has
transposed the lithology on scales from several millimetres to several
kilometres (see Section 2.3). The style of the first deformation
suggests that it might also have caused some transposition. Because of
these complicating factors, and the absence of stratigraphic facing
indicatsrs, it is not possible to establish an order of stratigraphic
superposition.

The age of the Aileu Formation in the map area remains problem-
atical. The evidence of a ILower Permian age from rocks near Aileu (Leme,
1968) and the interpreted transitional relationship with the Permian
Maubisse Formation (Leme, 1968; Carter et al., 1976) can be tentatively
extrapolated to indicate a Permian, or near Permian, age for the sedi-
mentation of the rocks in the map area. This is supported by crinoid

ossicles of Palaeozoic type found 10 km east of Dili (Barber et al., 1977).
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Some fossil relics occur in calcareous quartz chlorite muscovite
phyllites* approximately 2 km southeast of Dili (lat. 8035.65'5,
1ong; 125036.36'E) but while.fragments of crinoid stems, a gastropod
and a possible nautiloid were found none of them weré identifiable
(K.S5.W. Campbell, pers. comﬁ.).

The recrystallisation of rocks in the Aileu Formation has
destroyed most of the small scale sedimentary features. Only one
example of heavy mineral laminations was found; in a quartzo-feldspathic
schist 5 km ENE of Dili. No other recognisable bedding plane structure
was observed. The lack of sedimentary structures, sparsity of fossils
and strong deformation restricts the development of sedimentological
interpretations for the Aileu Formation.

Lithological divigions have been chosen to aid mapping. They are
not of stratigraphic but strictly of compositional significance and the
boundaries between them are often gradational. The most widespread rock

type (Fig. 1) is the "Pelitic phyllites and schists with minor

quartzites, quartz schists and amphibolites.” It has greater than 70%
pelitic material over a minimum distance of 100 metres. Almost all the
rocks south of the Western Laclo Fault (Fig. 1) are in this group.
North of the fault there are significant interbeds of quartz rock units
especiaily near Mt. Cacussa (Fig. 3). To the east the pelitic rocks
still dominate but a more complex'interfingering occurs until in the far
east pelitic material is uncommon in zones large enough to map.

Chlorite albite quartz muscovite phyllites are the most common
rocks of the area south of the Western Laclo Fault. They are usually
finely laminated and contain quartz veins. Carbonaceous slates and

phyllites are common. Other compositions include altered dolerites

* Following Winkler (1967) the least abundant mineral is written first.
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(see Section 2.2) and mica feldspar quartz phyllites. The latter are
often massive and 0.5 to 3 metres thick. They are interpreted as
original siltstones and quartzo-feldspathic sandstones. The least
micaceous of these rocks have rare pelitic and graphitic clots. Common
minor and trace minerals include calcite, iron sulphides, ilmenite,
tourmaline and carbonaceous material.

In the southwest some of the‘mica feldspar quartz phyllites retain
a recognisable sedimentary texture. Specimen #3-1-274* has relict
sand grains in a recrystallised fine grain matrix (Plate I). The grains
are matrix supported and up to 1 mm in diameter. They are predominantly
guartz but a significant proportion (approximately 5%) of the grains
are plagioclase. The éuartz grains have a moderate sphericity and a low
roundness. The plagioclage is well rounded.

Further to the north and east the pelitic rocks are biotite albite
quartz muscovite schists, and equivalent changes in mineralogy due to
increasing metamorphic grade occur in the quartz-rich rocks. Thin
amphibolites and altered dolerites (see Section 2.2) occur in these rocks
but are too small to map independently.

"Ouartzites, quartz schists and pelitic phyllites or schists"

includes all sequences with more than 30% psammites. Quartz schists are
the most common of the psammites. They contain 60 to 80% quartz, 5 to
20% muscovite and biotite, with the remainder plagioclase. Rarely a rock
of similar appearanée in hand-specimen has more plagioclase than quartz.
A small percentage of quartzite, greater than 80% quartz, occurs in the
east. The pelitic rocks of this classification are similar to those

described in the previous section. <

* a1l specimen numbers are preceded by the symbol # and refer to the

Flinders University Discipline of Marine Geology and Geophysics
Collection. Specimens are housed in the School of Earth Sciences.



PLATE I A. Detrital grains of albite and quartz in a fine grain
recrystallised matrix. (Sample #3-1-274, crossed
polarisers, field of view 1.2 mm x 0.8 mm.)

B. Inclusions of subhedral plagioclase in a phenocryst
of clinopyroxene. Sketch below outlines inclusions
of plagioclase (P) and clinopyroxene (C). (Sample
#3~-1-28, plane polarised light, field of view
3mm x 1.8 mm.)







23

Two examples of psephites were found. An outcrop of gquartz schist
containing quartz-rich prolate ellipsoids with an approximate axial
ratio of 20:2:1 crops out at latitude 8°31.74's, longitude 125°52.77'E.
This is probably a strongly deformed and metamorphosed conglomerate.
However it was only found in a single exposure in an area of poor outcrop
so that the distribution of this sediment type is unknown.

A feldspathic rock crops out on the wave cut platform at Fatossidi
Point, 6 km northeast of Dili. This rock is composed of rounded masses
of feldspathic material, containing numerous coarse hornblénde crystals,
surrounded by thin zones of quartz biotite schist (Plate II). The texture
implies that the original rock type was a boulder bed (grain size of
20 to 50 cm). The lithologies in the immediate vicinity are quartz
schist and amphibolite. Neither of these is represented in the boulders
so that an origin as a metamorphosed tectonic breccia is unlikely. There
is no obvious source material for the boulders other than some feldspathic
veins which cut through the amphibolites in a few restricted locations
{e.g. 2 km to the west). BAs these veins are thin (less than 50 cm) and
rare, they are unlikely to be a source for the boulders.

The quartz schist was not found south of the Western Laclo Fault-

In the northwest, there are regular alternations of this unit and the

pelitic phyllites and schists with an apparent thickness of 500 m. The

guartz schist is also common in the east where it forms lenticular layers

up to one kilometre in apparent thickness.

Amphibolite lenses of more than 50 m are shown in Figure 1, where

either separate traverses or the aerial photographic interpretation
suggest a significant extension along strike. Altered dolerites in the
" Aileu Formation south of the Western Laclo Fault are includéd in the

general category "amphibolites - larger mappable lenses". The nature of

these altered and metamorphosed basic rocks is discussed in Section 2.2.



PLATE IT

Feldspathic conglomerate on the coastal cliff near
Fatossidi Point. (The field of view is 3 m x 2 m.)
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The evidence suggests they are dolerites of alkaline and continental
tholeiitic affiliation. The lenses seldom reach more than 200 m
apparent thickness.

Marble and partially recrystallised limestone is a minor component
of this area of the Aileu Formation. In layers, usually less than 100 m
thick, it occurs in the east and along the Laclo Fault. There is a
distinct spatial relation between the fault surface and marble. The
white coarsely crystalline marble of the east grades through pale green
and purple marble to the pale green and rarely pink limestone of the west.

"Amphibolites, pelitic and calcareous schists, thin marble layers"

occur in a large mass at the eastern end of the Aileu Formation. The
major component is the layered amphibolites. The layers are approx-
imately one metre thick with thin carbonate lenses, pelitic or calcareous
schist separating the amphibolite 1aYers in many places. The pelitic
schists (gneisses in the sillimanite zone) contribute less than 5% of the
total rock. The larger lenses of marble have been mapped separately but
most are closely associated with this rock type. The whole mass is
characterised by its strongly layered character and predominantly basic
composition.

The "layered ultrabasic rocks" crop out for 200 m in a gully at

the southwestern corner of the Aileu Formation. The layering in this
rock type is a contrast of a mafic composition (e.g. clinopyroxene 90%,
sphene 10%) with a calcium~rich composition (e.g. epidote 40%, garnet
20%, bytownite 20%, carbonate 20%). While the mineralogy is essentially
metamorphic, the layering is subparallel to the layering in surrounding
rocks. The compositional layers are 5 to 10 cm thick.

The contact of the ultrabasic rocks with surrounding éhphibolites

and schists is not exposed. Interpretation of aerial photographs

suggests the body extends to a faulted contact with the serpentinite
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massif to the east and lenses out quickly to the west (Fig. 1). The
ultrabasic composition strongly suggests an igneous origin and the
compositionai layering is comparable with the fine scale (a few mm to
5 cm) rhythmic layering of pyroxenite and feldspar in the feldspathic
rock (allivalite) of the Rhum complex (Wager & Brown, 1968). BAn alter-
-
native is that the layers were produced by metamorphic differentiation.
However as the layers were continuous within the outcrop and show no
evidence of fold structures (c.f. Ghaly, 1969) an igneous origin is more
probable. The layered ultrabasic body is interpreted as a metamorphosed
sill with a lateral extent in excess of one kilometre and a thickness of

200 m.

2.12 Discussion

The area contains significant components of three major classes of
sedimentary material and while they interfinger on a small scale there
are distinct zones in which particular types of sediment dominate.

The psammitic material is close to a greywacke composition. Where sedi-
mentary textures can be recognised the sand fraction is predominantly
quartz but includes plagioclase. While insufficient information is
available to obtain the environment of deposition of this rock the poor
sorting, both grain size and mineralogical, argues for rapid sedimentation
and/or a low energy environment. The presence of detrital feldspar
suggests a limited distance from the source area.

There are few relict fossils. 1In the east this may be a function
of the total recrystallisation of the rock, but south of the Western
Laclo Fault it is probably indicative of generally sparse faunas origin-
ally. The dominance of crinoid ossicles among recognised fossils
suggests a vigorous transportation of the sediment and confirms their

marine origin.
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The pelitic rocks contain a large proportion of éarbonaceous
shales. These also contain iron sulphides. These factors indicate
reducing conditions during diagenesis. Either the muds are rapidly
protected from the bottom water or the water has a low oxygen fugacity.
In combination with the rarity of fossils and presence of greywackes,

~
rapid sedimentation is more probable. The presence of carbonate as a
minor component of pelitic rocks indicates that deposition occurred
above the carbonate compensation depth.

The stratigraphic thickness of the Aileu Formation cannot be
accurately determined. Assuming no macroscopic isoclinal folds, the
moderate dip of the phyllites suggests a thickness of 4 km north of the
Western Laélo Fault and 3 km between it and the River Liho Bani.

However this apparent thickness may bear little relation to the original
stratigraphic fhickness. The strong contrast in metamorphic grade
within the Aileu Formation (see Section 2.4) implies that the rocks
occupied depths ranging from 10 km (for rock near Remexio) to 20 km

(for rocks from the eastern section) at the time of the prograde meta-
morphism. "However there may have been a major deformation before this
period. While no exact measurement of stratigraphic thickness is
possible the evidence suggests a stratigraphic thickness of the order of
5 to 10 km.

The earliest work on the stratigraphy of the Aileu Formation
(Wittouck, 1937) suggested that a pre-existing block of schists with
overlying limestones was intruded by a large diorite body producing a
metamorphic aureole, including the alteration of the limestone to
marble. This model was not followed by later workers (e.g. Audley-
Charles, 1968; Barber & Audley-Charles, 1976) nor does it appear viable .
from consideration of the present work. The amphibolites have

regional metamorphic textures and the mineralogy is not compatible with
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high level contact metamorphism. The marble is an intrinsic part of
the succession and does not sit on top of the metamorphic complex.
There is no evidence of post-metamorphic intrusions in the Aileu
Formation.

Carter et al. (1976) have suggested that the increase in gquartzo-
feldspathic material towards the north coast is indicative of
increasingly shallow water conditions northwards and a possible northern
source of sediment. The north coast does appear to have a greater
proportion of quartz-rich sediment than is found in the southern Aileu
Formation and the Maubisse Formation. However there is no evidence to
suggest that it is time equivalent with the southern units. The strong
increase in metamorphic gradé towards the north (see Section 2.4)
suggests that these rocks may come from a lower level in the original
sedimentary pile.

The Maubisse Formation consists of well bedded dense limestones,
tuffs, basic lavas, some coarse conglomerates and calcareous shales.
The limestones are rich in reef fauna and fossil debris indicating a
Permian age and the whole seguence was deposited in a continental shelf

environment (Audley-Charles, 1968). The amphibolite and schists with

interlayered marble is close in composition to that described for the
Maubisse-Formation. No other Permian‘unit from Timor has the assoc-
iation of basaltic material, limestone and calcareous sediments in the
same ratios. As the Aileu and Maubisse Formations are apparently
conformable (ILeme, 1968; Carter et al., 1976), this part of the Aileu
Formation may be the metamorphosed equivalent of the continental shelf
reefal banks of the Maubisse Formation. This would not necessarily

imply an exact time equivalence as these conditions may have' been

repeated during the sedimentary history.
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Audley-Charles (1968) described two other Permian formations from
East Timor. The Lower Permian Atahoc Formation is composed of finely
laminated monotonous black shales. The lowest member includes some
unfossiliferous massive quartz sandstones. There are a few thin beds of
limestone, tuffs and lavas. The Upper Permian Cribas Formation
conformably overlies the Atahoc Formation. It is a succession of
shales and silty shales with some black and blue grey shales, micaceous
siltstones and fine quartz sandstones. Some of the black shales are
pyritic. The arenites contain fresh plagioclase. Both formations were
described as flysch and interpreted as continental shelf or slope
deposits.

Grunau (1957a), Gageonnet & Lemoine (1958), Leme (1968), and
Audley-Charles (1968) considered the Atahoc and Cribas Formations to
be Australian shelf deposits structurally separate from the Maubisse and
Aileu Formations which were interpreted to be allochthonous. However
Crostella & Powell (1976) and Grady & Berry (1977) report interfingering
of the Cribas and Atahoc Formations with the Maubisse Formation. Also
palaeomagnetié evidence suggests that the Maubisse Formation was near
its present position relative to Australia in the Permian (Chamalaun,
1977b) .

The apparent Permian age of thé Aileu Formation and its strati-
graphic continuity with the Maubisse Formation suggests that correlations
with other Permian sediments may be useful. The sparsely fossiliferous
phyllites represent metamorphosed equivalents of a sequence predominated
by mudstones with less common siltstones and arenites. This is similar
to the composition of the Atahoc and Cribas Formations. The carbonaceous
slates with iron sulphides are closely comparable with blaék! occasion-
ally pyritic, shales. The quartz phyllites in the south contain detrital

plagioclase grains as do arenites in the Cribas Formation. Doleritic rocks
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of the Aileu Formation contrast with the basalt and tuff of the Atahoc
and Cribas Formations but the compositions have some similarities (see
Section 3.23).

The Cribas and Atahoc Formations were interpreted as correlatives
of fluvio-deltaic sediments of the Northwest Shelf (Audley-Charles,
1965e) and palaeomagnetic evidence also indicates that these formations
were deposited on the Australian continental margin (Chamalaun, 1977a).
Rocks similar in faunal association and lithology to the Maubisse
Formation were intersected in offshore drilling on the Northwest Shelf
(sahul Shoals No.l, B.0O.C.A. Ltd. 1974; Powell, 1976). BAs the Aileu
Formation is apparently continuous with these Permian formations, and
is very similar in composition to them, it ﬁay have direct correlatives
on the Australian continental shelf.

Along most of the western Australia margin a major cycle of sedi-
mentation was initiated by.rifting in the Permian and Mesozoic (Powell,
1976). Sedimentation began much earlier in the Bonaparte Gulf Basin.
Early and Middle Palaeozoic sediments have been reached in onshore wells
and these were preceded by the extrusion of plateau basalts. Cambro-
Ordovician clastics were followed by evaporites and then Devonian
reef carbonates. During the Late Carboniferous to Upper Permian more
than 6 kﬁ.of shales, sands and minor limestones were deposited along the
main axis of the basin which extends towards Timor (Laws & Kraus, 1974).
The composition of the Aileu Formation and its continuity with known
Lower to Upper Permian clastics and limestones suggests correlation with
the late Palaeozoic sedimentation of the Bonaparte Gulf Basin. This
comparison supports a Late Carboniferous maximum age for the Aileu
Formation as there is a major break in sedimentation betweensthe Upper
Devonian and Lower Carboniferous in the Bonaparte Gulf (Laws & Kraus,

1974) and this has not been recognised in the Aileu Formation.
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2.2 IGNEOUS PETROLOGY

In the east and to the north of the Western Laclo Fault (Fig. 1)
basic rocks of the Bileu Formation have been metamorphosed to amphibolites.
Little can be discerned of their original textufé or mineralogy. The
strong layering and interfingering with probable metasedimentary
material of the far éast suggests a volcanic oriq}n. However other
evidence is more compatible with intrusions. Some of the larger lenses
show fine grained edges, but whether these are relict chill zones or are
caused by increased shearing towards the boundaries is not known. Often
the bodies are strongly lenticular. One lens has a well developed
compositional layering.

Wittouck (1937) reported hornblende diorites intruded as dykes and
sills into the eastern section of the Aileu Formation. Assuncao (1956)
described the petrography and major element chemistry of several basites
which he classified as hornblende syenite, diorite and monzonite.
However later workers (for example Barber & Audley-Charles, 1976) have
interpreted all the basites as amphibolites. The microtextures of these
rocks are.described in Section 2.43. These textures are characteristic
of crystallisation of hornblende under metamorphic conditions with
variable recrystallisation of plagioclase.

In addition to these basic rocks there is a small concordant mass
of ultrabasic rocks associated with the well layered basics. This mass
is interpreted as.a small sill (see Section 2.1). The mineralogy is
entirely equilibrated with the high metamorphic grade of this area.

In the southwest most of the basites retain some igneous textures.
The most common relict textures are granular to slightly po;phyritic
medium grained rocks. Phenocrysts of clinopyroxene, and less commonly
plagioclase, up to 3 mm across occur in a matrix of variably oriented

plagioclase less than 0.5 mm in diameter. The plagioclase is now



exclusively albite, and contains inclusions of epidote indicating
alteration from more calcic plagioclase. The larger clinopyroxene
Phenocrysts commonly contain tabular inclusions of plagioclase (ophitic
texture, Plate 1).

A less common texture is an even grained plagioclase-rich rock,
poor in clinopyroxene and rich in iron titanium\?inerals and their
alteration products. The grains are all less than 0.5 mm and there is
often a weak preferred orientation of the plagioclase. Specimen #3-1-27
has this texture and the high opaque mineral content is clearly
expressed in the chemical analysis (Table 1) as a very high iron and
titanium content. The more altered basites usually have very high iron,
titanium contents and lack any relict clinopyroxene, suggesting they
originally were of this textural group. A third texture is a granular
coarse grained rock with interlockihg plagioclase, clinopyroxene and
opaque mineral grains about 5 mm in diameter. Although the textures vary
over a wide range, and may include both basaltic and gabbroic variants
at the two extremes, all the metabasites from the area south of the
Western Laclo Fault are referred to as dolerites for the remainder of
this discussion.

The contact relations of the doleritic rocks are obscure. On a
macroscopic scale they are nearly conforméble with the lithological
variations. Where the contacts crop out the adjacent phyllites ;re
often strongly sheared within the first half metre from the dolerite.

At rare outcrops where this shearing has not occurred the contact is
planar and apparently conformable.

As the textural-mineralogical evidence for the origin of these
rocks is inconclusive they were analysed for both major coﬁponents and
immobile trace components (for analytical methods see Appendix 1). Whole

rock analyses of nine amphibolites and twelve dolerites are shown in
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Major and trace element analyses of "dolerites" and amphibolites
from the western portion of the Aileu Formation.

3-1-27 3-1-28 3~-1-59 3-1-61 3-1-84
S102 42,45 46.46 48,39 44,36 46.77
TID2 4,74 1,80 1.94 2.44 2.85
AL203 14.76 14,38 14.99 13.42 14.53
FE203 2,29 2.25 1.78 4,39 2.37
FEO 14.37 11.38 ?.15 11.21 10.39
MGO 5.59 7.08 7.+62 6.95 S.84
MND 0.24 0.24 0.18 24 0.20
CAD 4,57 6.41 6.67 ?.98 771
NA20 3.48 4,17 4.85 2.56 4,46
K20 0.34 0.13 0.07 O.11 O.11
F205 0.59 0.56 0.19 0.27 . 0.32
IGN LOSS 6417 4,12 3.52 4,06 4,53
TOTAL 92.94 99.39 92.66 ?9.97 100.29
ZR 292 128 26 ?5 169
NE 47 15 14 13 24
Y 58 S50 23 38 35
RE 22 6 3 4 3
Sk 159 215 314 222 386

3-1-8%95 3-1-86 3-1-102 3-1-108 3-1-173
S102 44,15 45,19 43,91 48 .44 46432
TID2 2.59 4,58 1.71 2,19 3.43
AL203 13.54 10.67 14,77 14.52 11.27
FE203 1.74 8,38 1,34 1.83 7.38
FEO 10.00 11.67 8.13 ?.99 10,08
MGO 5.07 4,88 S.+69 7+25 4,45
MNO - 0.20 0.37 0.17 0.19 0.30
CAD 8.60 6.96 8.32 7.+52 $ 22
NAZ20 2,58 2,66 1 26 4,71 3.10
K20 0.82 0.86 0,135 0,13 0,62
F205 0,27 0,39 0.16 0.19 0.31
IGN LOSS ?.58 3.18 10,57 3,49 3.62
TOTAL ?92.33 100.09 292.30 100,16 99.37
ZR 156 158 83 104 145
NE 22 22 12 15 17
Y 30 54 19 25 48
RR 41 36 6 2 21
Sk 332 152 298 263 134




Table 1A cont.

3-1-191 | 3-1-293
8102 44,31 47.87
TI102 1.42 4,20
AL203 15,08 11,52
FE203 2,66 8.91
FEO 9.82 8.17
MGO 9.83 3.37
MND 0,20 0.33
CAD 8,59 7.07
NAZ0 2,05 3.46
K20 0.21 0.36
F205 0,15 0.40
IGN LOSS 5,38 3.44
- H20- 0.24 0.74
TOTAL 99.96 99.84
ZR 41 215
NE 7 29
Y 19 - 62
RE 9 17,
‘SR 365 47
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Major and trace element analyses of

Table 1B

portion of the Aileu Formation.

amphibolites from the eastern
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3-1-4 3-1-24 3-1-48 3-1-65 3-1-47
S102 44,97 44,94 46,65 48,22 45.15
TI02 1.68 1.58 2.29 1.05 1.09
AL203 14.14 16.16 14.15 19.96 15.28
FE203 2.14 2.20 2.15 3.69 2.45
FEO 8.05 8.43 11.87 3.77 6.13
MGO 11.29 9,14 8.20 4,45 10.54
MNO 0.18 0.18 0.24 0.18 0.14
CAD C 9,17 11.59 7 .40 13.93 15.32
NAZO 3.37 1.90 3.37 3.39 1.06
K20 0.23 0.41 0.21 0.30 0.12
F205 0.32 0.20 0.24 0.14 0.32
IGN LOSS 2,05 2,72 3.13 0.98 1.85
H20- 0.24 .22 0.23 0.11 0.09
TOTAL 29.81 | 99,67 100.14 100.16 99.53
ZR 130 85 . 135 76 67
NE 19 8 22 5 10
Y 31 25 29 22 17
RE 4 10 4 4 1
Sk 380 411 279 349 564
3-1-81 3-1-139 | 3-1-186 3-1-200
5102 47 .44 48.51 48,87 46,72
TIDZ2 1.39 2,29 1.62 2.75
AL203 14.88 13.54 14.30 14.19
FE203 3,47 2.23 2,71 3.54 ;
FEO 7.05 11.57 .98 10.93
MGO 7.22 7 .85 6.87 7.48
MNO 0.14 0.23 0,19 0.31
CAD 10.31 8.57 10.38 650
NAZ20 3.40 2.76 3.08 4,32
K20 0.27 0.15 0.29 0.27
P205 0.21 0.27 0.18 0.30
IGN LOSS 1.47 1.94 1.70 2.83
H20- 0.11 0.15 0.09 0.36
TOTAL 99.37 100.05 100.26 100,50
R 108 121 81 146
NE 11 2 11 16
Y 26 43 30 42
RE 3 2 4 5
SR 380 254 233 278
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Table 1. sample locations are shown in Figure 8. Before calculating
the CIPW norms from these analyses (Table 2) the FeO/Fe;03 ratio was
modified according to the method of Le Maitre (1976) and the analysis
recalculated to 100% anhydrous. (Normative mineralogy for uncorrected
data is included in Appendix 2). The majority of the rocks are
saturated or slightly over-saturated with respect to silica. Only
#3~1-65 and #3-1-102 are nepheline-normative. Following the classifi-
cation of volcanic rocks of Streckeisen (1967) the normative mineralogy
indicates these rocks are mainly basalts but include some alkali basalts
and andesites. Several are latite basalts [feldspar composition was
calculated by the method suggested by Le Maitre (1976)]. The normative
mineralogy ranges from very high hypersthene and no olivine character-
istic of tholeiitic basalt to high olivine characﬁeristic of alkali
basalts; The great range in composition is partly due to the iron
enrichment trends but may also be a function of the alteration.

In the total alkali-versus-silica variation diagram (Fig. 9) the
analyses plot on the boundary of the alkali and tholeiitic fields defined
for Hawaiian basalts (MacDonald & Katsura, 1964) but predominantly in the
alkali basalt field of Japanese basalt types (Kuno, 1966). Pearce
(1976) has calculated a set of discriminant functions for determining
tectonié}derivation of basalts. Applying the screen for basalts of
Ca0 + MgO between 12 and 20% the results are plotted in Figure 2. The
dolerites mainly plot in the "within-plate" field. The amphibolites plot
in the field of "ocean-floor" basalts. However the discriminant function
Fy (vertical scale) is strongly dependent on the alkali content and as
sodium and potassium are mobile during metamorphism (e.g. Wood et al.,
1976; Elliot, 1973) the value of F; may have varied due to the alteration.
The stratigraphic evidence is not compatible with an "ocean-floor"

setting. A decrease in Fy of 0.05 could produce the present distribution
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Table 2A

C.I.P.W. normative mineralogy of "dolerites" and amphibolites from
the western portion of the Aileu Formation (based on analyses
recalculated dry to 100% after correction of FeO/Fe,03 ratio).

3-1-27 3-1-28 3-1-59 3-1-61 3-1-84
QUARTZ 0.47 0.00 0.00 0.00 0.00
CORUNLDIUM 1.87 0.00 0.00 0.00 0.00
ZIRCON 0.06 0.03 0.01 . 0.01 Q.03
ORTHOC 2,13 Q.77 0.41 0.69 L0465
ALERITE 31,39 3706 42,73 22,59 39.43
ANORTHITE 20,09 21.18 19.72 26.00 20.12
NEFHELINE 0.00 0.00 0.00 0.00 0.00
TOT SALIC S56.02 59.04 62.87 49.26 60,23
DIOFSILE 0.00 6.82 10.74 19.63 14.27
HYFERSTH 24,18 11.37 1.64 12,96 2.82
OLIVINE. 0.00 10.19 14,02 9419 ?.34
MAGNETITE A 8.73 7+63 1 6.44 7.48 7.22
ILMENITE ?.61 3.59 3.84 4.84 S.66
AFATITE - 1.49 1.40 . 0.47 0.66 0.78
TOT FEMIC 44,01 40,99 37.14 30.76 39.79

TOT NORM 1100.,03 ‘ iO0.03 100.01 100.02 |100.02

—

3-1-85 | 3-1-86 | 3-1-102 | 3-1-108 |3-1-173

QUARTZ 1.36

| 3.83 0,00 0.00 2,92
‘CORUNDUM 0,00 | 0,00 0.00 0.00 0.00
ZIRCON 0.03 | 0,03 0,01 0.01 0,03
ORTHOC 5.44 | 5,26 1,00 0.77 3,84
ALRITE 24,28 | 23,35 34,79 41,12 27.50
ANORTHITE - 25,55 | 15,16 23,35 18,73 15,74
NEFHELINE 0,00 ! 0.00 | 3.11 0.00 0.00

‘o
TOT SALIC 56.65 | 47.64 62,26 60,63 50,03

o

| .
DIOFSIDE 16,24 | 14.86 17.67 14,90 20,55
HYFERSTH 14,62 1 17,47 0.00 .27 12,71
OLIVINE 0.00 | 0.00 10.41 12.81 0.00
MAGNETITE 6,38 | 10,08 5.55 6,64 9,12
ILMENITE 5.39 |  9.02 3,67 .29 6.84
AFATITE 0,73 | 0.97 0.43 0.45 0.78

L _
TOT FEMIC 43,37 ] 52,40 37,73 39,37 50,00
TOT NORM 100.02 | 100.04 99,99 | 100,00 |100.03




Table 2A cont.

3-1-191 |3-1-293

QUARTZ 0.00 7.53
CORUNDIUM 0,00 0.00
ZIRCON 0.01 0.04
ORTHOC 1.30 2,25
ALRITE 18,36 30.71
ANORTHITE 33.18 15.54
NEFHEL INE 0.00 0.00
TOT SALIC 52,86 56,08
| n1oFrsIDE 8.81 15,30
HYFERSTH 18,69 10,25
OLIVINE 10,49 0.00
MAGNETITE 5,92 9,06
ILMENITE 2,87 8.36
AFATITE 0.38 0.99
TOT FEMIC 47,15 43,94
TOT NORM 100,01 - [100.04
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Table 2B

C.I.P.W. normative mineralogy of amphibolites from the
eastern portion of the Aileu Formation (based on analyses
recalculated dry to 100% after correction of FeO/Fe,03

ratio). :
3-1-4 3-1-24 | 3-1-48 | 3-1-65 | 3I~-1-47
QUARTZ 0.00 0,00 0.00 | 0.00 0.00
ZIRCON 0,03 0,01 0.03 0.01 0,01
ORTHOC 1,36 2,54 1,24 1.77 | 0.71
ALEITE | 29.07 | 16.58 29,36 21,58 9,14
ANORTHITE 23,34 35.47 | . 23.59 38.80 37.50
NEFHELINE 0.06 0,00 04,00 3.98 0.00
TOT SALIC 53,87 54,61 54,22 66415 47,36
DIOFSIDE 16.84 | 18.16 10,17 24,31 30,60
HYFERSTH 0,00 | 5.92 15,24 04,00 3,81
OLIVINE 19,97 12,76 7.94 3.39 11.73
MAGNETITE 5,31 4,97 7.37 3.81 3.64
ILMENITE 3,27 3,10 4,48 |  2.01 2,11
AFATITE 0.76 0.47 0.59 0.33 0.76
TOT FEMIG 46,15 | 45,39 45,80 33.86 | 52,65
TOT NORM 100,02 | 100.00 | 100.02 |100.01 | 100.01
3-1-81 | 3-1-139 | 3-1-186 | 3-1-200
QUARTZ | 0.00 1.73 0.00 0.00
ZIRCON 0.01 | 0.03 0.01 0.03
DRTHOC 160 0.89 1.71 1.65
ALEITE 29,44 23,78 26,40 37.48
ANORTHITE 30,48 24,54 24,70 18,99
NEFHEL INE 0.00 0.00 0.00 0.00
TOT SALIC 61,73 50.96 52,83 | 58416
IIOFSILE 16.31 13,77 21.35 | 9.72
HYFERSTH | o0.61 23,21 13.65 @ 4.46
OLIVINE 12,49 0.00 2,02 13,60
MAGNETITE 5,47 7.00 6,61 8,00 |
ILMENITE 2,70 4,43 3.11 | 5.34
AFATITE 0.50 0.64 0.43 | 0.73
TOT FEMIC 38,27 49,04 47.18 | 41.85
| ¢
TOT NORM 100,00 | 100,01 | 100,01 [100.01
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assuming the original compositions. all plotted in the "within-plate"
basalt field. This shift could be produced by a loss of 0.7% K,0 or
a gain of 1% Naj,0. If a stoichiometric exchange of sodium for
potassium occurred as loss of 0.48% K;0 and a gain of 0.32% Nay0 is
sufficient. If the original compositions were all “ocean-floor"
basalts a much greater alteration is required to a smaller number of
samples. This shift requires a gain of K;0 and a loss of Nay0. 1In
general the rocks have high Najs0 and low K;0. This strongly sodic
character is reflected in the Najy0-K,0-CaO triangular plot (Fig. 10)
and argues against any significant potassium gain.

The total iron-total alkali-MgO plot for the metabasites of the
Aileu Formation shows an extreme iron enrichment trend usually restricted
to continental tholeiites (e.g. Skaergaard, Wager & Brown, 1968) and
ocean floor gabbros (Miyashiro et ai., 1970). This trend is defined by
the dolerites. The amphibolites do not show the iron enrichment trend
but plot in the same position as the least differentiated dolerites.

Iron enrichment trends occur where early fractionation is dominated
by ferromagnesian silicates. This is enhanced by a high FeO to FeyOj
ratio which is in turn dependent on the oxygen fugacity and alkali
conten;. Sodium is less effective in reducing FeO/Fe,0O3 than potassium
(Carmichael et al., 1974). The dolerites of the Aileu Formation have
been extensivély fractionated under conditions of low oxygen fugacity.
The very sodic nature of the rocks may have reduced the effect of
alkalis, but the fractionation suggests that the dolerites were
tholeiitic and possibly some addition to the total alkali content has
taken place during alteration. The highly fractionated dolerites have
tholeiitic normative mineralogy due to the dominance of irén on the
hypersthene content. The difference between the dolerites may also

indicate varying fractionation paths producing a wide range of final
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compositions as a result of slight variations in the initial composition.

The major element chemistry, combined with the stratigraphy,
suggest a "within-plate" origin for the metabasites of the Aileu
Formation. However the reliability of this data is questionable due
to the high mobility of alkali metals during metamorphism and the strong
dependence of major element classifications on these elements. It has
been suggested that some trace elements are relatively immobile under
normal metamorphic processes and can be used to discriminate magma
sources (e.g. Pearce & Cann, 1971; Bloxam & Lewis, 1972; Hubbard, 1969).

A systematic approach to setting discriminant functions was described

by Floyd & Winchester (1975) and tested by Winchester & Floyd (1976).
The discriminant functions described in these papers are shown with data
from the Aileu Formation in Figure 11. The steep trend in the TiO;
versus Zr diagram has a slope of 250. This is characteristic of
continental tholeiites. The vertical trend in the TiO; versus Y/Nb is
more characteristic of alkaline basalts but is not beyond the range of
continental tholeiites. The P505 versus Zr graph shows most of the
analyses lie in the tholeiitic field but with a trend more character-
istic of the alkaline field. 1In contrast, the strong vertical trend in
the TiO; versus zr/10% x P>05 graph is characteristic of alkaline basalts.
The Nb/f versus Zr/lO“ x Py0g5 diagram is wholly inconclusive as it lacks
both vertical and horizontal trends.

The discrimination using immobile trace elements strongly indicates
an alkaline and/or continental tholeiite origin for the basalts of the
Aileu Formation. It suggests that there is no significant difference in
origin between the amphibolites and the dolerites despite their
different fractionation trends. ¢

The Sedimentation indicators in the Aileu Formation suggest a

relatively shallow water marine environment. This interpretation is
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supported by stratigraphic continuity with -the Maubisse Formation.
Palaeomagnetic evidence from the Maubisse Formation suggests that it was
deposited at or near its present position on the continental margin of
Australia (Chamaléun, 1977b). This data implies that the Aileu
Formation was also deposited in its present position with relation to
Australia.

The petrochemistry of the Aileu Formation dolerites and amphi-
bolites is closely comparable with the Dalradian metabasites. Graham
(1976) discussed the petrology, chemistry and tectonic significance of
these rocks. Metamorphosed doleritic and gabbroic sills underly
spilitic pillow basalts in a sequence of terrigenous sediments possibly
filling a graben. The sills are up to 150 m thick and arezgenerally
concordant. The metabasites have strong tholeiitic affinities with most
analyses plotting in thé Hawaiian tholeiitic field of the ﬁotal alkali-
silica diagram. Several of the sills are characterised by extreme
enrichment in iron, titanium and phosphorus, due to crystal fractionation.
However many of the sills do not show these trends. Using the discrim-
ination plots of Pearce & Cann (1973), based on the elements titanium
gzirconium and yttrium, the undifferentiated basalts are mainly in the
field of "ocean-floor" basalt but overlap into the field of "within-
plate" basalt. The éverlap in apparent tectonic setting, the association
with terrigenous graben sediments and the general tholeiitic character
of the Dalradian metabasites was interpreted as evidence of a genetic
relation to rift Qalley formation associated with the opening of the
Proto-Atlantic.

The Aileu Formation metabasites are not as conclusively tholeiitic
as the Dalradian rocks but they do have extreme iron and ti;anium
enrichment trends and a composition which overlaps the fields of "ocean-

floor" and "within-plate" basalts. They are also associated with
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terrigenous sediments. Rift valley formation began on the Northwest
Shelf of Australia in the late Palaeozoic (Powell, 1976). The
mineralogy and chemistry of the dolerites and amphibolites of the map
area are entirely compatible with an origin related to initial rift

valley formation on the northwestern continental margin of Australia.

2.3 STRUCTURAL ANALYSIS

2.31 Mesoscopic studies

The Aileu Formation is strongly and multiply deformed throughout
the area shown in Figure 1. A model of the structural phases present
in these rocks has been erected on the basis of overprinting relation-
ships, style and orientation (cf. Hobbs et al., 1976, p.371-375). As
many outcrops contain three or more generations of structural elements,
the relative sequence of events can be easily determined for the
stronger phases. This type éf information is especially common in
chlorite and biotite zone laminated phyllites and schists. Comparison
of outcrops has shown that particular style groups often fall in the
same place in the overprinting sequence. This style classification is
used to compare the sequence with structures in rocks where overprinting
is not available. Finally if, within a limited area, the classification
of style and overprinting indicates a structural phase of reasonably
coherent orientation, the orientation is used to classify structures
whose position in the structural sequence is ambiguous on the evidence
of the previous two criteria. As the orientation is highly variable the
last criteria is often ambiguous and therefore the interpolation to areas
where overprinting is limited is sometimes impossible. This has limited

<

the accuracy of the interpretation in some areas although the overall

pattern of the multiple deformation history is well established.
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Five structural phases were recognised in the rocks of the Aileu
Formation. The three early phases are strong and penetrative on the
mesoscopic scale. The late phases are less common and localised in
their development. The mesoscopic characteristics of each structural
phase are discussed separately below.

As the deformation style varies with the metamorphic grade of
the rocks it is convenient to describe the style in each of the
mineralogical zones. These zones are defined from the stable mineralogy
during the major prograde metamorphic event (see Fig. 42) and do not
necessarily relate to the stable mineralogy during the deformation

phase under discussion.

Deformation one (D3), associated structures: S

The earliest recodnised structure (S;) is a cleavage, schistosity
or rarely gneissosity which occurs throughout the area, subparallel to
the compositional layering. Several examples were found of a foliation
cutting across the compositional layering at a low angle (less than
30 degrees). However these fold-like structures may be the result of
the second structural phase. No indisputable examples of mesoscopic
D; folds were observed. The rocks were extensively recrystallised
during this phase, so that recognisable sedimentary structures are
extremely rare.

Quartz veins are usually subparallel to S;. The quartz veins are
especially common in chlorite zone phyllites but occur extensively
throughout the Aileu Formation.

The mineral assemblages which crystallised during Dj are described
under the general heading "metamorphism" (Section 2.4). Ths dominant
minerals defining S; vary from chlorite and muscovite in the southwest

through biotite to sillimanite in the east.



PIATE III

A.

Isoclinal F2 folds refolded by open angular F 3 folds

in laminated, biotite zone phyllites. Scale is
shown by tape with divisions in centimetres.

Open F 3 folds in biotite zone phyllites south of
Metinaro showing the crosscutting Fu crenulation
and axial plane parting. (The field of view is
1.5m x 1 m.)

Layering transposed by F 2 folds in chlorite zone
laminated phyllites. Scale shown in centimetres.

Characteristic angular F 3 folds in laminated
chlorite zone phyllites. Scale shown in centi-
metres.
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The orientation of S; is highly variable in detail due to the very
common small scale third phase, and to a lesser extent second phase,
folds but generally dips sﬁeeply to the south and southeast (Figs. 12,
13). The precise variation is considered in the section dealing with

macroscopic interpretations of the mesoscopic data.

Deformation two (Dy), associated structures: S;, F»

The second deformation producéd isoclinal and tight folds (F,) in
both the compositional layering and S;. In many places S; is transposed
into subparallelism with the new axial plane (S;). A new séhistosity or
cleavage (Sj;) is proéuced parallel to the axial surface. Because of
these characteristics of D, folding the distinction between S; and S, is
difficult unless thh can be observed in a single outcrop. In this
analysis the foliation is"classified as S; unless evidence either of
folds in the compositional laygring or in an earlier schistosity can be
observed within the outcrop. An exception is made where evidence for Djp
folds is very common in nearby outcrops and the orientation of the
unidentified foliation is near that of S; in the surrounding rock.

This procedure is unambiguous but leads to arbitrary classifications in
many poor or weathered outcrops.

The‘chlorité zone laminated phyllites often show strongly trans-
posed layering associated with folds of very short wavelength (usually
less than 20 cm) and large amplitude (Plate III). Often the limbs are
thinned or removed with the hinges concentrating the quartz-rich material.
These not only form a transposition layering but maintain the linear
étructure of the original fold axis, forming a rodding lineation parallel
to the fold axis (Plate ). .

In medium-grade rocks (biotite and garnet zones) the folds are
tight or close in ﬁassive biotite—-quartz schists with a new biotite

schistosity parallel to the axial plane. Folds usually have a wavelength
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PLATE IV

A. BAn isolated F, hinge in chlorite zone phyllites produced during
transposition of pre-existing compositional layering, Note also
the fine lenticular layering parallel to Sj.

B. Variable orientation of the axial surfaces of Fj crenulations
in laminated phyllites from the chlorite zone.
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of 0.5 to 5 metres. The finely laminated rocks are isoclinally folded
without the limb attenuation common in the chlorite grade rocks. The
wavelength in these rocks is usually less than 0.5 m but the amplitude
may be greater than ten times the wavelength (Plate III). Many of the
biotite guartz schists and quartz veins have a surface ribbing due to

Dy microfolds at the sharp compositional boundaries. Higher grade rocks
(amphibolite facies), in the east, have the same styles of folding
except in the sillimanite zone where a gneissosity is the predominant
axial plane feature in some pelitic rocks. The gneissosity was produced
by syntectonic recrystallisation of the D; mineralogy (Section 2.4).

S1 is’subparallel to Sp (Figs. 12, 14) and F, folds usually plunge
shallowly to the south and east. The most common orientation of S, is
dipping moderately to the southeast. Poles to S; plot on a stereo net
as a diffuse great circle. The similar orientation of S; and S, across
the region suggests that complete transposition has occurred. A possible
alternative is that the technique for distinguishing the two phases has
misclassified a large percentage of the data.

The D, axial surface (S,) is defined by the basal cleavage of
biotite and transposed D; foliations. The stable mineralogy during this

deformation phase is described in Section 2.4.

Deformation three (D3j), associated structures: Sj3, Fjy

The third deformation produced mesoscopic folds i
As the earlier suffaces are usually nearly paral and the distinction
between them is arbitrary in many outcrops, no attempt has been made to
separate third phase folds in S; from those in S,. Axes of all folds

produced by D3 in earlier surfaces are designated as Fj3 and’their axial

planes are classed as S3.
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The third phase folds are easily distinguished from the early
phases as they have a more open style and are very common in low and
medium grade pelitic rocks where Dy structures are usually also present.

In the laminated phyllites of the chlorite zone the deformation.

D3 produced close angular (or chevron) folds with a waveléngth of
several metres. These folds are always associated with crenulations and
often with a differentiated crenulation cleavage. The crenulations are
often polyclinal and usually refract strongly throughout compositional
boundaries (Plate IV). Often small folds, wavelength less than 0.5 m,

are oriented with their axial plane at a moderate to high angle to the
major orientation in the outcrop and, although one orientation always
dominates, this conjugate set was recognised in many localities.

Within the massive units the folds are gentle to open and rounded.
The fold orientation is strongly affected by the proximity of massive
amphibolite bodies. No Fj3 folds were recognised within these units and
the margins often have S3 parallel to them with a shear along the
contact (Fig. 16).

In the biotite and garnet zones of the north coast the D3 folds
are close and angular in laminated pelitic schists (Plate III) but gentle
or open in massive lithologies. There are often crenulations parallel to
the foia axis (F3) and in some areas a éifferentiated crenulation
cleavage parallel to their axial surface (S3). The crenulation cleavages
or axial surfaces refract less strongly than in rocks of the chlorite zone
and polyclinal folds are less common. Towards the eastern end of the
area, in the zones defined by calcic plagioclase, diopside and sillimanite,
all D3 structures are poorly developed. The most common results of this
deformation phase are weak crenulations. Recognition of tﬁe D3 folds in
this area is difficult as they have axial surfaces subparallel to the

axial surfaces of the stronger D; folds.
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Thé orientation of S3 fluctuates widely within individual outcrops,
but it has a relatively constant average orientation across most of the
mapped area (Figs. 12, 17). A large scale fqurth phase fold north of
the Western Laclo Fault produced the major variation in the mean
orientation of S3. Near Metinaro this produces shallowly dipping axial
surfaces (S3) compared to the moderate eastward dips found elsewhere.

The style of folding produced by the third deformation varies
systematically across the map area. In the laminated phyllites of the
chlorite zone there are chevron folds with a differentiated crenulation
cleavage parallel to the axial surface. Both conjugate and polyclinal
folds are common. In the biotite and garnet zones, folds in laminated
schists are close and angular but there is less variation in axial
surface orientation. The folds do not dominate the outcrops as they do
in the chlorite zone. 1In the calcic blagioclase, diopside and
sillimanite zones D3 folds are rare and the most common expression of
this structural phase is a crenulation. There is no evidence from the
mineralogy that this change is a function of temperature (see Section 2.4),
nor does it seem reasonable to suggest that the applied stress in the
amphibolite facies rocks was différent from that in the greenschist
facies rocks.

Ruﬁtér (1976) discussed the effect of pressure solution on strain
rate. His calculations suggest that qguartz-rich rocks in which pressure
solution is possible have strain rates much higher than rocks where
deformation occurs by Coble Creep. For the low temperature and stress
likely during the third deformation the difference in strain rate of

quartz is about four orders of magnitude. Since the structures in the

r
<

chlorite zone are characteristic of pressure solution processes the
observed difference from structures in the calcic plagioclase zone

suggests that pressure solution was not active in the latter. The model
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used by Rutter (op. ¢it.) requires a thin intergranular fluid film and
this is possibly lacking in the higher grade rocks due to dehydration
during the prograde metamorphic eﬁent. A connotation of this interpret-
ation is that there was very little strain in the eastern section of

the mapped area during the third phase, and it was insufficient to
generate mesoscopic folds in most rocks. The biotite and garnet zone
rocks represent an intermediate stage where some pressure solution was
apparently active but it was limited by a low fluid content.

There is also a change in style of folding across the area.
Conjugate and chevron folds are usually considered to occur in multi-
layered rocks with a high viscosity contrast (e.g. Ramsay, 1974;
Cosgrove, 1976). The difference in style between the folds in the
chlorite zone and the biotite zone suggests there is a decrease in
anisotropy as there is an increased dehydration. Apparently there is a
greater contrast in effective viscosity of pelitic and quartz rich
layers where pressure solution is fully active than where Coble Creep

is important.

Deformation four (D), associated structures: §,, Fy

A set of small folds (F,), wavelength less than 0.5 m, and
crenulations deform S3. In many places the conjugate folds of the third
phase can only be distinguished from these fourth generation folds by
"overprinting criteria. Where these criteria were not available the folds
were classified in the third deformation as the greater bulk of S3 and
F3 orientation data is less %ffected by occasional misclassifications.
A set of fine crenulations and monoclinal flexures have the same orient-
ation as the fourth generation folds, are not folded by thi{d generation
structures, and often have an axial plane parting (charactegistiq
spacing of 5 cm) (Plate III). Many of the partings contain fine quartz

chlorite calcite veins.
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Dy structures are most common in the central map area. However
their recognition is simplest in areas where the veined parting is
developed and this occurs more frequently in the chlorite and biotite
zones. Over most of the area the D, axial plane (S,) maintains a similar
strike to S3 but has a different dip direction (Figs. 12, 19). The
orientation distinction between the two phases is most marked in the
short limb of a macroscopic Dy, fold in the region surrounding Metinaro.

Quartz-chlorite—-calcite veins also occur in various fractures
which although not associated with a crenulation may have been produced

during the same phase of deformation.

Deformation five (Dg), associated structures: Sg, Fg

Fifth deformation folds in the chlorite zone are angular, .open to
close and have a wavelenéth less than 0.5 m. However they rarely
dominate the outcrop and the most common expression of this phase is a
fine crenulation in S; or So. In the calcic plagioclase, diopside and
sillimanite zones there are rare small folds and the most common fifth
phase structures are smail crenulations.

There is no direct overprinting evidence for the relative ages of
Dy and Dy. Fifth phase folds overprint third phase folds and have a
distinctive orientation. Dg folds a minor fault cropping out in the
River Liho Bani (lat. 8035.26'5, long. 125047.77'Ef. This fault is
subparallel to the Western Laclo Fault which in turn displaces the macro-
scopic fourth phase hinge (Fig. 28). However the Western Laclo Fault.
also appears to displace Dg hinges. There is some evidence from the
eastern end of the area that the fifth phase occurred at the same time
as early faulting (see Section 2.5). Both Sy and Sy vary over a range
of orientations (Figs. 12, 19, 21) but neither phase is recognisably

folded by the other. The similar orientation of S, and S3 and the
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contrast of this orientation with the other phases suggests a genetic
relationship. The close association in time of the Dg structures with
faulting contrasts with the apparently prefaulting nature of Dy
structures. These factors, although circumstantial both suggest that

Ds occurred after Dy.

2.32 Macroscopic interpretation

Macroscopic interpretation of multiply deformed terrains is
normally based on three lines of evidence (e.g. Hobbs et al., 1976);
the distribution of lithologies, a combination of vergence and strati-
graphic facing, and, thirdly, domain‘analysis. The initial interpretation
is based on the mapped distribution of lithologies. Thisfmethod is often
not effective for isoclinal and very tight folds, especiaily where there
has been transposition. - Both the first and second deformation phase have
this style at outcrop scale. The li£hological map (Fig. 1) is based on
spaced traverses across the lithology and the final map is a combination
of known traverses with aerial photographic interpretation (cf. observed
lithology, Appendix 3). The photogrammetry was of limited value and
the reliability of the interpretation is low in zones distant from the
traverses.

As the lithological map (Fig. 1) is partly interpretive, it is of
restrictéd value in denoting isoclinal and t;ght folds. One large scale
closure is shown ;t 125%52'E longitude, 8°32's latitude. The observed
outcrop patterns do not unambiguously show the presence of this closure
but it is the most probable outcrop pattern based on the observed litho-
logies and the aerial photographs. The axial trace of this closure is
subparallel to both S; and S,.

The large antiform-synform pair in the marble at 125°§6'E, 8%31's
was observed both in outcrop and on aefial photographs. These folds

were produced by the second phase of deformation and form a S vergence.
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Tﬁe folds produced during deformation phases D3, Dy and Dg are
more open and the lithological distribution does show some effects of
these phases. At 125°40'E and north of the Western Laclo Fault there
is a gentle fold in the lithology which is probably due to.the fourth
deformation and complex outcrop pattern in the northeast is partially
the result of a Dg hinge (see domain analysis).

A second method of determining the structure of a multiply
deformed terrain is a combination of vergence and stratigraphic facing.
These methods are especially useful for isoclinal and tight folds and
where transposition is suspected. Howe&er no stratigraphic facing
indicators and no first phase folds were found in the map area. These
restrictions prevent the identification of isoclinal Fj folds. It is
not possible to decide if folding occurred on any scale in association
with the production of the earliest foliation (s1).

The vergence of F, folds is not often discernible due to the
complete transposition of earlier mesoscopic structures. The low
density of data precludes an accurate interpretation and this problem
is exacerbated by the very variable orientation of individual F, folds.
However, if the axial trace suggested by the lithological distribution
is extrapolated along the strike of S, the vergences within the two
domains éreated can‘be considered. To the west of the hinge trace and
north of the Western Laclo Fault, 10 out of 12 fold vergences fit the
fold style suggested by the layering. From the east of the proposed
hinge 9 out of 15 fold vergences fit the model. Thus the vergence data
suggest that while the area to the west of the hinge trace is a F, 1limb
area the eastern area has only a slight bias towards the vergence which
should be associated with the other limb. In addition the wide scatter

of vergence data makes them insensitive to the position of the fold hinge.
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For example a shift of a few kilometres in the location of the postulated
hinge trace would make only a marginal difference to this result. The
large scale S vergence visible in the ﬁarble is also compatible with

this closure. It is tentatively concluded that a D, antiform occurs

in the eastern section of the Aileu Formation.

The curve in the mineral isograds (Fig. 41) fits the geometry
suggested by a combination of the vergence and lithological layering.
In the western area where vergence is consistently of Z type the iso-
grads are nearly parallel to the layering and S,. In the eastern area
where vergences are mixed the isograds cut across the orientation of S»
at a high angle. This relationship suggests that the isograds are
acting as an enveloping surface to the D, folds probably as a result of
the low resolution inherent in their determination. Evidence that the
isograds are nearly parallelkto the‘layering comes from the distribution

of lithology with metamorphic-grade. The amphibolite and schist unit

is predominantly restricted to the amphibolite facies region. The

quartz schist is most common in the garnet zone and overlaps into the

biotite zone. The chlorite zone is entirely pelitic schists and phyllites

with a few dolerites.

The third main method for determining the structure of multiply
deformed terrains is by the use of domain analysis. This method is
especially applicable to gentle to tight folds. However the intense
mesoscopic folding by the D3 deformation has produced small scale
variations in structure as great as the larger scale variations. To
overcome this complication the orientation data of the first three
deformations were averaged over areas 0.5' latitude by 0.5' longitude.
This technique filters out the small scale variations (Agt%rberg, 1974,

p.495-497). The averaging was carried out by vector addition (see

Appendix 4) and the results are plotted in Figures 13, 14, 15, 17, 18.
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.

The averaged S; orientations clearly defihe an open rounded fold
with an axial plane trace trending 100° in the northeast. Other
variations in S; orientation are not as clear but a gentle fold is
suggested towards the western end of the area. As noted in the previous
section the S, orientation mirrors the variations seen in Sj;. 1In both
cases the surfaces dip consistently south over most of the area but
in the region of Metinaro the mean surfaces dip to the north.

The orientation of Fz (Fig. 15) is highly variable. In the east
the mean F, orientation is a low to moderate plunge to the east but in
the west the plunge direction becomes very variable despite the
averaging process. The data suggest many small domains often including
only two or three of the 0.5' square units. The haphazard distribution
of these domains suggests that they may be due to inadequate filtering
of the small scale variations as the D3 deformation is very strong on
the mesoscopic scale in this area. Some of the domains may be due to
small (approximately 2 km wavelength) folds of a later phase.

The S3 average orientations (Fig. 17) define a fold in the north-
.east but this is gentle compared to the open folds in S; and Sp;. The S3
orientations also define domains due to later folding in the central area.
The axial trace of this fold trends 110° and the fold axis defined by S3
plunges to the northwest. South of 8°35's the beés dip south in contrast
to the shallow northerly dips to the north. The F3 orientation also
changes across this line of latitude (Fig. 18). 1In the central area north
of 8035'S, F3 plunges to the west. Over the remainder of the area Fj3
plunges to the east and southeast.

In order to elucidate this structure an initial domain was
defined on F3 plunge direction and the original (not the avéraged)
structural data of deformation phases D; to D3 was contoured separately

for the areas in and outside this domain. These contoured data sets
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were used to obtain orientation criteria for redefining the domain
using all the structural elements. A listing of the sample points in
the vicinity was made and all five structures associated with the first
three phases was used to decide if the point was inside or.outside the
anomalous domain. The results of this classification are shown in
Figure 23.

A comparison of the orientation differences of all the structures I
in the anomalous area and with those outside (Fig. 25, 27) shows that
the orientation difference could be produced by a fold whose axial
plane dips 55° to 105° with a probable error of 20°. rThis fold must
rostdate S3. Both Fy and Fg folds have been found overprinting F3 folds.
However the axial plane orientation calculated from the differences
between domains is within the range of Sy orientation and distinctly
different from the orientation of 85; As no other deformations with
this orientation, and postdating S3, have been observed, the macroscopic
hinge is interpreted as a Dy structure.

Howevér the domainal analysis shows that the area has a well
defined southern boundary which strikes east-west. Since the long southern
boundary cannot be the result of the fold which produced the domain it
must be a fault. This fault boundary is referred to as the Western Laclo
Fault. kfhis name is used to draw attention to the near parallelism and
possible common origin with the Laclo Fault - Section 2.5). Corroborating
evidence for the existence of the Western Laclo Fault comes from two
sources. Firstly, the isograd map (Fig. 42) shows that the biotite
isograd occurs in the same position as the southern boundary of the
anomalous domain. While it was previously thought to be a normally
zoned boundary the existence of the fault explains the rapidgdecrease in
width of the biotite zone towards the western end. No estimate of the

metamorphic grade change across the fault is possible but it appears to
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AILEU FORMATION -

North of the Western Laclo Fault
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be small. Secondly, Landsat photographs show a distinct lineament
along the eastern half of the interpreted fault. This lineament is not
visible on normal aerial photographs.

The other two boundaries defined by the domainal analysis trend
010° to 020° which is in good agreement with the interpreted fold
"orientation. However the position of the eastern end of the domain
matches the extension of a fault observed in the River Liho Bani. At
the western end of the domain a gentle fold in the mapped layering may
be due to the Dy hinge. Thus only one of the three boundaries of the
anomalous domain near Metinaro is interpreted as a fold hinge.

With the addition of the Western Laclo Fault, the variation in Sg
orientation can be interpreted as small domains due to folding by a
steeply dipping axial plane striking 110°. These domains are clearly
visible north of the fault (Fig. 17); South of the fault two major
domains are separable on the Basis of S3 orientation (Figs. 17, 27)
but the trend of the boundary between them cannot be determined from
domain analysis. The difference in orientation of the early structures
(Fig. 27) indicates that the domains may be the limbs of a fifth phase
fold but they can not have been produced by the fourth deformation.

As D, and Dg are the only recognised deformation phases younger than the
structurés folded it is proposed that the domainal areas are the

limbs of fifth generation folds. Some minor domains can be recognised

in the eastern section which may also be due to Dg folds but they are
disjoint and some of the boundaries are not rationally related to the
orientation of S;. These anomalies are the clearest suggestion that
other faults may be present within the mapped area of the Aileu Formation.
The minor folds are shown as dashed domains in the figure siowing the

results of the domainal analysis (Fig. 28).
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The analysis of structural data from the Aileu Formation demoh-
strates that:
1. There is probably a tight second deformatioﬁ antiform in the eastern
section of the mapped area.
2. The third deformation has not produced any large scale folds but has
produced many small scale folds which complicate the structural
interpretation.
3. The fourth deformation produced a large scale fold with a short limb
10 km wide. The Western Laclo Fault was identified by the truncation of
this fourth deformation fold.
4. The fifth deformation produced gentle to open rounded folds with

wavelengths of several kilometres and an axial plane trace trending 105°.

2.4 METAMORPHISM

2.41 Introduction

As part of the structural study of the Aileu Formation it was
necessary to consider the microscopic textures and mineralogy of the
rocks. This information provides environmental information about the
structural phases. Earlier workers had indicated that the section of
Aileu Formation covered in this study includéd a zoned metamorphic
complex reaching amphibolite facies on the coast (summarised by Barber
& Audley-Charles, 1976). The data did not include information about
the conditions during particular deformation phases although some
information of this type was available from the Lolotoi Complex of West
Timor (e.g. Waard, 1957b).

During mapping samples were collected over the entire‘area.

A total of 250 samples were studied by classical petrographi; techniques.

Of these samples, 100 are pelitic, 86 are basic and 28 are calcareous.

Unless specifically referred to, the mineral identifications are based on
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Deer et al. (1970). All the pelite samples were subjected to a routine
XRD scan from 5° to 50°.

The results of the microscopy are discussed in three parts. The
least interpretive data is the composition and spatial distribution of
the minerals, which is presented in the first section; The second
'section relates the growth and stability of minerals to the deform-
ation phases. These micro-structural relationships are essential for
the identification of the equilibrium mineral assemblages during each
phase of the deformation. The mineral assemblages and their significance

are dealt with in the third section.

2.42 Mineralogz

Pelitic rocks.

Quartz: Quartz is"ubiquitous in pelitic rocks of the Aileu
Formation. Usually composing 10 to 50% of these rocks, reaching 90% in
psammitic equivalents, the quartz has microstructural features character-
istic of syntectonic recrystallisation. The textural information is
discussed in the section on microstructures.

Quartz occurs in two distinct grain' sizes especially in the low and
medium grade rocks. Where it is intermingled with muscovite and fine
grained opaques it has the same size as the muscovite (often as small as
0.04 mm in diameter) but where quartz—rich segregations form, free of
inclusions, the grains have a diameter of a few millimetres.

Plagioclase:v Most pelitic rocks contain a substantial proportion
of plagioclase. 1In the greenschist facies rocks it is often untwinned
and clear. Albite was recognised in these rocks by its high positive 2V,
low relief and lack of colour. In the amphibolite facies rqcks, albite

twinning is more common. The anorthite content of some of the samples

was determined using the Michel Levy method (Fig. 29). The plagioclase
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of the sillimanite zone is usually andesine or labradorite. The
transition from albite to more calcic plagioclase is not well defined

due to the difficulty in using the Michel Levy method on the predominantly
untwinned fine grained crystals characteristic of pelitic rocks from the
greenschist facies region and much of the western part of the amphibolite
facies region. The available data suggest that the t;ansition occurs

in a similar position to the zone defined from basic rocks (Fig. 36).

Potassium feldspar: Staining of a small number of samples suggests

that potassium feldspar is a minor component of a small proportion of the
pelitic rocks from everywhere except the sillimanite zone. In the
sillimanite zone orthoclase is a significant component (> 10%) of most of
the pelitic rocks sampled.

Muscovite: White mica is a major component of all the pelitic
rocks except in the sillimanite zoﬁe.where it is a minor component of
most rocks. The position of ﬁhe 060 peak of muscovite was measured using
the method described by Sassi & Scolari (1974). The bo values calculated

from this data vary across the area (Table 3). Chlorite zone muscovite

‘has an average by, from 24 samples, of 9.022 2 {(standard deviation

0.007). Biotite zone muscovite h&s an average bo' from 18 samples, of
9.022 2 (standard deviation 0.006). The muscovites from the rest of the
map area have scattered bo values with a lower mean.

The b, value of potassic white micas from low grade pelitic
phyllites and schists can be used as a barometric indication. The mean
value varies from 8.990 % in very low pressure metamorphic terrains to
9.055 ® in high pressure terrains. A mean b, value of 9.020 to 9.025 g
is typical of barrovian-type metamorphism as exemplified by the Dalradian

<

province of Scotland (Sassi & Scolari, 1974). The muscovite of the

chlorite and biotite zones of the Aileu Formation has a crystallographic



Table 3

Crystal lattice parameters of ruscovite in pelitic rocks
of the Aileu Formation.

Sample by dgo2

A. Chlorite Zone

#3-1-123 9.00534 -
124 9.01632 9.953
131 9.01542 9.964
140 9.03258 9.947
143 9.02802 -
160 9.03192 9.946
172 9.02202 9.964
180 9.01806 9.961
257 . 9.02172 -
259 9.02532 -
260 9.01644 9.959
262 ) 9.02964 -
263 9.03096 9.951
265 9.02862 9.964
269 9.02730 9.959
274 9.01512 9.966
276 9.02166 -
278 9.02598 9.961
279 9.01380 -
282 9.02136 9.955
288 9.02436 9.955
300 9.02412 9.964
305 9.0164 9.964
306 9.0207 9.959
Mean 9.0222 9.959
Standard deviation 0.0067 0.006
B. Biotite Zone
#3-1-49 9.01542 9.980
54 9.01770 -
127 9.02198 9.964
128 9.02634 9.961
129 9.01896 9.957 g
136 9.01770 9.951
138 9.02268 9.949
16l 9.02532 9.953
162 9.00888 9.949

169 9.01674



Table 3 cont.

Sample by -dooz
_ #3~-1-184 9.03360 -
201 9.02760 -
267 9.02232 9.957
270 9.01908 9.959
285 9.02532 9.953
286 9.02364 9.961
287 9.02664 9.966
303 9.02382_ 9.953
-Mean 9.0219 9.958
Standard deviation 0.0056 0.008
C. Other Mineral Zones
#3-1-8 8.99508 9.969
9 9.00264 -
14 9.00360 9.968
71 9.01050 9.974
78 9.00588 9.964
90 9.00654 9.978
96 9.00000 9.967
104 -~ 8.99640 9.959
132 9.00954 9.953
142 8.99574 9.959
146 9.01308 9.974
158 9.00888 -
166 9.00792 9.972
181 8.99118 9.970
189 9.01308 9.978
124 9.02172 9.957
266 9.01278 9.966
268 8.99442 9.955
271 8.99340 9.970
302 9.0048 9.961
304 9.0207 -
Mean 9.0051 9.966
Standard deviation 0.0087 0.008
D. Fault Blocks
#3-1-258 8.9889 -
275 9.01308 9.968
283 8.99706 9.949
289 9.02136 9.955

85
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spacing in the y direction which is characteristic of medium bressure
metamorphism.

The basal spacing of muscovite was measured by using the 00.10
peak calibrated against the 112 guartz peak (50.21O 20 using Cu Ka) on
whole-rock powders. The muscovite peak was readily identifiable except
in quartz-rich specimens where a smaller peak at 45.83° 20 interfered.
The values obtained by this method cover a very small range (Table 3).
Figure 30 shows the dpgy plotted against bj. Iﬁ rocks with a low
Fe3+/Fe2+ ratio this graph can be used to estimate the celadonite and
paragonite components in a potassic white mica (Guidotti & Sassi, 1976).
As the pelites contain carbonaceous material this condition is fulfilled
and the possibility of Fe3+ in the lattice can be ignored. The
muscovites of the Aileu Formation pelites have a celadonite content of
0.5 to 10 molar % and paragonite content of 2 to 20 molar %. The
highest celadonite content was found in muscovite from the chlorite and
biotite zones. The highest paragonite and lowest celadonite contents
come from the amphibolite facies rocks. This zone is characterised by a
large scatter in paragonite content of muscovite which reflects the
wider stability range for paragonite in the amphibolite facies.

The distribution of points on the graph does not follow the normal
trend fdf increasing grade of metamorphism (Fig. 30). However this
departure is entirely due to the lack of systematic variation in the
paragonite component. As the rocks only contained two component systems
(muscovite~plagioclase) the paragonite content of muscovite is affected
by the rock composition. Guidotti & Sassi (1976) suggest that this
problem can be overcome by only analysing muscovite in highly aluminous

rocks but there are few rocks of this composition in the Aileu Formation.
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Muscovite is usually found with very fine grained opaque minerals
(0.01 mm). The muscovite grains are smaller than 0.1 mm x 0.02 mm.

This distinctive fine grain assemblage occurs in chlorite, biotite,
garnet and calcic plagioclase zones and is in strong contrast to the
increasing grain size of other minerals (e.g. biotite, quartz,
plagioclase) across these zones. 1In and near the sillimanite zone the
fine grain opaque minerals are not found and the muscovite has a larger
grain size.

Biotite: A brown mica occurs in pelitic rocks over much of the
Aileu Formation. This mica has mottled extinction characteristic of
biotite and a basal_spacing, from x-ray diffraction studies, of 10 2.

No 12 2 peaks of stilpnomelane have been detected. No attempt has been
made to measure the iron/magnesium ratio to find the phlogopite content.
Biotite occurs only to-the north of the Western Laclo Fault

(Fig. 31). At this boundary it occurs as pleochroic yellow to orange
brown grains 0.1 mm by 0.03 mm. The grains are often intergrown with
chlorite. To the north and in the east biotite occurs as porphyroblasts
up to 2 mm in diameter and typically contains large numbers of very fine
opaque inclusions which form trains both parallel and perpendicular to
the basal cleavage. This feature produces many informative textures
which are discussed in a later section. )

As the grade of metamorphism increases to the north and east, the
colour changes. In the calcic plagioclase zone biotite is usually
pleochroic colourless to brown. 1In the diopside and sillimanite zone
the biotite is pleochroic straw to red (Fig. 31).

Chlorite: To the south of the Western Laclo Fault, and for several
kilometres to the north of it, chlorite is a ubiquitous mineral (Fig. 32).
The first- and third-order basal peaks are weak in comparison to the

second- and fourth-order peaks suggesting that the chlorites are iron-rich
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(Carroll, 1970). As the iron-rich component of chlorite is generally
involved in reactions in the greenschist facies, this may explain the

rapid decrease in chlorite that occurs between the first appearance of

" biotite and the garnet isograd. Above the garnet isograd, chlorite

seldom occurs as a part of the prograde assemblage.

Biotite forms intergrowths with chlorite in many of the low grade
rocks. Chlorite also occurs as "pressure-shadows" (as defined by Spry,
1969, p.240) formed during retrogressive deformation, and it is often
associated with carbonate veins as a retrogressive assemblage especially
near the Laclo Fault.

The chlorite occurs as colourless (or pale yellow) to pale green
(or light yellow green) tabular crystals or masses. Grains are usually
less than 0.05 mm long. The basal spacing varies from 14.1 to 14.2 ?
and usually is in the range 14.13 to i4.15 2.

Sillimanite: Sillimanite was formed in pelitic rocks in the
extreme southeast (Fig. 33). Most of the pelitic samples from this
region contain heavily altered relics of sillimanite, often contorted
around second phase crenulations or boudinaged with white mica
infillings. It is found only as a minor or trace component. Alteration
to a fibrous pale brown material of moderate relief is very common.

Stéﬁrolite: Staurolite occurs in sample #3—i?181 as small grains
(0.1-0.2 mm) near porphyroblastic garnets. The grains are pleochroic
colourless to yellow, are biaxial positive, have a 2V of 700, and a
birefringence of 0.012. This sample comes from the southeast (Fig. 33).

Kyanite: Sample #3-1-158 contains ragged porphyroblasts of a high
relief mineral. It has two moderate cleavages, a high negative 2v, first
order yellow birefringence, is length slow and most grains aée colourless.
Some grains have a very pale blue to very pale violet pleochroism. These

optical properties are indicative of kyanite. The location of this

mineral is shown in Figure 33.
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The porphyroblasts are heavily included with opéque minerals,
which form strips of high and low inclusion density through them. The
kyanite is a trace component, less than 1% by volume, of the rock and
occurs as 0.5 mm diameter grains. There are some multiple grains where
crystals which are apparen;}y continuous in polarised light, have
different extinction and appa?ent birefringence in analysed light.

Garnet: Dark brown garnet (pale brown to colourless in thin
section) occur as porphyroblasts in most pelitic rocks of the east.

The porphyroblasts are 0.2 to 3 mm in diameter. Some contain sigmoidal
inclusion trains of opaque minerals. Other minerals forming inclusions
are quartz, muscovite and biotite.

The garnet is assumed to be an almandine type. There is no
evidence of high manganese in the rocks and the occurrence of garnet in
these rocks is very uniform with a sharp boundary between the area where
no garnet was found and the area where garnet is a minor component in
most pelitic rocks. The lack of sporadic occurrences of garnet before
the general appearance in all rocks argues against the occurrence of
spessartine. A garnet isograd (Fig. 34) represents the boundary of the
region in which pyralspite garnet occurs.

Two anomalous samples occur in the complex zone at the western
end of the Laclo Fault. Here garnet has been found in rocks from the
shear zone (Fig. 1, sample #3-1-97) and from the fault-bounded block to
the west (sample #3—1—275). In the former the garnet is relict in a
strongly sheared and chloritised pelitic rock and the latter occurs
with chlorite and white mica in a semipelitic rock. The bo values of
muscovite in the fault block also suggest a higher grade of metamorphism

2

than the surrounding phyllitic rocks.
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Carbonaceous materijial: Dark grey and black slates and phyllites

are common in the chlorite zone. Dark phyllites and schists are less
common in other zones. The dark colour is due to very fine grained
{less than 0.01 mm) opaque minerals dispersed through the muscovite-
rich parts of the rock. A few samples were digested with hydrofluoric
and hydrochloric acid (see French, 1964). The resultant material was
analysed by x-ray diffraction. The graphite 002 peak was found or
suspected in all the.diffractograms but the purity of separation by
acid attack was poor. Only in a sample from the amphibolite facies
could the crystallinity index of Landis (1971) be applied. This sample
contained fully ordered graphite. From this admittedly small group of
samples it is inferred that carbonaceous material is a significant
proportion of the fine grained opaque minerals in most pelitic rocks.

Sulphides: The dark shales and slates also contain significant
amounts of pyrrhotite as very fine grained material. The identification
was made by x~ray diffraction after removal of quartz by hydrofluoric
acid. Some of the quartz-rich zones of low grade rocks contains small
cubic grains and limonite pseudomorphs which were probably originally
pyrite.

Ilmenite: Throughout the area, tabular ilmenite is a minor
mineral ih pelitic phyllites and schists. The grains are subparallel to
the foliation. 1In amphibolite facies rocks, biotite often grows around
the ilmenite grains with the basal cleavage parallel to the tabular
sides of the ilmenite. Ilmenites in some rocks containing red.biotite
have embayed edges suggesting a reaction between the two minerals
producing an increase in the iron and titanium content of the biotite.

Tourmaline: Pale green and pale brown tourmaline is a’ common trace
constituent of the pelites. It occurs in samples scattered over the

entire area of metamorphic rocks studied.
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Carbonate: Carbonate is a common accessory mineral in the chlorite
zone. Tpe higher grade schists rarely contain carbonate, except as a
vein mineral where it may be associated with chlorite, epidote and
quartz. This veining is especially strong in the vicinity of the Laclo
Fault.

Epidote: Epidote occurs as a trace component in a few of the
pelitic samples. It also occurs in quartz calcite chlorite epidote
veins. Epidote is a trace component of these veins where they are in a

pelitic host rock.

Basic rocks.

Calcic amphiboles: There is a strong areal zonation in calcic

amphiboles (Fig. 35). 1In the southwest actinolite predominates. The
very pale green to pale yellow or colourless grains have a birefringence
of 0.020 to 0.030, a high negative éV, and an extinction angle (y:z) of
14 to 20°. Grains vary from fine grained aggregates to large
porphyroblasts (2 mm). Blue-green hornblende occurs to the southwest
of the garnet isograd of pelitic rocks. 1In this region it forms as
rims on, and patches of darker amphibole in, the pale actinolite grains
(Plate V). The darker coloured areas are always in contact with the
felsic matrix. The relative importance of hornblende increases to the
east and the north. Hornblende is the dominant amphibole near the
garnet isograd but actinolite occurs as isolated porphyroblasts through-
out the gérnet zone.
The hornblende has the pleochroic scheme:
o : pale brown, straw or yellow
B : green, dark green

z
L

Y : pale bluish-green, bluish-green, greenish-blue.
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PLATE V

Hornblende rim on an actinolite porphyroblast.
(Sample #3-1-26, plane polarised light, field

" of view is 1.5 mm x 1.0 mm.)
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The 2V lies in the range -60 to 90° for most samples but several samples
have a low 2V typifying iron-rich hornblende (e.g. #3-1-16, #3-1-81).
Hornblende in these samples is dark green in the B direction. Sample
#3-1-26 has a 2V of 80° indicating a magnesium-rich composition. The
extinction angles (y:z) for\gll samples studied are in the range 15 to 25°
and the birefringence varies from 0.017 to 0.030.

In the east and northeast, green hornblende predominates. There
is a sharp dividing line between the zone of green hornblende and that
dominated by blue-green hornblende (Fig. 35). The pleochroic scheme of
the green hornblende is:

0 : pale to light brown
B : green, dark green
_Y @ green, brown green.
The 2V lies between -50 and -70O and the extinction angle (y:z) is in
the range of 15 to 25°, Birefringence varies from 0.020 to 0.030.

Cummingtonite: A colourless to pale yellow mineral with high

relief is intergrown with hornblende in samples #3-1-66 and #3-1-69.
It has a high positive 2V, a birefringence of 0.025 and an extinction
angle (y:z) of 12 to 15o and has been tentatively identified as
cummingtonite. |

Plagioclase: All the basic rocks have plagioclase as a major
component. The textures inélude coarse relict igneous grains, very fine
grained (0.02 mm) masses and, in the east and northeast, a medium to
fine. (0.2 mm) granoblastic polygonal texture. These textures have a
zonal distribution. In the chlorite zone the plagioclase occurs as
grains up to 2 mm in rocks with dolerite textures (see Section 2.2).
Both phenocrystic and matrix (less than 0.5 mm) grains have ‘been
re-equilibrated to albite and contain inclusions of epidote, chlorite

and actinolite. Subgrains occur in the plagioclase grains from some of
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the basic rocks. The subgrains are more common in basic rocks from the
biotite garnet and calcic plagioclase zones. In some rocks in these
zones the medium grain plagioclase is totally replaced by very fine
(0.02 mm) granoblastic plagioclase. Examples were found of all stages
between the entirely preseryed remnant igneous plagioclase and this very
fine grained ﬁaterial; The gradation is from development of 0.02 mm
subgrains at the edges to more extensive development of subgrains which
became increasingly misoriented until high angle boundaries were formed
and no indication of the original host grain or its orientation is
visible (Plate VI). This recrystallisation process by successively
increasing misorientation of subgrains is discussed by Nicolas & Poirier
(1976, p.170). | '

Both the very fine grained (0.02 mm) and medium grained (0.5 mm)
pPlagioclase are found in basic rocks from below the green hornblende
isograd (Fig. 35). BAbove the green hornblende isograd the plagioclase
is granoblastic and p©lygonal with a grain size of 0.2 mm and minor
undulose extinction.

Plagioclase compositions were determined by the Michel-Levy method
combined with the use of sections perpendicular to x (Heinrich, 1965,
p,30), Figure 36 shows the distribution of compositional variations in
plagioclése. The basic rocks of the south and west contain albite. 1In
the east the plégioclase is andesine or labradorite. Between these two
areas is a transition zone where albite and andesine occur. As nc
oligoclase was identified this zone is probably not due to the peristerite
solvus stabilising two plagioclase compositions (cf. Cooper, 1972).

The structural interpretation of Section 2.2 suggests strong transposition
of the layering and S; in this area and the mineral isogradg may have also

been transposed so that the edges of the transitional zone may be an

enveloping surface of folds in the isograds. BAnother possibility is that
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PLATE VI

A. OQuartz deformation textures from sillimanite zone
gneiss. Recrystallised grains are shown black and
the major subgrain structure is outlined in sketch
above. (Sample #3-1-228, crossed polarisers,
field of view 1.5 x 1.0 mm.)

. 01 mm. S ﬂ

B. Microstructure of deformed albite in a metabasite
from the biotite zone. The subgrain structure of a
relict igneous plagioclase grain is outlined in the
sketch above. The remainder of picture shows new
grains produced by progressive subgrain misorientation
during strain. (Sample #3-1-174, crossed polarisers,
field of view 0.4 x 0.25 mm.)
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some of the rocks have re-equilibrated with metamorphic conditions
during the later phases of deformation.

The first appearance of calcic plagioclase is usually regarded as
the boundary of the amphibolite facies (e.g. Miyashiro, 1973). This
boundary can only be defined as a zone approximately 2 km wide in the
Aileu Formation due to its apparently transitional nature. For the
purpose of this study the boundary of the amphibolite facies is taken
as the centre of this transitional zone.

Clinopyroxenes: Relict igneous clinopyroxenes (see Section 2.2)

are preserved in many of the basic samples from the chloriﬁe zone.
They are colourless, pale brown or very pale mauve and in éome rocks
have been altered to actinolite at the edges and along cleévage planes.
In the northeast a pale green clinopyroxene (diopside) is common in
basic rocks and usually coexists witﬁ green hornblende. It is pleochroic
colourless, or yellow to pale éreen, green, pale blue-green or pale blue,
with a 2V near 60° except for sample #3-1-155 which has a 2V near 30°
and a lower birefringence. The distribution of both igneous and meta-
morphic pyroxenes is shown in Figure 37.

Epidote: Minerals in the clinozoisite-epidote series are common in
the basic rocks of the Aileu Formation. Compositions range over the
full spec£rum of iron content however clinozoisite is rare and most
sémples contain intermediate or iron-poor epidote (birefringence in the
range 0.020 to 0.035). The iron content does not vary systematically
with metamorphic grade.

In the chlorite zone epidote has a grain size of 0.02 to 0.5 mm
and comprises less than 2% of the rock. As the grade increases towards
the north and east, the content of epidote increases but mosé samples

have less than 5%. In the amphibolite facies zone epidote is a rare

accessory mineral, but the grain size is much larger (0.5 mm), except
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where late alterétion associated with calcite veins has caused retro-
gression of the plagioclase. ‘

The submicroscopic alteration products occurring as red brown
masses around opague minerals (see below) probably contain epidote.
Where the grain size of these masses is larger, in the garnet zone,
epidote is a major component of this material. In the chlorite and
biotite zone the minéralogy of these very fine alteration products
cannot be determined but comparison with the coarser material suggests
that these are also partly epidote.

Chlorite: Chlorite is a major constituent of the basic rocks south
of the Western Laclo Fault. To the north it decreases in importance and
prograde chlorite is rarely more than a trace component at grades above
the hornblende isograd (Fig. 37). However retrogressive chlorite,
associated with calcite veining and.alteration of plagioclase, occurs
in many samples from the calcic plagiociase zZone.

The chlorite is colourless or pale yellow to pale green or pale
bluish green. The grains are less than 0.1 mm long and often form
sheaves and clots. An anomalous pale yellow to green material forming
massive aggregates of fine crystals (0.03 mm) and with a birefringence
of 0.02 to 0.03 is associated with calcite veining in a few samples.

This material is tentatively included as a chlorite.

Opaque minerals: Opagque minerals are strongly associated with
fine grained alteration products (including leucoxene) and are intergrown
with this material in a few rocks studied. The opaque minerals vary

from subhedral at the lowest grade, possibly preserving the igneous

' texture, to anhedral at the highest grade. They are flattened parallel

to the schistosity where the deformation textures are most strongly

developed.
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Alteration products: All the basic rocks from the chlorite zone

and most from the biotite and garnet zones contain dull*gref brown masses of
very fine grained to submicroscopic material (Fig. 38). These masses

are often enclosing or alongside opaque grains and are probably the

result of low temperature alteration of igneous iron titanium oxides.

In the garnet zone the grainsize of these masses is larger and they are
composed of 0.01 to 0.62 mm grains of epidote and a white submicroscopic
material which is probably leucoxene. As both these minerals are stable

in the greenschist facies, the finer grained material of the chlorite

and biotite zones probably has the same composition.

In rocks containing biotite the epidote-leucoxene association is
often not present. Biotite-bearing, leucoxene-free amphibolites mainly
occur in the northwest coastal regions (near Dili and Metinaro).

Sphene: Colourless to pale brown subhedral sphene occurs as a
minor phase in basic rocks from the eastern area of the Aileu Formation.
The grains (modal diameter 0.1 mm) are scattered throughout the specimens.
However rocks containing sphene usually do not contain the very fine
grained leucoxene-epidote associatim except in a transitional zone
(Fig. 38). This transition from leucoxene-epidote to sphene occurs at
the same place as the first appearance of calcic plagioclase (cf. Figs. 35,
36). Rambaldi (1973) éuggests that the reaction

actinolite + Al-epidote + i;menite (+ quartz)

% hornblende + anorthite + sphene + Hy0
is important in the greenschist-amphibolite facies transition. Actinolite
finally disappears from the roéks across the same zone as the removal of
the leucoxene-epidote association, and at the same time calcic plagioclase
and sphene are reaction products. As leucoxene has a similat composition
to ilmenite, the reaction suggested by Rambaldi (op. eit.) fits the

major mineralogical changes of this zone of the Aileu Formation metabasites.
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Biotite: Colourless or pale green-brown to dark brown-green
biotite is a minor mineral in several of the basic samples. It is most
common in the amphibolites from the northwest (e.g. #3-1-295, #3-1-296,
#3-1-297) and is rare in the east (Fig. 37). Biotite has been found
in basic rocks only to the north of the Western Laclo Fault; that is
within or above the biotite zone of pelitic rocks.

Some basic rocké contain pale brown tabular grains similar in
appearance to biotite. They have a lower birefringence and their
association with iron staining in the samples suggests an origin as a
weathering product. They may be weathered biotites or oxychlorites.

Quartz: Quartz is an accessory mineral in most of the amphibolites.
In the greenschist facies basites it was observed in a few samples but
no systematic attempt was made to identify it in the very fine grained
felsic'matrix, so no definitive distribution was observed.

Carbonate: Carbonate is a common accessory mineral to the south
of the.Western Laclo Fault. To the north it is a common vein mineral
associated with retrogression.

White mica: Sericite occurs as an alteration product of plagioclase
in the south. Traces of white mica also occur in some low grade basic
rocks as part of the prograde assemblage and as part of the retrogression

in rare heavily altered high grade amphibolites.

Calcareous rocks.

Carbonate: .X—ray diffractograms of all the calcareous rocks,
except sample #3-1-169, have a 104 peak of calcite (29.5o 26, Cu Ka
radiation). The dolomite 104 peak at 30.9° 26 was only found in samples
#3-1-36 and #3-1-169. The former rocks comes from the sheag zone at the
western end of the Laclo Fault. It contains calcite, dolomite and
quartz. The latter sample from the biotite zone contains dolomite,

quartz, albite and white mica. It is probably a metamorphosed dolomitic
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siltstone. The calcite and dolomite grains in all the calcareous
rocks are strongly twinned usually in two crystallographic directions.
Many samples contain grains with curved twins.

Quartz: Most of the calcareous rocks contain at least a trace
amount of quartz. The quartz component is larger in low grade rocks
than in those from the northeast and east.

The grains are often rounded. Rarely they have corroded edges.
Undulose extinction and subgrains are common.

Plagioclase: Plagioclase is a minor mineral in most of the
calcareous rocks. It is medium grained with convex curved boundaries
against calcite. It exists as equigranular masses or clots where it
is more common. Anorthite content measured by the Michel-Levy method
indicates that calcic plagioclase forms at the same position or at
slightly higher grade than in the baéic rocks.

Potassium feldspar: An untwinned feldspar with a low negative 2V

has been identified as orthoclase. There is no optical evidence of the
crosshatched twinning usually indicative of microcline. Orthoclase

is restricted to calcareous rocks in the calcic plagioclase, diopside
and sillimanite zones and, where it occurs, is always a minor mineral
{(less than 5%) and subordinate to plagioclase. The grains are strained
with rare'fractures.

Calcic amphiboles: Actinolite is a part of the prograde assemblage

in samples #3-1-35-and #3-1-37 and trace amounts have been found as a
retrogressiQe mineral in many of the high grade calcareous rocks.
Hornblende has been recognised in two specimens. In sample #3-1-176
a pale brown to brown to deep blue-green hornblende with a low negative
2V is probably ferrohastingsite. The hornblende occurs onlysin a single

layer of the rock associated with sphene. The remainder of the rock is

predominantly calcite and diopside. Sample #3-1-150 contains a green
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hornblende. The distribution of hornblende and actinolite is shown
in Figure 39.

Diopside: A pleochroic green clinopyroxene with a 2V of 60°
occurs as medium to fine equigranular grains dispersed through many of
the higher grade samples (Fig. 39). It has the common associates of
calcite, plagioclase and opaque minerals. The diopside is altered along
grain boundaries and cieavages, usually to actinolite.

Olivine: Forsterite was found in a thin lens of sample #3-1-11
as porphyroblasts in the association diopside, epidote, calcite and
K-feldspar. This sample is from the sillimanite =zone.

Phlogopite: A colourless or straw to green~brown mica occurs in
some calcareous rocks to the north of the Western Laclo Fault and in
one sample from the fault block at its eastern end. The magnesium
content has not been determined and the identification is tentative as
some of the material may be biotite. The distribution of phlogopite
is shown in Figure 40.

White mica: A white mica occurs in several greenschist facies
samples, usually as discrete grains 0.03 mm long. 1In the‘medium grade
sample #3-1-11, white mica coexists with phlogopite.

Chlorite: Chlorite is a major component of several samples from(
the chlorite and biotite zones. It occurs as a minor phase in the other
low grade rocks and is a common alteration product and vein mineral in
rocks of higher metamorphic grade. The distribution of prograde
chlorite is shown in Figure 39.

Epidote: Three—-quarters of the calcareous rocks contain at
least trace amounts of epidote. Sample #3-1~106 is an epidosite with
large (1 mm) grains sharply zoned from an iron-rich core té& a colourless,
iron-poor rim. The majority of rocks contain intermediate epidote with

yellow green pleochroism.
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Garnet: Pale brown garnets (1.5 mm) occur in four samples from
the east and northeast (Fig. 40). Sample #3-1-133 contains garnet

with a birefringence of 0.005 and sector zoning.

Other minerals: Sphene is a minor or trace mineral in a large

percentage of the rocks studied from everywhere except the chlorite
zone.

Opague minerals are ubiquitous. They vary from very fine masses
in the chlorite zone to fine anhedral grains in biotite and garnet
zones. Medium grained subhedral to euhedral opague minerals were
observed in the strongly recrystallised rocks from east of the calcic
plagioclase isograd.

Scapolite occurs as a late phase, possibly an alteration product,
in sample #3-1-185. The birefringence indicates a moderately calcium-

rich composition.

2.43 Microstructures

First deformation.

Rocks which contain an undeformed Dj fabric are rare. Where they
occur, and also where the later deformations have not totally destroyed
the earlier structures, there is_an early foliation defined variously
by the crystallographic and dimensional preferred orientation of
chlorite, muscovite, biotite and sillimanite. Areas containing a high
density of very fine grained opagque minerals form lenticular layers
parallel to this feliation. These lenticular layers are referred to as
"opaque-trains" for the remainder of this discussion. Where the
individual very fine opagque minerals are inequant they are oriented
parallel to S;. <

Biotite growing as porphyroblasts provides the most reliable data

on the relative timing of the metamorphism and the deformation phases.
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Sample #3-1-162 contains two orientations of biotite (Plafe VII)L. A
poikiloblastic biotite occurs with the 001 cleavage parallel to S, as
defined by the orientation of muscovite. ™Opaque-trains" run contin-
uously from the surrounding material into the grains and also parallel
to the basal cleavage of biotite. There is no evidence of strain

around the large poikiloblastic biotite and the D; fabric is no£

curved. In the same fock there are sub-idioblastic biotite grains
which are more equant and not significantly poikiloblastic, with

respect to qgartz grains, but have the basal cleavage at a high angle

to the S; surface. The "opaque—-trains" are continuous from outside to
inside the grain. The biotites which are not parallel to S; have a
strong preferred orientation of the 001 cleavage at about 80° to S1.

The presence of a planar "S;" (internal surface delineated by inclusions
in a porphyroblast) parallel and continuous with "Sg" (external surface
due to the same grains outside the porphyroblasts) through porphyroblasts
of variable orientation is strong evidence of post-tectonic grain

growth (Vernon, 1978). The biotite in the sample #3-1-162 postdates

the D) deformation. The two orientations of biotite cannot be

explained by strain since the evidence suggests very little strain after
D] in this rock. The orientation of the biotite parallel to S; may be
due to mimetic crystallisation or a residual stress field with o1 normal
to the foliation. Neither of these models explains the strong preferred
orientation of biotite which is not parallel to S;. In rocks where

the D, deformation is strong, biotites with "opaque-trains” at a high
angle to the 001 cleavage are usually oriented with the basal cleavage
parallel to S; (see next subsection). Poikiloblastic grains have grown
quickly while homogeneous idioblastic grains suggest slow gfowth (Spry,
1969, p.171). The difference between the biotite parallel to S; and

that at a high angle to it suggests a markedly different growth rate.
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PLATE VII A, Biotite porphyroblast showing two distinct
relationships to the microfabric. The basal
cleavage of the orange grain is parallel to
the cleavage defined by muscovite and trains
of opagque minerals. Note the quartz inclusions
and a ragged outline. The basal cleavage of
the straw coloured biotite is approximately
perpendicular to the dominant rock cleavage.
The grain is subhedral and has few quartz
inclusions. Note the continuity of trains of
opaque minerals from the matrix into the por-
phyroblasts. (Sample #3-1-162, plane
polarised light, field of view 1.5 x 1.0 mm.)

T

B. Offset of trains of opaque inclusions on the
basal cleavage of a biotite porphyroblast. Note
the overgrowth of biotite free of opaque
inclusions. (Sample #3-1-132, plane polarised
light, fteld of view 0.4 x 0.25 mm.)



As the.subidioblastic biotite is now only slightly smaller than the
poikiloblastic biotite there was probably a longer period of growth in
the orientation of the former grains.

In other rocks strain during later deformations has complicated
the relationships of biotite to the early foliation (Sj). Where later
deformations have destroyed or complicated the external relationships,
the presence of "opaque-trains" parallel to the 00l cleavage is used
to identif& biotite crystallised during the Dj deformation. The micro-
structural relations discussed above indicate that these grains are
probably post-kinematic to the Dj deformation and predate the onset of
a stress field associated with the D; deformation.

The tabular ilmenites in sample #3-1-162 have a weak preferred
orientation parallel to S; but includes grains at a very high angle fo
it. The age of the ilménite'cannot-be determined in this rock. There
are no “"pressure-shadows" associated with them. The present preferred
orientation could be produced by a moderate pure shear from a random
distribution by passive rotation of pre-existing grains.

The rocks containing sillimanite have been strongly deformed
during later events. The sillimanite is parallel to the earliest
foliation. Partially altered sillimanite is stréngly folded around Dy
crenulaticons in samples #3-1-228 and #3-1-234 showing sillimanite
predates Dy at least in part. Mimetic crystallisation aftér the
crenulation occurred is not possible as other mineral relationships
indicate much lower temperatures towards the end of the D; deformation
(see next subsection).

Kyanite was found as porphyroblasts in sample #3—1—158. In this
rock the "opagque-trains" are continuous from the porphyroblasts to the
matrix and they parallel the long axis of the kyanite grains. Analogy

with the biotite suggests that the kyanite is post-kinematic with respect
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to D;. There are small “pressure-fringes" of muscovite around the
porphyroblasts which correlate with the fringes on biotite formed
during the second deformation phase (see below).

It has been suggested for some time that subgrain size and
dynamically recrystallised grain size are ﬁonotonic functions of steady
state stress during hot creep, and independent of temperature and strain.
The initial evidence ﬁas from metals literature (e.g. Luton & Sellars,
1969; Glover & Sellars, 1973). A relation of this type has been shown
for olivine by Post (1977), Carter & Mercier (1976) and Mercier et al.
(1977). This palaeopiezometer has been applied to quartz grains by
Twiss (1977). The large grain size of quartz in the segregations
parallel to S; implies that recrystallisation occurred at a low stress.
A grain size of 2 mm implies a directed differential stress (0;-0y) of
3.4 MPa (34 bars) according to the equations provided by Twiss (1977).
Apparently the present grain size of quartz in the segregations parallel

to S; was not generated during a strong deformation phase.

Second deformation.

Biotite is post-kinematic to S; and some of this biotite has a
strong preferred orientation at a high angle to S; (see previous
subsection). In rocks where there is a Dy crenulation or cpgnﬁlation
cleavage the biotites with "opagque-trains” cutting across the cleavage
at a high angle are usually oriented with the basal cleavage parallel to
So. In some grainé there is an offset in the "opaque-trains" indicating
slip on the basal plane (Plate VII). The included grains often have over-
growths of biotite which are‘clear of opaque inclusions and these are
often associated with "pressure-fringes" (see Spry, 1969, p:240) of white
mica and chlorite. The "pressure-fringes"” often appear to Se in response

to rotations of the 00l cleavage of biotite towards the orientation of S,.
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This rotation is also compatible with the distribution of slip as
indicated by the sharp offsets along the basal cleavage. Some examples
occur where a grain has been boudinaged with a white mica "pressure-
fringe" filling the space between the two new grains.

These microfabrics suggest that biotite crystallised before and
during the early part of the D, deformation. By comparison with the
biotite crystallised parallel to S;, the earliest D, biotite grew slower
as indicated by the lack of.quartz inclusions. During D, the rate of
growth was reduced even further so that the biotite grew without
opaque mineral inclusions. These overgrowths are strongly oriented
parallel to S; and little growth of biotite, without opaque inclusions,
occurred normal to Sp;. The lower rate of growth is probably due to a
lower chemical potential driving the reaction forming biotite and at
this stage the balance of the reaction is apparently affected by the
stress normal to the crystal boundary. Some of the boundaries of
biotite parallel to S, have concentrations of opaque minerals along
them which suggests that "pressure solution" was active in this =zone.

The biotite grains often have "pressure-fringes" of white mica.
The white mica is crystallised during flattening associated with the
second deformation. A few of the pressure fringes have chlorite on the
outer rim>which suggests that chlo;ite—white mica has replaced the
assemblage biotite-white mica by the end of the second deformation.
Spry (1969) states that the outer mineral of the “pressure-fringe"
‘crystallises first but this would suggest the stable phase as chlorite
then white mica, and if the opaque mineral free biotite is of a similar
origin, that is crystallising due to strain, it would be the last mineral
in the sequence. This order is unreasonable considering the' other

evidence that the temperature was high before D, and low after Dj.
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Some.exceptions to the textures described above occur. Sample
#3-1-71 contains no biotites which have "opaque-trains" parallel to the
001 cleavage. There are large decussate clots of biotite which the Dy
crenulation cleavage wraps around but does not deform. Biotite grains
occur with the basal cleavage parallel to S, but other biotite occurs
in which "opaque-trains" outline tight crenulations in the grain
which are continuous with crenulations outside the grain. This last
texture is strong evidence for post-kinematic (to D) biotite (Vernon,
1978), while the other structures suggest pre— and syn-kinematic biotite
growth. Decussate clots are characteristic of thermal metamorphism
(Spry, 1969). 1In combination these factors suggest a pre-kinematic
growth of some biotite. The microstructure of sample #3-1-71 indicates:
growth of biotite is pre-~, syn- and post-kinematic to S,. However
biotite porphyroblasts clearly post—kinematic to S, are rare in samples
from the Aileu Formation. ’

The strong D, crenulations wrap around garnet in most samples
indicating pre- or syn-kinematic garnet (Vernon, 1978). Where the D,
crenulations are weak, S; is clearly truncated against the edge of the
garnet porphyroblasts. A few samples contain gently curved sigmoidal
inclusion trains of quartz and tabular opaque minerals (e.g. #3-1-96,
#3-1-97, #3—i;181). Sample #3-1-181 also contains garnet porphyroblasts
which have inclusion trains defininé D, crenulations (Plate VIII). The
crenulations are defined by tabular opaque mineral grains. The internal
foliation (Si) is continuous with the external foliation (Se) but the
crenulation is tighter outside the grain and the S, wraps around the
garnet grain. This texture is probably due to syn-kinematic growth of
garnet but it may be post-kinematic if flattening associated éith later
deformations was involved (Vernon, 1978). Other examples of curved

inclusion trains are apparently due to rotation by the second deformation
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PLATE VIIT

F, folds, defined by dimensional referred orientation
of opaque minerals, within a garnet porphyroblast. The
internal foliation is continuous with the external
foliation but Fy; crenulations are tighter outside the
garnet grains suggesting syn-kinematic growth of the
garnet. (Sample #3-1-181. Plane polarised light.
Field of view is 3 mm x 1.8 mm.)

A garnet porphyroblast with an S, crenulation cleavage
wrapping around it, suggesting pre-kinematic garnet
growth. (Sample #3-1-141. Plane polarised light.

Field of view ig 3 mm x 1.8 mm.)

—
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as where the D, crenulation is weak the grains have only slightly curved
inclusion trains (e.g. #3-1-96). In summary the most common garnet
microstructures suggest it grew pre- or syn-kinematic to S, but in a |,
few samples the garnet porphyroblasts are syn—- or even post-kinematic

to S». E

The mineral relationships in sillimanite-~bearing rocks are sub-

stantially different from those described above. The sillimanite is

strongly deformed by the D; crenulations and heavily altered. Quartz
ribbons occur parallel to S;. In the hinge =zone df Dy crenulations
quartz subgrains are flattened parallel to S;. New grains have grown
from sites at both grain and subgrain boundaries (Plate VI). Most
feldspar retains a medium grain size and near equidimensional grains
while qﬁartz and fine biotite are wrapped aroﬁnd these grains. 1In
strongly deformed samples feldspar grains seldom have common 5oundaries.
Biotite, and, where present, muscovite are strongly deformed and
recrystallised.

These microstructures can be interpreted in terms of a medium to
coarse grain granoblastic texture before the second deformation having
been subject to syntectonic recrystallisation at a lower temperature
during Dy. The quartz deforms readily by crystal slip. However
plagioclase and orthoclase do not have sufficient slip planes available
to deform by this process (Vernon, 1976; Nicolas & Poirier, 1976) and
forms porphyroclasts. The biotite and garnet are deformed and
recrystallised. Muscovite either crystallises due to reaction of ortho-
clase and sillimanite or recrystallises. The sillimanite is strongly
deformed and the resultant strain energy aids retrogression. The stable
mineral assemblage during S, was at least muscovite-quartz-biotite-
garnet and probably plagioclase. The new grains in quartz along both

subgrain and grain boundaries are much larger than in deformed quartz
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grains from other areas and the ratio by volume of new quartz grains
to old strained grains is much higher than in any other part of the
Aileu Formation.

Phyllites south of the Western Laclo Fault have deformation
textures distinctive from those to the north. Transposition layering
(see mesoscopic analysis) dominates many of the phyllites. Laminations
in the phyllites are discontinuous and contain relict hinges (Plate IX).
Limbs of microfolds are thinned or absent. The transposition layering
is defined by quartz-chlorite and muscovite-opaque mineral zones. In
some samples a crenulation differentiation layering is developed which
is distinguished from a fracture cleavage only in that all the muscovite
and fine grained opaque minerals form a definite zone parallel to Sj.
S; in the quartz-rich areas is almost perpendicular to S; and only
slightly curved.

Microstructures in quartz imply récovery and recrystallisation
during the second deformation. Subgrains are flattened parallel to the
axial plane of Dy crenulations where these can be recognised. They are
also more strongly developed in the hinge zones of these crenulatiohs,
than on the limbs. There is no equivalent flattening in association
wi£h microfolds of later deformations. Bell & Etheridge (1973) argued
that subéfains elongate parallel to a mylonite foliation were produced
by syntectonic recovery. In a similar manner it can be argued that
the quartz microstructures in the Aileu Formation were formed during
the second phase of deformation.

In the chlorite and biotite zones quartz subgrains occur in all
grains large enough to encompass them. The subgrains are usually
elongate in the direction of S, (where this is known) and thé width of
the smallest subgrains is about 0.1 mm. No new quartz grains have been

found in these rocks. The quartz from garnet and calcic plagioclase
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A. Dy transposition layering deformed by . F3 microfolds forming
differentiated crenulation cleavage in a laminated phyllite from
the chlorite zone. (Sample #3-1-136. Plane polarised light,
Field of view is 6 mm x 4 mm.)

B. The hinge of an F, fold deformed around an F3 crenulation. Note
the transposition parallel to S,. (Sample #3-1-136. Plane
polarised light. Field of view is 1.5 mm x 1 mm.)



zones élso contains subgrains of about the same size. The quartz
grains in these rocks have lobate self boundaries with small new
grains along them but the new grains are an insignificant proportion

of the total quartz present. Pelitic rocks from the sillimanite zone
have new unstrained grains along both grain and subgrain boundaries and
these new grains are much larger than the new grains in the remainder
of the amphibolite facies.

Wilson (1973) investigated the quértz microfabrics in meta-
quartzites of a zoned metamorphic complex near Mt. Isa, where the
chlorite zone metaquartzites contain quartz with undulose extinction,
deformation bands and lobate grain boundaries. In the upper part of
the chlorite zone and in the biotite zone there are optically strain-
free new grains in the old host grains. The new grains coarsen in the
upper part of the biotite zone and qﬁartzites from the biotite—~cordierite
zone have a polygonal microfabric.

The quartz microfabrics of the Aileu Formation described above are
mainly from quartz segregations rather than metaquartzites but the
zonation is closely analogous to the Mt. Isa example. The chlorite
zone of the Aileu Formation has grain and subgrain relationships
indicative of recovery without recrystallisation and is similar to the
chlorite.;one of Wilson. The garnet and calcic plagioclase zones
contain small new grains similar to those described by Wilson for the
upper chlorite and biotite zone. 1In the sillimanite zone of the Aileu
Formation growth of these grains is more extensive and is possibly
comparable with the upper part of the biotite zone at Mt. Isa.

The microstructural study of the conditions during the second
deformation can be summarised for three separate zones. The' chlorite
zone, and possibly part of the biotite zone, of the Aileu Formation was
deformed under chlorite zone conditions. The evidence for this is a

result of recrystallisation of chlorite during the production of a
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differentiated crenulation cleavage and comparison of qﬁartz micro-
fabrics with the sequence of microstructures in a prograde sequence
of meta-quartzites near Mt. Isa (Wilson, 1973).

In the garnet and calcic plagioclase zones the microstructures
indicate a pre- and syn-kinematic biotite with "pressure-fringes" of
muscovite and chlorite. Post-kinematic biotite is rare. Garnet occurs
as possibly pre- or syn-kinematic grains in most samples with a few
examples of syn—- to post-kinematic garnet. These textures suggest
garnet zone conditions predating the deformation but dropping rapidly
to biotite zone conditions during the main kinematic event and reaching
chlorite zone conditions in some samples before the deformation ceased.
Quartz textures indicate conditions of upper chlorite to biotite zone
which is comparable with the results from biotite and garnet micro-
structural evidence for the latter bart of Dy.

In the sillimanite zone biotite, and probably garnet, was stable
to the end of the Dy deformation. Quartz textures indicate conditions
equivalent to upper biotite zone at Mt. Isa. This is actually the zone
just below the cordierite isograd; about 500°C unless the rocks have
unusually low Fe++/Mg ratios (Miyashiro, 1973, pp. 211, 212).

The stress acting to produce these microstructures can be estimated
from the subgrain size of quartz (see previous section).- A subgrain
size in quartz of 0.1 mm is produced by syntectonic recrystallisation
under a directed differential stress of 2 MPa (20 bars) (Twiss, 1977).
This very low value suggests that the presently visible subgrain size
is a result of post-kinematic recovery. It is not compatible with the
syntectonic recovery implied from the microfabrics.

While the microstructures of pelitic rocks can be cléarly related
to mesoscopic structures, the microstructures of the basic rocks are not

readily compared with the five deformation phases found in pelites and
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psammites. The metabasites from south of the Western Laclo Fault often
have no tectonic foliation. With increasing grade a single strong
schistésity is developed. 1In the biotite and garnet zone, actinolite
and, less commonly, hornblende occur as coarse (less than 5 mm) egqui-
dimensional grains. The actinolite is rimmed by blue green hornblende
in the garnet zone. However most of the amphibole grains in the meta-
basites are small and prismatic. They define a single schistosity.
Amphibole grains in the schistosity have the same optical character-
istics as the edges of the porphyroblasts. In the amphibolite facies
zone the schistosity is defined by slightly coarser amphibole (always
hornblende) and no large porphyréblasts are present. The textures of
plagioclase also change from very fine (0.02 mm) grains with large
relict igneous plagioclase grains to a medium grained (0.2 mm) grano-
blastic texture in the upper part of the amphibolite facies.

From the pelitic rocks it can be seen that the major metamorphic
event was post-kinematic to S;, and pre- and syn-kinematic to S, (see
previous subsection and above). In the metabasites a prograde
metamorphic event is recorded by hornblende overgrowths on actinolite.
The coarse grain size of the actinolite suggests that it grew while there
was little directed stress. In contrast there was a later event which
producéd the finer grained amphibole beards and a schistosity. This
event.may have occurred before the prograde metamorphism with the
actinolite subsequently reacting to form hornblende, or the deformation
of the rock and the prograde metamorphism may have been synchronous.
There are two possible correlations of the petrofabrics of the meta-
basites with the deformation history deduced from the pelitic rocks.
The actinolite porphyroblasts may predate S; with the formation of a
schistosity defined by actinolite developed during D; and then these

grains are altered to hornblende during the major metamorphic pulse.
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This correlation implies that there was no significant modification of
the schistosity during the D; deformation. A second possibility is that
the porphyroblastic actinolite formed during and after the D;
deformation and was rimmed with hornblende at the onset of the post-
kinematic metamorphism. The hornblende growth continued during the D;
deformation producing a schistosity parallel to S,.

The latter correlation fits the known history much more closely
than the former. The second deformation is known to have caused strong
modification of earlier textures in pelites. It is highly improbable
that it would not deform an earlier schistosity. Actinolite is unlikely
to be able to react to form hornblende without growth of new grains.

The microfabrics of plagioclase in the metabasites are zoned so that
rocks of highest grade hgve a different texture from those of greenschist
facies. Since these textures were produced by syntectonic recrystallisa-
tion and recovery (see below) -their zonation is strong evidence that a
metamorphic zonation existed at the time of the major deformation. In
the pelites there are no syntectonic recrystallisation microstructures
which clearly relate to D} but they were commonly produced by the

second phase of deformation.

The subgrain size and dynamically recrystallised grain size of
plagiociése can be related to the prevalent stress conditions by the
formulas of Twiss (1977) but the constants used in these equations are
only known for anorthite. Assuming these constants are reasonable
estimates for other plagioclase compositions the grain size of plagioclase
in the metabasites from upper amphibolite facies (0.2 mm) indicate a
directed differential stress of 23 MPa (230 bars). The very fine grain
plagioclase from further east (0.02 mm) indicates a directed stress of
120 MPa (1200 bars) but as the recrystallisation textures suggest they

are actually subgrains rotated by high strain (see Section 2.42) the
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subgrain formula is more applicable and indicates a directed differential
stress of 11 MPa (110 bars). As these formulas are order of magnitude
estimates the two results are closely comparable. The stress history
recorded in the basic rocks is much higher than that of the quartz
segregations according to these formulas. Many of the chlorite, biotite
and garnet zone metabasites retain relicts of their igneous texture
suggesting that the high value of directed stress (of the order of a
‘100 bars) needed to dynamically recrystallise the plagioclase was only
reached in some of the locations. As quartz deforms much more readily
the pelitic rocks may have reached the strain rate required by the
tectonic constraints at a lower stress than the metabasites. The high
stress could only be achieved in metabasites where it was channelled
along them or where ther? was insufficient surrounding pelitic rocks to
strain around them.

There are two alternatives to this suggestion. The gquartz sub-
grains may havé increased in size due to post-kinematic annealing or the
constants used in the calculations of stress from plagioclase may be
strongly dependent on anorthite content so that they are not appropriate
to plagioclase in the range Ang_5p. At present neither of these

possibilities can be discarded.

Third deformation.

In the chlorite and biotite zones the third deformation has
produced a range of crenulation structures indicative of pressure-
solution effects. 1In the chlorite grade phyllites this process was
active in a few samples.during the second deformation. In contrast micro-
structural evidencé of pressure-solution is ubigquitous in Dg crenulations
from this zone. -

The microfabrics observed in these rocks are similar to the

structures described by Williams (1972). A differentiated crenulation
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cleavage has been formed with the short limb depleted in quartz and
chlorite with respect to the less deformed limb (Plate x). The
depleted area contains rotated muscovite and very fine grained opaque
minerals. Rarely the muscovite has been removed from the short limb
and a stylolite remains containing a concentfation of the opaque
minerals. \

The differentiation layering is discontinuous and is often dis-
rupted where it crosses the quartz-rich layers. In many examples the
quartz-rich layers are not thinned but folded as a unit, often forming
a limb nearly parallel to the axial plane with muscovite-opaque
mineral concentrations at the points of highest strain in the
surrounding material (Plate Xa). Some quartz-rich layers are offset
along stylolitic surfaces (Plate Xb) but it is not clear why these
layers reacted differently.

The large, tabular ilmenite grains strongly influenced the Dj
structures. The depleted limbs often anastomose around the ends of
ilmenite grains or else the crenulation does not continue in their
vicinity. Rarely the depleted material impinges on these grains and
is cut by them but the ilmenite grains are rarely broken or strongly
rotated. The ilmenite grains often have "pressure-fringes" and
concentrations of fine grained opague minerals at the ends of the grains.

Rocks from the garnet and calcic plagioclase zones contain a Dj
crenulation which is open to close in style. There are few definitive
microscopic textures associated with this crenulation and no new
minerals crystallised. It is argued in Section 2.31 that the difference
in style between D3 structures of the chlorite zone and the calcic
plagioclase zone was due to the lower water content of the ¢high grade

rocks.
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Stylolite development parallel to an S5 differentiated crenulation

cleavage.

A. A quartz rich layer apparently rotated during the stylolite
formation. (Sample #3-1-131. Plane polarised light. Field of
view is 1.5 m x 1.0 mm.)

B. Quartz rich layers both rotated and offset by the development
of the D3 differentiated crenulation cleavage. (Sample
#3-1-131. Plane polarised licght. Field of view is 6 mm x 4 mm.)
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Fourth deformation.

Many of the rocks have fine crosscutting quartz calcite chlorite
veins. The occurrence of chlorite in these veins is related to the
surrounding material; chlorite crystallising where the veins cut
pelitic material but not in psammitic material. Many of the veins have
adjacent zones of partially retrogressed country rock. Quartz, chlorite
and white mica is the common mineral assemblage of these alteration
zones. As most of the retrogressed material is more hydrous. than the
prograde mineralogy, there has been an addition of water from the veins
to the country rock.

These fine veins have been correlated with the fourth phase
deformation from mesoscopic data. The retrogressive mineralogy

indicates low temperatures during this phase.

2.44 Assemblages and facies

- The first and second deformation.

The microstructural relationships indicate that the prograde
metamorphic event was post-D; deformation and pre- to syn-D; deformation.
The isograds discussed in the mineralogy section define a series of sub-
faciesrboundaries indicating the gradation in metamorphic conditions
(Figs. 41; 42, 43). The greenschist—aﬁphibolite facies boundary is
defined here as the appearance of calcic plagioclase® in basi§ rock.

This follows the system of Miyashiro (1973). As this boundary is transi-
tional (see Fig. 36) the demarkation is drawn at the mid-point of the
transition.

The greenschist facies is divided into three zones (chlorite,

L.
biotite and garnet) based on pelitic assemblages. As the pelitic rocks

*
Calcic plagioclase is used here for plagioclase with an anorthite

content greater than 20%.
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of the amphibolite facies zone lack definitive-mineralogy the
amphibolite facies is subdivided on the basis of appearance of diopside
in basic rocks and the appearance of sillimanite in pelitic rocks.
These zones are indirectly related to the more commonly used sub-
divisions (e.g. Turner, 1968; Winkler, 1967; Miyashiro, 1973).
The assemblages within the zones defined by these isograds are:

Greenschist facies -

Chlorite zone

pelitic: quartz + albite + muscovite + chlorite * calcite

quartz + albite + muscovite + chlorite + K-feldspar

basic: albite + actinolite + chlorite + epidote * quartz
* calcite

albite + chlorite + quartz + calcite

calcareous: dolomite + calcite

calcite + chlorite + albite + quartz * white mica
Biotite zone

pelitic: guartz + albite + muscovite + biotite * chlorite
quartz + albite + muscovite + K-feldspar * biotite
% chlorite

quartz + albite + muscovite + chlorite

basic: albite + actinolite * blue green hornblende + chlorite
+ epidote * quartz
albite + actinolite * blue green hornblende + biotite
+ epidote * chlorite * quartz _
albite + actinolite * blue green hornblende + biotite

+ quartz + calcite + garnet

calcareous: calcite + quartz + actinolite + chlorite

+ albite + sphene + biotite
Garnet zone

pelitic: quartz + albite/calcic plagioclase + muscovite
+ biotite * garnet
quartz + albite/calcic plagioclase + muscovite

+ biotite * K~-feldspar
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basic: albite/calcic plagioclase + blue green hornblende
* actinolite + epidote + biotite * garnet
* calcite * chlorite * quartz
albite/calcic Plagioclase + blue greeﬂ hornblende
* actinolite + epidote + sphene + calcite
‘i chlorite * quartz
calcareous: calcite * actinolite + epidote * garnet * chlorite
+ albite/calcic plagioclase * sphene

* biotite * white mica * quartz
Amphibolite facies -
Calcic plagioclase zone

pelitic: quartz + calcic plagioclase/albite + muscovite
+ biotite * K-feldspar
quartz + calcic plagioclase/albite + muscovite
+ biotite + garnet * staurolite

quartz + muscovite + biotite + garnet + kyanite

basic: calcic plagioclase/albite + blue green hornblende
+ guartz * epidote * biotite
calcic plagioclase/albite + blue green hornblende

+ sphene + epidote * quartz

calcareous: calcite + epidote + calcic plagioclase/albite

+ sphené * garnet * actinolite * white mica

Diopside zone

pelitic: quartz + calcic plagioclase + muscovite + biotite
- * garnet
basic: calcic plagioclase + blue green/green hornblende

+ diopside + sphene * epidote * quartz
calcic plagioclase + blue green/green hornblende

+ sphene + biotite + epidote * quartz

calcareous: calcite * hornblende/actinolite + diopside * garnet
+ calcic plagioclase * orthoclase + sphene

I3
<



Sillimanite zone

pelitic: guartz + calcic plagioclase + muscovite + biotite
+ garnet
guartz + calcic plagioclase + biotite + garnet

+ sillimanite + K-feldspar * muscovite

basic: calcic plagioclase + green hornblende + diopside
+ sphene * guartz
calcic plagioclase + green hornblende + sphene

+ biotite * cummingtonite

calcareous: calcite + diopside + quartz + garnet + epidote
+ calcic plagioclase
calcite + olivine + epidote + calcic plagioclase

+ K-feldspar + sphene

The mineral assemblageé of the Aileu Formation cover a wide range
of‘temperature. Evidence of the presSufe at which the metamorphism
occurred is more limited due to Ehe lack of highly aluminous rocks which
normally provide the best control on préssure conditions. Despite the
limited compositional range of available metamorphic rocks there are
three lines of evidence which all indicate that the complex is a
medium pressure type.

In greenschist facies rocks, chlorite and biotite zone, muscovite
has a basai spacing in the y direction of 9.022 R (Section 2.42).

This value is very similar to thé Dalradian of Scotland and character-
istic of medium pressure type metamorphic provinces (Sassi & Scolari,
1974).

The order of appearance of minerals at the greenschist—amphibolite
facies transition is characteristic of the pressure series. 1In the
Aileu Formation there is a wide biotite zone and with increasiéé grade

hornblende appears in basic rocks, followed closely by garnet in pelitic

rocks and then calcic plagioclase (Fig. 41, 44). Turner (1968, p.307)
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Figure 44.

Progressive mineral changes in the Aileu Formation.
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lists the order of appearance of these minerals for regional metamorphic
provinces covering the known range of pressure. The Dalradian

province has a wide biotite zone followed by almandine in pelites and
hornblende in basites at the same grade, and calcic plagioclase appears
last. At higher pressures(\almandine occurs at the same grade or lower
than biotite. At lower pressures almandine and hornblende occur at the
same or higher grade than calcic plagioclase. Thus the zonation in
mineralogy at the greenschist-amphibolite facies transition in the Aileu
Formation is characteristic of medium pressure (barrovian) metamorphism.

There are very few examples of pressure sensitive miperalogy in the
rocks of the amphibolite facies. However sample #3-1-158 c;ntains the
assemblage muscovite-biotite—quartz-garnet-kyanite. The kYanite occurs
only in trace amounts but implies that the rock has been metamorphosed
at medium or high pressure (Miyashiro, 1973, p.223). The assemblage
biotite-garnet-kyanite is used to define the low pressure limit of
bathozone 5 as defined by Carmichael (1978). The upper limit of this
zone is defined by the assemblage gquartz-Na feldspar-muscovite-sillimanite
which is found in some of the pelites from the sillimanite zone. No
assemblages characteristic of other bathozones were found in the
amphibolite facies rocks of the Aileu Formation. Carmichael (op. eit.)
states tﬂat barrovian metamorphism lies in_bathozone 5 and suggests that
amphibolite facies rocks of this zone crystallised at a pressure of
5 to 7 kbars (500-700 MPa).

As the rocks of the Aileu Formation crystallised in a medium
pressure series, the mineral zones are subdivisions of the "barrovian-
type facies series". They are discussed below with respect to the
subfacies outlined by Winkler (1967). !

The chlorite zone rocks have a mineralogy typical of the quartz-

albite-muscovite-chlorite subfacies. The pelitic rocks contain chlorite,
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muscovite and minor K-feldspar indicating a range of coﬁposition lying
very close to the chlorite-muscovite tie line on the AFK diagram.. The
absence of pyrophyllite and chloritoid indicates there are no very
aluminous rocks and the absence of stilpnomelane is probably due to a
lack of iron-rich compositipps. The basic rocks all plot in the
epidote-chlorite-actinolite field of the‘ACF diagram.

The first appearance of biotite in the pelitic rocks heralds the
lower boundary of the quartz-albite-epidote-biotite subfacies. The
assemblages are mainly in the field of muscovite~chlorite-biotite on the
AFK diagram. The appearance of biotite reduces the compositional field
in which microcline is stable, but this effect has not been detected
probably due to the limited information about the distribution of
K~feldspar. The mineralogy of the basic rocks are unchanged from the
previous subfacies.

The appearance of hornblende in basic rocks and of almandine in
pelitic rocks marks the onset of the quartz-albite-epidote-almandine
subfacies. These two minerals define isograds that differ slightly, so
the subfacies shown in Figure 43 has a lower boundary defined by the
garnet isograd which is more precisely located on the available samples
than the hornblende isograd. The assemblages found in the Aileu
Formatiéﬁ rocks of this zone have the same compositional £ange as those
of the preceding subfacies. There are no examples of highly aluminous
rocks which would contain chloritoid and pyrophyllite, or highly
potassic rocks rich in microcline. The basic rocks are still in the
same compositional field as the previous subfacies except that hornblende
replaces actinolite. The low chlorite content indicates the composition
lies close to the hornblende-epidote join. :

The almandine-amphibolite facies is defined in Winkler's (1967)

scheme for barrovian-type metamorphism by the occurrence of calcic
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Plagioclase. It contains three subfacies based on assemblages
containing staurolite, kyanite and sillimanite. As noted before
staurolite and kyanite have each been found in a single specimen.
Staurolite is only stable in the lowest grade part of the facies
{staurolite-almandine subfacies). As the one occurrence of staurolite
lies close to the lower boundary of the facies it fits this subfacies
well. Specimen #3-1-158 contains the association kyanite-almandine-
biotite without staurolite which is characteristic of the higher grade
kyanite-almandine subfacies. As no other rocks suitable to distinguish
these subfacies were found, they are combined as a single subfacies
(Fig. 43).
| The third subdivision is the sillimanite-almandine-orthoclase
subfacies which is characterised by the assemblage sillimanite-orthoclase-
almandine stabilised by the breakdé%n of muscovite. As the sillimanite
zone of the Aileu Formation céntains pelites with this assemblage, it has
been metamorphosed to the highest part of the barrovian amphibolite
facies. The wide distribution of the sillimanite in these rocks reflects
the very wide field of compositions which contain sillimanite once
muscovite is no longer stable, and is not due to any change in average
composition of the pelites. In contrast the rare occurrence of kyanite
and staurolite in the previous two subfacies is a result of the small
range of compositions (highly aluminous) in which these phases are stable.
Diopside is a stable phase throughout the almandine-amphibolite
facies but is not found in metabasites of the Aileu Formation until
significantly above the lower boundary. As garnet is rare in the
amphibolites the rock compositions must lie very close to the hornblende-
<
anorthite tie line. The later appearance of diopside probaﬁly reflects
a change in the field of stable compositions of hornblende. There is no
obvious correlation between chemical composition of the analysed basic

rocks (Table 1) and the mineralogical variation.
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The first appearance of green hornblende occurs near the lower
boundary of the sillimanite-orthoclase-almandine subfacies where it is
defined by pelitic mineralogy. However pelitic rocks along the north
coast contain guartz and muscovite rather than sillimanite-orthoclase
indicating the boundary of this subfacies must be trending north. Using
the trend of the green hornblende and red biotite isograds the lower
boundary of the sillimanite-orthoclase-almandine isograd is drawn as
far west as the sampling will allow. The northern extension of the
boundary may actually be further east than shown in Figure 43.

Winkler (1967) suggested some pressure/temperature conditions for
his facies series. The base of the greenschist facies lies just below
4000C. The greenschist—-amphibolite facies transition occurs at 5500C.
The breakdown of muscovite at high pressure occurs in excess of 700°¢C.
Turner (1968, p.359) estimated that Dalradian or barrovian type rocks
ranged from 400°C and 4.5 kbars (450 Mpa) at the biotite isograd to
550°C and 6.5 kbars (650 MPa) at the greenschist-amphibolite transition
and 6300C and 7 kbars (700 MPa) at the sillimanite + orthoclase isograd.

The conditions of each of the isograds found in the Aileu
Formation has been estimated by Winkler (1976). Assuming a temperature
pressure gradient of 1000C/kbar (see below), the biotite isograd is at
4500C, éimandine and hornblende‘at 4800C, plagioclase at 5200C and
sillimanite at about 64OOC. The pressure temperature relation used in
this case fits the evidence provided by the bathozones of Carmichael
(1978). He suggests the reaction |

guartz + muscovite + staurolite Z biotite + garnet + kyanite
occurs at 5500C and pressures greater than 4.7 bars. The samples
containing staurolite and kyanite must span this reaction. * The reaction
guartz + muscovite + Na feldspar Z K feldspar + sillimanite + liquid

occurs at 650 to 670°C in bathozone 5. The mineralogy which defines the
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bathozone 5 indicates that the pressure is greater than 4.7 kbar at 540°¢
and less than 7.2 kbars at 6700C; thus, if a linear P/T relation is
assumed, it must have an average gradient in the range 93-1150C/kbar.

The petrographical information shows a zonation which reflects a
temperature range from apprpximately 3500C to greater than 6500C at a
geothermal gradient of about lOOOC/kbar. Since the pressure is approx-
imately proportional to depth of burial (at about 0.3 kbars/km) the
spacing between isograds should be indicative of their dip. The biotite
isograd is faulted out but it must lie more than 6 km horizontally from
the garnet isograd. Winkler (1976) suggested a temperature range of
30°c which implies a distance normal to the isotherms of 1 km. The
isograd surfaces must be shallowly dipping in this western section. In
the east the sillimanite isograd is less-than 6 km from the greenschist-—
amphibolite transition. The consensus of authors suggest a temperature
range of 540°C to 650°C across this zone. If the staurolite to kyanite
reaction line is used there is a range from 550°C to 650°C across 5 km.
These temperatures suggest a pressure difference of 1 kbar and thus a
perpendicular distance between isograd surfaces of 3 to 4 km. The mapped
distribution of the isograds along with the interpreted depth relation-
ships indicate the isograds presently dip at about 35° in the east by
compariébn with 10° in the west. As the estimates are based on
assumptions of linear temperature-pressure gradients and simple distri-
butions they can only be used as a general indication of the dip of the
isograd (and isotherm) surfaces.

All the foregoing discussion relates to the peak of the meta-
morphism which occurred after the kinematic phase of the D; deformation
and probably pre-kinematic with respect to the D, deformation. The
microstructural relationships discussed in the previous section indicate

that the temperature dropped substantially by the end of the D; kinematic
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phase. At this.time muscovite and chlorite were crystallising in
"pressure-fringes" around biotite in rocks from the garnet and calcic
Plagioclase zones. In the sillimanite zone the sillimanite and ortho-
qlase were heavily retrogressed. Muscovite, biotite and probably
garnet are the stable minerals. The minerals stable in the chlorite
zone are unchanged from those at the peak of the metamorphism. The
microstructures due to syn-kinematic recovery and recrystallisation of
quartz are typical of temperature conditions less than the metamorphic
maximum. The chlorite and biotite zones have microstructures character-
istic of the lower chlorite zone. The garnet and calcic plagioclase
zones have quartz grains with minor recrystallisation features
characteristic of upper chlorite and lower biotite zone. The sillimanite
zone rocks have quartz microstructures similar to lower amphibolite facies
rocks at Mt. Isa.

In summary all the evidence points to a temperature drop from the
metamorphic maximum to some average syn-kinematic stage of Dy, of 100
to 150°C in the sillimanite zone. The greenschist facies rocks cooled

over a smaller range.

The later deformations.

The temperature during the later phases is poorly known. No new
minerals of definitive character were crystallised. The third deformation
produced a crenulation differentiation layering which is a common feature
of lower greenschiét facies pelites (e.g. Williams, 1972).

The fourth deformation is closely related in orientation to the
third but the microstructures are different. There are few folds although
these do have a differentiated crenulation cleavage parallel(to their
axial planes. There are also quartz, chlorite, calcite veins parallel to
the axial surface. .Kerrick et al. (1978) concluded such tectonic vein

systems occur in association with a "pressure solution" regime and are



145

not due to an influx of hydrothermal fluid. Howe&er he considered only
prograde metamorphic sequences so this conclusion may not be valid for the
veins into biotite and garnet zones where retrogression has occurred with
the formation of hydrous minerals. Veining into the amphibolite facies
rocks is definitely related to an influx of water but these veins may be
of a different origin as they often occur where S; has not been recognised.
The fifth deformation had few mesoscopic structures but large scale
folds were produced. There are few crenulations. These style differences
imply different conditions. It is suggested that the fifth deformation
occurred at very low temperatures. Certainly the conditions were no

higher than chlorite grade.

2.45 Summary

The minerals, their<assemblage$.and their microstructures provide
evidence of a single major metamorphic event. This metamérphism was of
medium pressure type and produced a metamorphic province zoned from lower
greenschist facies in the southwest, to upper amphibolite facies in the
east. The metamorphism reached a maximum after the first deformation
phase. This maximum occurred before the kinematic phase of D, in the
higher grade zones but the peak of metamorphism may have continued a
little longer in the greenéchist facies rocks. -

The later deformation phases occurred at a time when conditions
were in the field of solution transfer. The actual conditions are not
known but the tempefature was below the stability limit of biotite. These

phases may have occurred successively through the period of cooling and

uplift after the major metamorphic event.
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2.5 FAULTS

The Aileu Formation is strongly faulted. The boundaries with
surrounding units are all fault contacts and there are internal faults
of ?arying significance. All the major faults dip at moderate to steep
angles but some minor faults have shallow dips. The major faults are
shown, with a lettering sequence equivalent to the chronology proposed
below, in Figure 45.

A.

Near the road 7 km west of Manatuto a vertical (tho) fault
striking 100° is the northern boundary of the Aileu Formation. The
fault plane was observed in a creek at 8029.47'S, 125°56.20'E and in a
road cutting 1 km to the west. At the former site slickensides plunge
shallowly eastward. The contact was located in several other creeks both
west and east of these outcrops. Tﬂis fault will be referred to as the
Metac Fault for the remainder of this discussion. [The name is taken
from Mount Hato Metac (Fig. 3) which is a high point to the north of
the road. ]

To the north of the fault is a body of deformed peridotite and a
smaller body of hornblende-plagioclase rock (see Chapter 3). Towards the
east the fault and these rocks are cut.off by the Laclo Fault. _

Slickensides suggest that movement on the Metac Fault was predom-
inantly strike slip at least for some part of its movement history.

The fifth generatién fold in the northeast corner of the Aileu Formation
is stronger than any other fold of this phase in the mapped area. The
fault is approximately parallel to Sg as defined by the axial plane of
this major hinge. Both the D5 deformation and this fault pr?date the
Laclo Fault (see below). This circumstantial evidence suggests that the

fold may be a "drag" fold genetically related to the Metac Fault.
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The present motion of the Australian Plate with respect to the
Asian Plate has a left lateral component at the eastern section of the
Java Trench (ILe Pichon et al., 1973). Fitch (1972) argued that
decoupling occurs at plate margins and lateral components in approach
direction cause major transcurrent faults in the region of the subduction
zone. The present orientation of S5 is almost normal to the approach
directions calculated for the margin by Le Pichon et al. (1973). Since
the Metac Fault is very young (i.e. less than Mid Miocene - see Section
2.6) a comparison with the major transcurrent faults suggested by Fitch
(1972) is viable. This comparison suggests a left lateral strike slip
motion for the Metac Fault. The strike slip motion agrees with the
admittedly limited evidence for the movement on this fault and a left
lateral sense is compatible with the northern D fold being a ﬁormal
"drag" fold.

Although speculative, a comparison of the Metac Fault and D5 folds
with the.strain regime calculated for the Banda Collision Zone, on the
basis of worldwide plate movements, indicates a possible genetic
relationship between all three. The D5 deformation and the Metac Fault
probably occurred at the same time and in the same stress regime.

E.

Near the eastern end of the map area, metamorphic rocks of the Aileu
Formation abut a serpentinite body across a sharp diécordant contact.

The fault surface has not Eeen recognised in outcrop. The trace of the
fault can be interpreted in two ways. Assuming straight structure contours
the fault surface dips 30° to 105° in the western part and shallows to

the east. However this interpretation suggests there should be a second
outcrop on a ridge to the north which does not occur. A secébnd interpret-
ation is a steeply dipping surface which cﬁrves around a steeply inclined
axis. This interpretation does not produce any anomalies in the outcrop

pattern but it cannot be used to calculate the dip of the fault.
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The fault trace cufs across the hinge of a strong D5 fold
(Fig. 1, 28) with no folding if the former interpretation of its
orientation holds or curvature in the opposite sense to the Dy fold if
the lattgr interpretation is correct. This fault is therefore
younger than the Dg deformation. It is cut by the Laclo Fault at the
southern end and is therefore older than the Laclo Fault.

C.

The Western Laclo Fault was discussed in Section 2.3. It was
recognised by -domain analysis but was not observed during field work.
The fault offsets both fourth aﬁd fifth generation folds. There is no
control on the net slip of this fault but the fourth generation fold
hinge to the north does not occur south of the fault, in the mapped
area, suggesting a movement of many kilometres. In contrast the meta-
morphic grade does not change very’mﬁch across this boundary.

The Western Laclo Fault is parallel to the Laclo Fault and was
possibly an extension of it. This correlation implies that the two faults
are the same age.

D.

A major fault forms the southern boundary of the Aileu Formation
along the northern side of the Laclo Valley (Fig. 1). This fault is
referrea.to here as the Laélo Fault. It cuts both the Metac Fault (A)
and the eastern fault (B). The fault plane outcréps in many places.

On the easterlystﬁiking section the fault plane dips moderately (40—600)
to the south. In the east the fault curves sharply but continuously until
it dips steeply to the east. This sharp curvature (among other reasons)
has led to interpretations of this fault as a thrust (Audley-Charles,
1968; Leme, 1968) but the fault plane crops out clearly and éverywhere

dips moderately or steeply to the south or east. On the curve of the

fault there is a small shear zone, where blocks and fault slivers of
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serpentinite and metamorphié rocks are mixed intricately with the
Mesozoic-Permian sediments. As this zone is small, the motion over the
whole fault must have been within the varied orientations of the fault
surface. The only direction common to all orientations of the fault is
plunging 55°.to 145°.

At its western end, the Laclo Fault is offset by a later fault.

The relationships in this zone are complex. Reactivation of faults may
have been significant. There is another shear zone in this region

(Fig. 1) which is predominantly composed of a fault sliver of marble, and
sheared phyllites.

The Laclo Fault forms the boundary between the Aileu Formation and
the Permian to Mesozoic deformed sediments. The more resistant meta-
morphic rocks form a major scarp along the north side of the Laclo Valley
(flate X1). The scarp face is often a dip slope and marble occurs along
the fault zone. The marble layérs are in place with respect to the
sequence at the eastern end but may be fault slivers towards the west,
where the apparent stratigraphic sequence in the Aileu Formation is
atypical. Many of the metamorphic rocks in the vicinity of this fault
have been altered to chlorite with calcite veining. The deformed sediments
are sheared close to the fault but this is usually restricted to a zone
less than a hundred metres widé.

E.

In the central southern area there is a group of small faults
which have a complex relationship to each other. The data density from
this region is insufficient for a complete understanding of the relation-
ship of various blocks. The metamorphic grade in these blocks is
different, often higher, than the grade of the larger blocks ﬁearby.

The faults are offset in a complex pattern. One of the faults offsets
the Western Laclo Fault and the Laclo Fault. The faults all dip steeply

and have straight sections with sharp junctions. -



AlLEU FORMATION

/

PERMIAN—
MESO0Z0IC

SEDIMENTS

AlLEU FORMATION

SN T o T~
] =A=

T —

AlILEU
FORMATION

PLATE XI The topographic expression of the Laclo Fault.
The sketches show the relative positions of the
Aileu Formation and the Permian-Mesozoic sediments
along this fault boundary.



151

e i R




152

-The small fault-bounded block of deformed sediments shown in
Figure 1 is not a window through a thrust sheet as it is enclosed by
vertical faults and has outcrops of metamorphic rocks both lower and
higher in altitude on all sides (Fig. 46). The variable orientation of
faults is probably due to pre-existing fracture patterns and the
resulting pattern of blocks suggests that the motion occurred
contemporaneously on these fractures.

F.

Other minor faults cut the Laclo Fault. They have only small
throws where this can be determined. Minor faults with unknown importance
occur throughout the formation. The topography of the Aileu Formation
is strongly lineated probably due to é complex fracture pattern. The
small scale of mapping, complex deformation history and limited outcrop
prevented confirmation of this fractﬁre pattern.

There are several distinct sections of the major ridge with
characteristic topographic expression (Fig. 47). 1In the east is a high
plateau reaching 1300 m but all over 1000 m. 1In the central area is a
peneplain with a height of 500 m. This height is very similar to the
major Pleistocene reef at Baucau (Audley—-Charles, 1968) and may be of a
similar age. In the middle west is a large area with a height near
700 m. ;hese distinct provinces suggest that faults not recognised in
the field are responsible for éome of the topographic expression. The
boundary between the topographic domains shown on Figure 47 as "Peaks =
700 m" and "Peaks over 1000 m" is visible on the aerial photographs and
is continuous with one of the small faults displacing the Laclo Fault.
The horizontal separation produced‘in the Laclo Fault is approximately

100 m. The vertical movement suggested by the topography is 300 m.

As the Laclo Fault is dipping moderately to the south, these two components
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Figure 46. Complex block faults at the western end of the Laclo Valley.
Cross-section and contour map show the complex outcrop
pattern produced by block faulting. Solid lines indicate
faults observed in the field, dashed lines indicate faults
inferred from outcrop pattern or aerial photographic
interpretation.
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indicate a near vertical mbvement of about 300 m. As the lithologies

are steeply dipping the horizontal separation produced by such a movement
is small and no offset of the lithology has been recognised for this
fault.

The western boundary of the "Plateau 500 m" coincides with the
faﬁlt which offsets the Laclo Fault from the Western Laclo Fault. The
"Tilted plateau 700 m" iies across. the Western Laclo Fault indicating
this plateau is younger than the early faults (A, B, C).

The possible correlation of these plateaux with the major reef at
Baucau suggests that these minor faults have been active during the Late
Pleistocene. The Western Laclo Fault must be older and possibly occurred
in the Early Pleistocene (see Section 4.2).

2.6 THE AGE OF METAMORPHISM

There is no conclusive stratigraphic evidence for the age of
metamorphism in the Aileu Formation. If it was caused by the plate inter-
actions, the metamorphic age should be young and would be a useful control
on the models for the formation of Timor. If the age of métamorphism is
Mesozoic or early Tertiary the metamorphism is unrelated to the latest
coliision.event and would not have direct implications for the models of

the origin of Timor.

2.61 Radiometric dating

As a pfeliminary indication of the age of metamorphism, six samples
were dated by K/Ar techniques (Table 4). Locations are given in Figure 48.
Five hornblendes from amphibolites, of upper greenschist and amphibolite
facies, gave ages ranging from 7.7 to 16.5 m.y. with a mean OF 11.3 m.y.
(standard deviation 3.2). Three of the ages are close to 1l m.y. (mean
10.7, standard deviation 0.4). Biotite from a pelitic schist had a K/Ar

age of 6.0 m.y.



Table 4

K/Ar radiometric data from the Ajileu Formation of East Timor.

Sample Mineral Potassium  Ar'0 /x40 ar'0 wt.s Age Ma.

wt.% :

#1-1-172 Hornblende 0.457 0.0009682 56.2 16.6+0.3
0.454 0.0009565 51.2 16.4+0.3

#3-1-186 Hornblende 0.271 0.00064249 81.8 11.02+0.3
0.270

#1-2-75 Hornblende 0.384 0.00063114 73.0 10.83+0.3
0.387

#3-1-195 Hornblende 0.320 0.0005993 70.2 10.3%0.4
0.322 0..0005939 67.1 10.2+0.4

#3-1-192 Hornblende 0.889 0.00044921 65.7 7.71+0.35
0.889 -

#3-1-228 Biotite 7.64 0.00034744 34.8 5.97+0.25

Ages computed using K'0/K = 0.01167 atom %, AB = 4.963 x 10 0/ yr.

A, = 0.5811 x 10 10/yr.

Laboratories, Adelaide.

(Analyses by Aust. Mineral Development

The analytical procedures and accuracy of

this'labqratory are discussed in Webb, 1976.)

156
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Three of the dated.hornblendes come from the amphibolite facies
region. They each contain blue-green hornblende and calcic plagioclase.
Sample #1-1-172 has the fully recrystallised medium grained plagioclase
of the upper part of the amphibolite facies. The hornblende in this
sample has the oldest radiometric age (16 m.y.). Sample #3-1-186
contains some actinolite as cores to the larger porphyroblasts of
hornblende. The plagioclase is not recrystallised to an equilibrium
condition but includes subgrains of 0.02 mm in some relict grains while
other areas are nearing the equilibrium textures found at higher grade.
There is a small amount of epidote alteration in the calcic
plagioclase. The other hornblende sample from the amphibolite facies
(#3~-1-192) contains 2 mm poikiloblastic blue green hornblende and
prlagioclase grains 0.2 mm in diameter with grain boundaries near equil-
ibrium. This sample has the lowest'fadiometric age (7.7 m.y.) obtained
from hornblende. The hornblende in this sample has a.lower 2V than in
the others suggesting it is closer to ferropargasite. O'Nions et al.
(1969) showed that amphiboles near the pargasite end member retain argon
at much higher temperatures than ferropargasites. The latter are similar
to medium grained biotite. The range of ages from 16 to 8 million years
may represent the variable closure temperatures of hornblendes of
differen£ composition. -

The other two hornblende ages come from greénschist facies meta-
basites. Sample #1-2-75 comes from 3 km northeast of Dili and is an
albite-blue green hornblende-orthoclase-biotite rock. This rock retains
the igneous plagioclase textures. Sample #3-1-195 has actinolite cores
to the larger blue green hornblende porphyroblasts and also contains
albite and biotite. The albite retains the igneous grain rélations.

Both these rocks have hornblende with radiometric ages close to 10 million

years.
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The single biotite radiometric age is from a pelitic schist. The
schist was metamorphosed to sillimanite grade and the biotite was
strongly deformed and recrystallised during the second deformation.

Hornblende is very resistant to argon loss and has a high effective
closure temperature. Biotite has a much lower closure temperature
(Dalrymple & Lanphere, 1969). Dallmeyer (1978) modelled the thermal
history of the Georgia Piedmont and produced estimates of the closure
temperature of these minerals in cooling from a regional metamorphism.
The modelling produced estimates for the argon closure temperature of
345°C in biotite and 480°C in hornblende. Hanson & Gast (1967) calculated
a closure temperature of 300°C for medium grained biotite. From these
results an estimate of biotite closure temperature of 325°C is reasonable.
However as the composition of hornblende in Dallmeyer's results was not
reported it is not clear where they fit in the range of variable closure
temperatures observed by O'Nions et al. (1969). It is assumed here that
Dallmeyer's model closure temperature fits the average K/Ar hornblende
age.

Sample #1-2-75 comes from very near the garnet isograd which is
considered to occur at 490 to SOOOC (Winkler, 1976, p.238). As the
hornblende closure temperature is scarcely exceeded by the estimated
metamorphic peak, the 10.8 m.y. date should.ge a good estimate of the age
of metamorphism in this zone. By contrast the hornblende ages from the
highest grade (possibly over 600°C) have ages of 16.5 and 7.7 m.y. The
reason for the latter age could be a lower closure temperature (as
discussed previously) and the higher initial temperature which would
increase the time to cool to the closure temperature. The 16.5 m.y.
age is anomalous. It may indicate an earlier peak to the meéamorphism in

the east, but such an interpretation would require many more data points.

The other hornblende dates (samples #3-1-186, #3-1-195) come from rocks
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which were near the lower boundary of thelamphibolite facies (the

former just above and the latter just below) indicating a peak metamorphic
temperature of about 52OOC (Winkler, 1976, p.238). Cooling of about

4OOC from the peak of the metamorphism should be sufficient to start the
accumulation of argon in these rocks. By contrast the biotite in sample
#3-1-228 must cool from 69OOC (see previoﬁs Section) to 325°C (approx-
imately 350°C) after the metamorphism before the argon accumulation

began.

The microstructural evidence (see previous Section) indicates that
only one metamorphic phase exceeded the biotite isograd tempékature
(42OOC, Winkler, 1976, p.238; 3506C, Miyashiro, 1973, p.92; 4bOoC,

Turner, 1968, p.359). Therefore the hornblende ages must date the
cooling of this phase or earlier. In general this metamorphism exceeded
the closure temperatures of hornblende at the positions where samples were
taken, so the ages cannot be from some earlier metamorphic event. Also
the hornblende apparently crystallised during this metamorphic event.

The microstructures also indicate that the temperature had cooled to
below the biotite isograd temperature by the end of the second deformation.
The hornblende ages must relate to the pre- or syn-kinematic stages of the
D, deformation. 1In contrast the sillimanite zone was above the biotite
isograd teﬁperature throughout the D, deform;tion. As biotite closure
temperature is below the biotite isograd the 6 m.y. K/Ar age of bioﬁite
must date a cooling period after the second deformation.

In summary the K/Ar radiometric dating has placed limits on the age
of the second deformation and the end of the major metamorphic event.

The second deformation was finished by 6 m.y. ago but started after or
just before 11 m.y. ago. The cooling from the peak of metamofphism was
of the order of 10 to 40°c before 11 m.y. ago. Further dating is

required to confirm these conclusions.
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2.62 Discussion

While the radiometric dating has placed limits on the post-
metamorphic cooling the timing of the beginning of this metamorphic
event is much less well known. Microstructures provide evidence of the
relative ages but do not indicate the time span of each event. As the
sediments are presumed to be Permian or Late Carboniferous (Section 2.12)
the metamorphism must be initiated in the Mesozoic or Tertiary. The
type of metamorphism (medium pressure type) indicates a large depth
of burial. Pressure estimates in excess of 320 MPa (Section 2.44)
imply a depth of burial of 11 km. However analogy with the Bonaparte
Gulf Basin (Section 2.12) suggests that 6 km of sediment could have
accumulated by the Late Permian.

No evidence has been found of folding associated with the first
deformation phase. Despite strong Dé transposition the evidence suggests
that mineral isograds of the major metamorphic phase are nearly parallel
to the lithology. It is possible that S; is a surface produced by sedi-
mentation and compaction subsequently enhanced by mimetic crystallisation
of minerals. This model implies that D; deformation was not due to plate
tectonic processes and the metamorphic maximum should be reached when
the greatest depth of sediment has been deposited. For example in a
depositiénal environment on a stable continental shelf the temperatuie
would rise slowly and monotonically with the depth of burial until some
tectonic event acﬁed to either change the heat flow or -to prevent further
sedimentation.

The close association in time of the very strong Dy deformation
event and the end of metamorphism suggest that the stress system which
caused the folding was also responsible for the coolipg, po$sibly by
uplift. The model of metamorphism due to increasing depth of burial

interrupted by an orogenic event fits the microstructural and
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and mineral assemblage evidence from the Aileu Formation and suggests the
metamorphism occurred over an extended period of time.

An alternative model involves a major deformation phase associated
with movement of the Aileu Formation into an area where a temperature
gradient of about 30°C/km occurred. Miyashiro (1973, p.398) suggests
that subduction zones with slow approach rates produce medium pressure
metamorphism. A period of annealing occurs followed by a second strong
deformation which causes uplift and cooling in the latest Middle and
early Late Miocene. 1In such an environment temperatures are not likely
to be stable for a long period of time and the hornblende ages should
be close to the time 6f the metamorphic peak temperatures.

There is no positive evidence within the Aileu Fprmation to
_discriminate between these two very different tectonic models. At least
as the D, deformation is known to occur in the latest Middle and early
Late Miocene all the subsequent folding and faulting must closely
follow the major orogenic event. The last of the faulting episodes
has been active in the Pleistocene (see Section 2.5) but the remainder
(deformations D3, Dy and Dg; all the major faults) must have occurred
in the lLate Miocene, Pliocene or Early Pleistocene.

There is a major Middle Miocene unconformity in Timor and many
authors h;ve suggested that the main orogenic phase occurred at this time
(e.g. Waard, 1954b} 1957a; Audley—-Charles, 1968). The latter author
based his estimate én an Upper Miocene to Pliocene age for the post-
orogenic Viqueque Formation and has since revised this age to Plio-
Pleistocene (Carter et al., 1976).

Radiometric dating indicates the post-metamorphic cooling occurred
during the period 11 to 6 million years (Late Miocene). Depé;ding on the
estimate used this corresponds to the pre-, post- or syn-orogenic period

recorded in the stratigraphy. The structural information in the Aileu
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Formation suggests a syn- and post—orogehic cooling history. Since the
island of Timor was emerging by the beginning of the Pliocene (5 m.y.)

the cooling may have been due to this uplift.

2.7 SUMMARY

The rocks of the Aileu Formation are metamorphosed shales,
siltstones and arenites with minor calcareous beds. The lithologies
are closely comparable with the shallow water carbonates and shales of
the Maubisse Formation, and the continental shelf clastic rocks of the
Cribas and Atahoc Formation. Correlations with the sediments of the
Bonaparte Gulf Basin suggest a Late Carboniferous maximum age while
Early Permian fossils have been found near the southern boundary.

Doleritic rocks from the Aileu.Formation near Dili have major
element chemistries transitional bétween fhe alkaline and tholeiitic
types. However they have ext?eme iron enrichment trends only found in
continental tholeiitic rocks and ocean floor gabbros. The amphibolites
from further east have similar major element chemistry except for the
iron enrichment trend. Both groups have immobile trace element patterns
transitional between alkaline and continental tholeiitic basalts.

The metabasites of the Aileu Formation havg‘many similarities with

basic rocks in the Dalradian Province, Scotland, which have been inter-

.preted as early rift valley intrusions.

The tectonism of the region has produced a complex deformation
sequence in the Aileu Formation but only one metamorphic peak has been
recorded in these rocks. This medium pressure metamorphism ranged from
lower greenschist to upper amphibolite facies. The equivalent temperatures

are 350 to 650°C with a T/P gradient of about 1OOOC/kbar.
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The earliest structural element is a penetrative foliation every-
where subparallel to the lithologic layering. Microstructural evidence
indicates that biotite porphyroblasts with the 001 cleavage paraliel to
this foliation are post-kinematic. The metamorphism reached a maximum
after the development of S; and before the start of the second deformation
phase. No microstructural evidence of high stress have been observed in
the early phase and no first generation folds were recognised. It is
possible that this phase was associated with low stress or may have been
due to mimetic recrystallisation of a sedimentary or diagenetic cleavage.

The second deformation caused widespread transposition of layering
on scales from a few millimetres to several kilometres. The predominantly
pre-kinematic (partly syn-kinematic) porphyroblasts demonstrate that the
temperature was dropping during the kinematic phase of Dy;. Between 10
and 50°C drop in temperature had occurred by 11 m.y. B.P., which suggests
D, started about the earliest Late Miocene, and the kinematic phase was
finished by 6 m.y. B.P. (late Late Miocene). The foliation produced by
the second deformation dips moderately to the south and southeast.
Lithology and vergence suggest an assymetric macroscopic Dy fold in the
eastern part of the Aileu Formation.

The‘third deformation produced a foliation of markedly different
orientati;n. The crenulation cleavage dips steeply eastward. The
temperature was below 400°C. Few structures were produced in the
amphibolite facies rocks but the low grade rocks are dominated by close
chevron folds ( wavelength 5 m) and a differentiated crenulation cleavage.

The fourth deformation was similar in orientation to the third.
There are few D, mesoscopic folds but a largé angular fold (wavelength
20 km) was produced. The deformation was associated with qugrtz—calcite

veins and widespread minor retrogression to chlorite and calcite.
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The fifth phase of deformation produced several open macroscopic
folds with a wavelength of 5 to 10 km. Mesoscopic folds are rare. The
axial plane of these folds is steep and strikes at 100°. This orient-
ation contrasts with the orientation of the third and fourth phase axial
planes.

The earliest recognised fault bounds the Aileu Formation in the
northeast and may have been active during the fifth phase of deformation.
Other faults recognised all post-date the entire sequence of penetrative
deformation. The contacts of the Aileu Formation with other rock groups
are all faults with moderate to steep dips. There are many other faults
of variable importance within the Aileu Formation some of which have

been active in the Late Pleistocene.
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Chapter 3

THE GEOLOGICAL SETTING OF THE AILEU FORMATION

3.1 INTRODUCTION

The Aileu Formation has fault contacts with several rock groups.
These groups have been studied to provide evidence of the geological
setting of the metamofphic complex. Two aspects of this geological
setting are of specific interest. Firstly the structural history of
the Permian and Mesozoic sediments is important for comparison with
structures in the Aileu Formation. Structural data was collected during
a reconnaissance study of the sediments north of the Laclo River and
this is combined with data from sediments further south obtained by
Dr. A.E. Grady.

The second important basis for comparison is the history of igneous
activity. Modern petrological theory has placed limits on the tectonic
environments in which certain igneous rocks occur and this may be
useful in testing various models postulated for Timor. Few relatively
fresh igneous rocks were found in the study area. To provide an adequate
level of data for comparative studies, igneous rocks collected by various
workers‘from Flinders University (includiﬂg this author) were examined.
These rocks come from a variety of Permian and Mesozoic formations.

Other rocks/units within the field area are discussed briefly. Of
these only the serpentinite body has been recognised before (Wittouck,

1937) and used as part of the tectonic models (Carter et al., 1976).

Where possible the applicability of such models is considered.

r
3
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3.2 THE PERMIAN-MESOZOIC SYSTEM

To the south and east of the Aileu Formation is a large area of
deformed sediments. These sediments are Permian and Mesozoic in age
(Gageonnet & Lemoine, 1958; Audley—Charles; 1968; ILeme, 1968). The
area is strongly faulted and folded. Outcrop is usually strongly
weathered and restricted to major rivers and creeks, with some rubbly

outcrop on the barren hillslopes.

3.21 stratigraphy

The sediments are predominantly grey and green shales with minor
siltstones and thin sandstones. There are a few red shales but the most
common variation is between unweathered shales, probably with a
carbonate cement, and deeply weathered shales scarcely discernible from
the soil covering them.

The arenites contain aﬁgular and sub-rounded quartz, plagioclase,
mica, tourmaline, epidote and lithic fragments. Common lithic fragments
are composite quartz, quartz-plagioclase-mica and spilite. The poor
rounding and sorting and the common lithic fragments indicate a nearby
source for the sediments.

In the shales 5 km west of Manatuto there are small occurrences of
gypsum and one of these locations also has a small amount of-bitumen
(Fig. 49). Between Manatuto and the Aileu Formation, some spilites crop
out along the creeks. These volcanic rocks are topographically and
structurally below the limestone masses that dominate this area.

The major limestone masses are variable in their lithology. The
scree at the base of Mt. Lilu (8°31.45's, 125°57.68'E) is dominated by
red limestones containing ammonites. It is overlain by a %hin unit of

shales and thin grey limestones with common white chert lenses. To the

north, a small peak is composed of red crinoidal limestones. The third °
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Figure 49. Sketch map of geology west of Manatuto.
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mass of limestone, in the east, covers several square kilometres. On
the western side this mass is a grey boulder limestone. On the north-
eastern edge it is a fine grey limestone with a rich gastropod fauna
and in the south and east the limestone is red with a few ammonites
and possible algal structures. Thin bedded (10 cm) cream calcilutites,
similar in appearance to the Aituto Formation (Plate XII), crop out in
a creek to the north (¥ig. 49). These calcilutites form a unit about
100 m thick.

All the limestones discussed are from the eastern section of the
area studied. Limestone is rare in the corridor along the Laclo Valley
(Fig. 50) where it occurs only as thin beds and, near the Laclo Fault,
as possible fault slivers. Major faults have been recognised within
this corridor but there is insufficientAinformation to allow a
detailed map to be drawn. The sketch map (Fig. 50) summarises the
available data.

The eastern part of the area (Fig. 49) has been previously
mapped by Gageonnet & Lemoine (1958). They identified Productus and
Spirifer from the base of the limestones indicating a Permian age.
However other fossils suggested that one of these bodies (at least) is

-Triassic or even Jurassic at the top. On this basis and because of the
lack ofhbasaltic rocks they decided these rocks were probably not part

of the Maubisse "Series". Gageonnet & Lemoine also found Halobia and
ammonites indicating a Triassic age in some of the shales. On the

basis of age, sedimentary facies and topographic relations they concluded
that the limestone blocks are allochthonous and separated from the shales
by a thrust. They did not report the thin bedded cream calcilutites

but as these are topographically low they presumably‘would e considered
part of the Triassic autochthonous sediments by these authors. Some

doubt must be placed on the proposed zonation of age within the limestone.



PLATE XTT 179

A. Well bedded, white calcilutites from the Permian-Mesozoic
deformed sediments west of Manatuto.

B. Complex fold hinge from the Permian-Mesozoic deformed

sediments of the Laclo River Valley. The field of view is
lmzx 0.6 m.
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The Triassic or Jﬁrassic age of the upper part is based on the
identification of Aulotortus. This genus has since been considered
as a synonym for Permodiscus and for Imvolutina (Hedley & Adams,
1974). The former implies a Permian or Carboniferous age while the
latter implies a Jurassic (pdssibly Triassic) to Recent age (Moore,
1964).

Audley-Charles (1968) includes the two large limestone masses
and some of the intervening shales in a Maubisse Formation klippe
sitting on Jurassic shales. The scale of mapping is insufficiently
detailed to indicate if he proposes that either of the smaller
limestone masses is also sittiné on this thrust. Gypsum is described
from the Wai Luli Formation (Jurassic) of this area so the outcrop
of the thrust plane is presumably very close to the northern margin
of the eastern limestone block.

Leme (1968) includes all "the eastern section in an Upper Miocene
aréillaceous complex (Bobonaro Scaly Clay). The shales of the Laclo
Valley are grouped as an autochthonous Triassic and Jurassic Series.
Both these last two authors have simplified the stratigraphy in order
to produce small scale maps across areas of little data. In combination
the three previous workers indicate a Triassic to Jurassic_age for all
the sediﬁénts that are not part of the limestone klippen. However
at least part of the shales are Permian as a trilobite similar to
Phillipsia (K.S.W.lCampbell, pers. comm.) was found by Dr. A.E. Grady

in this region.

3.22 Structure
Mesoscopic Structure.
The deformed sediments have many mesoscopic folds (Plate XII). The

poor outcrop and lack of overprinting criteria have restricted the use-

fulness of the data collected. In order to obtain a statistically meaningful
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data set, orientation information from the south of tﬂe Laclo River,
collected by Dr. A.E. Grady, is included in this analysis.

Bedding is complexly distributed but usually dips are shallow
or moderate. The poles to axial surfaces for the combired data define
a double girdle on a stereonet (Fig. 51). Provided the folding was
not polyclinal, this distribution requires at least three phases of
folding. Three possible models which could develop this distribution
are:

a) Two early fold phases, one with the axial plane dipping

to the north and the other to the south, which do not affect
each other. A third fold phase with an axial surface dipping
steeply west distributes poles of both the earlier surfaces
into their present great circle ‘distributions.

b) An early fold phase produced most of the mesoscopic folds
observed. A second -phase distributed the poles to these
axial surfaces over a great circle. A third phase has two
distinct limbs within which the previously existing great
circle is maintained.

c) An early fold phase is folded by an angular set of large scale
folds which had few associated mesoscopic folds. The two
point maxima of poles to the axial planes of the first phase
are spread over great circles by a third event which mﬁst
have an axial plane dipping éteeply to the west.

The orientation of bedding places no extra constraints on the
possible deformation history. The poles to bedding are dominated by an
east-west great circle consistent with having been folded about a
horizontal north-south fold axis, an intrinsic part of two bf the above

models and a possibility in the third.
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The data density is insufficient for a domainal analysis. If
major folds occur in this region they are confused by folding with a
wavelength less than 2 km. Regardless of the model choseﬁ the data
indicate superimposed folds systems and multiplé deformation (probably
with three phases).

Macroscopic Structure.

The large scale structure of the deformed sediments was not
determined. In the east (Fig. 49) the lithology is dominated by major
flat lying limestones which appear to overlie a sequence of shales and
arenites with minor spilites and finally a sequence of carbonate-
cemented shales and arenites. The outcrop can be interpreted as a
west plunging assymmetrical synform refolded by a south plunging
antiform (Fig. 52).

However palaeontological evidence indicates the large limestone
masses are Permian while the shales are Triassic. This apparent
inversion of ages has led to models involving thrusting for the emplace-
ment of the limestone (Gageonnet & Lemoine, 1958). At the present
time it is not possible to confirm or refute this contention for the
larger masses. The small mass of red crinoidal limestone 2 km north
of Mt. Lilu appears to be interbedded with the shales, and the volcanic
rocks nearby are certainly interbedded with the shales. As the
volcanic rocks are commonly associated with red crinoidal limesﬁone in
the Maubisse Formation, this suggests.that the situation is more
camplex than envisaged by Gageonnet & Lemoine.

To the west the macfoscopic structure is unknown. Photographic
interpretation suggests major close folds with a wavelength of several
kilometres and an eastward striking trace of the axial plane. The area
also contains many faults which predominantly strike east-west.

The highly variable and complex pattern of mesoscopic data

suggests that there are close or tight folds of several generations.
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Figure 52. Speculative structural model for the geology west of
Manatuto. A west-plunging synform is folded by a

south-plunging antiform and offset by a dextral
transcurrent fault.
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Bedding orientations Qary both between and within outcrops. Axial
planes of folds»occur with very different orientation in nearby
outcrops. Some axial surfaces have been folded during later folding
events. The orientations of bedding often bear no obvious relation to
the overall structure as suggested by lithology or aerial photograph
interpretation. The bedding orientations measured in the massive
limestones are less variable, possibly indicating a different response
during fold events or, if thrusting is proven, a simpler deformation

history.

3.23 1Igneous Petrology

The igneous rocks from the area west of Manatuto are heavily
altered and did not provide an adequate sample for camparison with the
igneous rocks of the Aileu Formation. 1In order to obtain a represent-
ative set of data; samples of igneoﬁs rocks from Atsabe, Maubisse and
Cribas regions were also included in this study. The stratigraphy
and structure of these regions were discussed by Grady & Berry (1977)
and Grady (1975).

All the rocks from each area are at least partially altered. The
alteration varies from spilitised basalts to slightly altered dolerites.

iAs the important factors in this study deal with the tectonic affinities
of these rocks, the descriptions depend heavily on chemical analyses.
Analytical techniques are given in Appendix 1.

A standard format is used in the presentation of data from each of
the regions. The petrography is discussed as a preliminary indication
of origin and the degree of alteration. The major element composition
has been corrected for oxidation (Le Maitre, 1976) and hydraFion before
calculating the normative mineralogy which is then used to néme the

rocks using the classification scheme of Streckeisen (1967). When the
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rocks are classified from normative mineralogy they are names as
volcanics regardless of original texture. This provides a more uniform
base for comparison of normative compositions. Where the ratio of
alkali feldspar to plagioclase is required, it is calculated using the
method described by Le Maitre (1976). The major element chemistry

is used to indicate the tectonic affinities of the basalts by considering
the total alkali versus silica variations comparing the distribution
with the fields defined by Kuno (1966) and MacDonald & Katsura (1964),
and the discriminant functions calculated by Pearce (1976). The latter
test only applies to rocks with a Ca0O + MgO content between 12 and 20%
and this screen was applied to the data.

Immoﬁile trace elements are considered useful indicators of the
affinities of altered basalts (e.g. Pearce & Cann, 1971, 1973; Bloxam
& Lewis, 1972; Hubbard, 1969; Floyd‘é Winchester, 1975). 1In order to
provide a systematic approach 6nly the discriminant functions of
Floyd & Winchester (1975) are applied in this discussion (see also
Winchester & Floyd, 1976).

The samples from Atsabe and Cribas were collected in collaboration
with Dr. A.E. Grady. Samples from Maubisse are from the collection of
Dr. F.H. Chamalaun with the exception of sample #1-2-74 which was
dollected by Dr. A.E. érady.

Atsabe Region.

The igneous rocks collected near Atsabe come from two groups
(Fig. 53). Samples #3-1-240, #3-1-241, #3-1-242, #3-1-246, #3-1-247,
#3-1-253, #3-1~-254, and #3-1-256 were all collected as boulders in a
creek 5 km north of Atsabe. The headwaters of the creek are less than
0.5 km away but the drainage area contains the Triass;c/Perﬁian boundary.
The remainder of the samples were collected from south of Atsabe. 2ll

except #3-1-243 were in situ. The rocks cropped out as thin volcanic
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flows. The stratigraphy of this region is discussed by Grady & Berry
(1977). The Permian and Triassic sequences are intimately folded and
faulted together. The probable age of these volcanic rocks is.Late
Permian or Early Triassic. |

The samples from north'of Atsabe are glomeroporphyritic dolerites.
Accessory quartz is usually associated with phenocrysts of clino-
pyroxene. The plagioclase is albitised but the pattern of alteration
indicates it was normally zoned. The samples contain 5% opaque minerals
and apatite is a common accessory'mineral. Sample #3-1-253 contains
minor brown hornblende with actinolite rims. Samples #3-1-254 and
#3-1~-256 are the finest grained of the samples from this northern
location.

Igneous rocks were also found 3 km south of Atsabe. Four of these
are basaltic in composition. Samples #3-1-250 and #3-1-251 are
heavily altered, fine grained-and rich in opaque minerals with the
latter having a subtrachytic texture. The other two basic samples
(#3-1-243, #3-1-255) are heavily spilitised. Three samples (#3-1-245,
#3-1-248, #3-1-249) are composed of a matted array of slender laths of
feldspar with minor quartz. Mafic minerals are blue amphibole and
chlorite. These feldspathic rocks are heavily altered and the mafic
minerals-may be secondary. i

The northern rock group are dolerites indicative of a high level
intrusion possibly as a sill. Ophitic textures confirﬁ a moderate
cooling rate (Carmichael et al., 1974). The glomeroporphyritic texture
suggests that crystal settling occurred and the high opagque and apatite
content fit this model. The variation in grain size of these rocks

suggests that the fine grainedjsamples come from the chillefl margins.
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The southern group of samples are finer grained with textures
typical of flows. The high opaque mineral content of some of the
basaltic rocks implies that iron enrichment has occurred prior to
extrusion. The feldspathic rocks are alkali trachytes based on their
normative composition. This association suggests correlations with
the classic "rock kindred" of basalt-trachyte-phonolite found on
ocean islands and rift valleys (Turner & Verhoogen, 1951, p.67).

The rocks were analysed for major and some trace elements.
Analytical results are shown in Table 5. Using analyses corrected for
oxidation and water content the normative mineralogy was calculated
(Table 6). The northern group of rocks are latite and latite basalts
(in the volcanic classification of StrecCkeisen, 1967). The exception
is sample #3-1-253 which is a trachyte. Samples #3-1-254 and #3-1-256
have high normative olivine and somé normative nepheline indicating
they are alkaline. Of the northern basaltic rocks only #3-1-246 has
normative quartz. Sample #3-1-242 has high normative hypersthene and
low olivine suggesting it is also tholeiitic but the majority of rocks
analysed from this area have norms suggesting a saturated to slightly
undersaturated alkaline suite.

The two least altered basaltic rocks from south of Atsabe
(sampleg #3-1-250, #3-1-251) are qu;rtz—normative. They both have very
high normative hypersthene. The heavily altered samples (#3—1—243,
#3-1-255) are saturated with low normative olivine and moderate
hypersthene. The former of these is peraluminous as shown by the
presence of normative corundum. As the alteration of these rocks is
severe the calculated mineralogy may not be indicative of the original

<
rock type, but it does suggest that the southern rocks are substantially

more tholeiitic.
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Table 5

Major and trace element analyses of igneous rocks from
the Atsabe region.

3-1-240 3-1-241 | 3-1-242 3-1-243 | 3-1-2446
SI02 45,10 40.20" 46.97 50.66 47.72
TIO2 4,22 4,25 - 3.00 1.90 2.85
AL203 13,23 11.97 14,19 17.43 13.50
{1 FE203 4,77 . 5.84 5.79 2.09 . 4,37
FEO 2,06 10.64 8.74 6.18 7.11
MGO 6:09 | 5.87 | 3.80 2.45 3.21
MNO 0.24 0.28 0.25 0.18 0.26
CAD 765 © 8.51 6.09 4,17 L 9.46
NA2D 3.95 3.26 3.91 6.22 . 3.99
K20 0.55 0.86 2.41 1.39 1.57
P205 0.50 2.27 "1.38 1.29 1.31
IGN LOSS .. 4,06 S5.42 3.10 5.09 3.91
H20- 0.47 " 0.51 0.30 0.45 0.31
TOTAL .| 99.88 |- 99.88 99,94 99.50 99.57
ZR : 248 231 312 640 319
NE 43 .50 72 140 64
Y ' 35 - 52 - 51 46 55
RE 9 13 55 39 25
SRk 347 : 187 301 221 366

18102 42,10 7 42,52 7 7741.49 ] 46.58 - 56.80
TIO2 3.97 S.40 S.63 1.13 1.32°
AL 203 13.28 12,83 13.21 14.44 13.98
FE203 | 5.05 3,90 3.80 4,23 3.36
FEO : ?.91 ?.86 10.35 3.84 4,91
MGO . G499 6.01 7.82 S.30 2.12
MNO 0.49 0.21 0.21 0.16 0.15
CAD 6,95 6.34 4,97 12,67 4,59
NA20 4,47 3.63 2.90 2,61 4.74
K20 0.30 0.06 0.03 0,02 3.20
P205 2.02 0.73 0.79 0.14 0.48
IGN LDSS S.11 724 7.+62 7.+99 2.20
HQO_ 0056 0060 0045 0032 0033
TOTAL ?9.81 - 9292.31 ?9.28 ?9.02 ??.18
ZR 292 274 277 76 ¢ 568
NE ' 60 61 62 2 86
Y g2 38 41 27 a9
RE 7 2 1 1 33

SR : 248 262 141 330 272




Table 5 cont.
3-1-254 3-1-255 3-1-256
SI102 45,27 45,94 40,03
TioZ2 3.19 2.90 6.30
AL203 16.69 15.82 11.95
FE203 3.86 1.34 5.74
FEO 8.55 7.53 ?.90
MGOD 4,83 4,22 6.39
MNO 0.24 0.28 0.27
cAD 4,51 5.82 ?.76
NAZD - 5.00 4,94 3.07
K20 1.18 0.50 0.45
F205 0.56 . 0.99 0.62
IGN L0OSS 6.19 7.41 4,58
H20- 0.40 0.40 0.46
TOTAL 100.48 28,10 29.52
ZR . 239 393 179 -
NR 61 119 42
Y 29 37 28
RE - 30 18 13
SR 506 ‘224 216
I 3~1-245 3-1-248 3-1-249
SI102 64.63 65.66 65,91
TIO2 0.17 0.18 0.17
AL203 16.45 15.92 16.63
FE203 3.16 3.71 2,34
FED 1.35 0.80 i.14
MGO 0.26 0.05 0.24
MNO 0.08 . 0.09 0.08
CAD 0.35 0.48 0.08
NAZOD 5.96 6.24 627
K20 5.59 4,98 5.70
F205 0.04 0.01 0.01
IGN LOSS 0.95 0.86 0.58
H20- 0.24 0.22 0.17
TOTAL 99,22 99.40 99,32
ZR 1606 . 1412 1407
NE - 424 444 393
Y 163 135 132
RE 142 84 119
SRk 39 30 24

183



184

Table 6

C.1I.P.W. normative mineralogy of igneous rocks from the
Atsabe region (based on analyses recalculated dry to 100%
after correction of FeO/Fe,O3 ratio).

13-1-240 | 3-1-241 | 3-1-242 | 3-1-243 | 3-1-24¢

QUARTZ 0.00 0.00 "0.00 0.00 0.12

CORUNIUM 0.00 0.00 0.00 | 1.28 0.00
ZIRCON 0.06 0.04 0.06 0.13 0.07
ORTHOC 3.43 - 5.38 14.77 8.69 QP75
ALRBRITE 35.03 29.36 34,27 35.93 3537
ANDRTHITE 17.32 16.323 14.32 12.98 14.97
NEFHEL INE 0,00 0.00 0.00 0.00 0.00
TOT SALIC S56.04 51.31 C63.62 79.00 60.28
DIOFSIDE 15.11 10.33 6.09 0.00 |. 20.54
HYFERSTH 4,22 3,99 8.65 537 346
OLIVINE 7+47 12.24 3.57 2.76 0.00
MAGNETITE 7+34 - 8.37 8.87 .84 6.86
ILMENITE 8.3% 8.58 | 5.71 - 3.84 S5.68
TOT FEMIC 43.99 48.82. 3646 21.06. 39 .80
TOT NORM 100,03 100,13 |100.08 |100.06 |100.08

3-1-247 |3-1-250 | 3-1-251 |3-1-252 |3-1-253

QUARTZ 0.00 - 0,35 2412 1.41 7.08
CORUNDUM 0.00 0.00 1.40 0.00 0.00
ZIRCON 0.06 0.06 0.06 0.01 0.12
ORTHOC 1.89 0.35 0.18 0.12 19.74
ALBITE 40.11 - 33.51 26.21 24,28 41.80
ANORTHITE 1625 20.27 21.30 30.39 777
NEFHELINE 0.00 0.00 0.00 0.00 0.00
TOT SALIC | 58.31 | S54.54 51.96 G622 76.50
IIOFSIDE 3.39 74+16 0.00 30.49 10.25
HYFERSTH 3.20 18.05 27.34 6.33 3.34
OLIVINE 14,02 0.00 0.00 0.00 0.00
MAGNETITE 8.11 7.22 6.97 4.07 6.10
ILMENITE 8.00 11.21 11.72 2.36 2.62
AFATITE 5.09 1.87 - 2.06 0.36 o 1.21
TOT FEMIC 41.80 45.50 48.09 53.80S 23.53

TOT NORM |100.11 | 100.04 100.06 100.02 100.03




Table 6 cont.

185

3-1-254 | 3-1-255 | 3-1-25¢4
QUARTZ 0.00 0.00 0.00
CORUNIIUM 0.33 0.00 0.00
ZIRCON 0.04 0.09 0.04
ORTHOC 7.39 3,25 2.84
ALRITE 42,30 46,11 23,10
ANORTHITE 19.96 21,55 - | 18.49
NEFHEL INE 1.47 0.00 2,43
TOT SALIC 71,49 71.01 46,90
DIOFSIDE 0.00 2,52 22.91
HYFERSTH 0.00 8.15 0.00
OLIVINE 13,06 4,10 8,49
MAGNETITE 7.64 5.57 7.54
ILMENITE 6.44 6.10 12,67
AFATITE 1,40 2,61 1.54
TOT FEMIC 28.54 29,04 53,14
TOT NORM 100.02 [100.05 |100.05
3-1-245 | 3~1-248 | 3-1-249
QUARTZ 7.15 8.97 . 6.83
CORUNIUM 0.07 0.00 0.02
| ZIRCON - 0,33 0.28 .28
ORTHOC 33,62 29,90 34,15
ALRITE 51.36 53.64 53,73
ANORTHITE 1.47 0.75 0.33
TOT SALIC 94,00 93,55 95,35
NIOFSIDE 0.00 2,19 0.00
WOLLAST 0.00 0.05 0.00
HYFERSTH 1.66 0.00 1.20
MAGNETITE 3,93 3.84 3.10
ILMENITE 0.32 0.34 0.32
AFATITE 0,09 0.02 0.02
' ¢
TOT FEMIC 6,00 6.45 4,64
TOT NORM 100,00 99,99 99,99
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The three feldspathic rocks are alkali trachytes with an agpaitic
index [molecular (Nay0 + Kzo)/Alzoé]just less than one. These rocks
probably are a differentiate from a mildly alkaline magma.

The basaltic rocks of the Atsabe region have high titanium
contents usually associatedlwith alkaline rocks from ocean basins.

The total alkali, silica variation (Fig. 54) indicates that these
basalts are alkaline and the alkali trachytes are on the same trend.
Variation diagrams (Appendix 2) for the Atsabe rocks suggest a
consanguinous relation between the basic and feldspathic rocks. The
alkali trachytes are strongly enriched in zirconium, niobium and
yttrium.

As many of these rocks are relatively fresh, their major
eiement chemistry is probably representative of the original igneous
‘composition. Assuming no significant alteration of the chemical
composition the analyses indicate that they are a marginally potassic
group of alkaline basalts and their differentiates. To provide
comparison with the more altered suites the immobile trace elements are
shown in Fig. 56.

The TiO, versys Zr diagram has a weak horizontal trend with TiO,
approximately 3%. The TiO, versus Y/Nb has a vertical trend with
Y/Nb < 1. Both trends are characteristic of alkaline basalts. Oniy
one sample lies outside this trend. Sample #3-1-252 has a position in
these diagrams moﬁe consistent with a tholeiitic basalt. The remaining

three diagrams also have strong alkaline trends.

Cribas Region
The geology of the Cribas region has been discussed by Wittouck
(1937), Grunau (1957a), Gageonnet & Lemoine (1958), Audley-Charles

(1968), Leme (1968) and Grady & Berry (1977). Only the last mentioned
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paper has maps based on accurate topographic maps published in 1967

by the Junta de Investigacoes do Ultramar, Portugal. In order to
compare the various maps, they have all been converted to the same
scale and fitted to this accurate base using the topographié features
shown on the original figures (Fig. 57). The three earliest maps

cover the area west and southwest of Cribas. As most of the igneous
rocks in this study come from northwest of Cribas they are not directly
applicable.

Leme (1968) compiled a map of East Timor at 1:500,000, while
Audley-Charles (1968) compiled a map at 1:250,000 of the same area.

Both show the Summasse River, which has been used to fit the enlargements
of these maps onto an accurate base. Errors from two sources are
important in thisAtransfgrfal. The original maps lacked adequate
topographic control and thus the Summasse River fitted poorly to the_
enlarged versions of these maps. Also the geology was probably general-
ised in order to be shown on these small scale maps. One obvious
example of the result of these inaccuracies is the Maubisse Formation
west of Cribas as taken from Audley-Charles (1968). The description

in the text indicates this unit should be on high ground whereas the
transferral using the available map information.places it in the valley
of the Bébo River.

Ignoring the possibly substantialAerrors it is possible to compare
sample locations (Fig. 58) with the geological units of each of the
authors. Samples #1-2-10, #1-2-11 are from autochthonous Triassic
sediments (Grunau, 1957a; Gageonnet & Lemoine, 1958; Audley-Charles,
1968). Sample #1-1-58 comes from the autochthonous Jurassic (Audley-
Charles, 1968), Jurassic to Triassic (Leme, 1968) or Permian to
Jurassic (Grady & Berry, 1977). Sample #1-2-31 is frém near the boundary

of the ILolotoi Formation and the Permian to Jurassic sediments in a region
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where the consensus of authors map them as Triassic or Jurassic.

The remaining samples are from the Triassic (Audley-Charles, 1968),
Triassic-Jurassic (Leme, 1968) or Permian to Jurassic (Grady & Berry,
1977). The models of Audley-Charles (1968) suggest that volcanic
rocks in association with red Permian limestone of thé Maubisse
Formation may occur as klippen on the high points of the ridges.

Grady & Berry (1977) suggest that_the limestone interdigitates with
Permian rocks of the Cribas formation which were found to be more
extensive than suggested by the previous workers. This is relevant

to the petrological problems in that samples #1-2-32, #1-2-34,

#1-2-35, #1-2-37, #1-2-38, #1-2-41, #1-2-42 and #1-2-43 come from
outcrops which include both vqlcanic rocks and red limestone, presumably
of the Maubisse Formation. Samples #1-2-27, #1-2-28 and #1-2-46 were
not recognisably related to occurrences of limestone, although from the
same area. Basalts are an established part of the Cribas and Atahoc
Formations (e.g. Gageonnet & Lemoine, 1958) and the latter rocks are
presumably part of this sequence. The remaining four samples analysed
are probably from Mesozoic autochthonous formétions.

Most of the igneous rocks collected were vesicular basalts
(#1-2-10, #1-2-11, #1-2-16, #1-2-30, #1-2-41, #1-2-43, #1-2-46). They
are heavily altered to chlorite with minor carbonate veining. There
are a few phenocrysts of perthitic feldspar and clinopyroxene; The fine
grained opaque miperals often have.skeletal textures.

A fresher group of basic rocks have doleritic and gabbroic
textures. Dolerites (#1-2-14, #1-2-31) contain relict pink clinopyroxene
and zoned labradorite. The gabbros are partially altered. Olivine is
often altered to serpentine. Sample #1-2-28 is a two-pyroxene, olivine
gabbro but other samples (#1-2-23, #1-2-42, #1-2-44) are more altered

and the relict mineralogy is less definitive.
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A group of acid volcanics (#1—2;27,#1-2—32, #1-2-34, #1-2-35,
#1-2-37, #1-2-38) were collected from 4 km northwest of Cribas. They
are composed of matted to subtrachytic feldspar microlites with
phenocrysts of albite.and perthite. Sodic pyroxene and blue
amphibole are minor minerals in the groundmass. Sample #1-2-38
contains microphenocrysts of hornblende.

The petrographic examination of these rocks indicates that
alteration is a significant problem especially in the basalts. The
major. element analyses may not be a good indicator of affinities for
these rocks. Improbably high calcium contents, in association with
high ignition 1oss,4are indicative of calcite invasion (Table 7,
samples #1-2-11, #1-2-58). If the normative mineralogy is calculated
(after oxidation and hydration corrections) it ranges from strongly
undersaturated to slightly oversaturated basalts, and a gréup of
alkali trachytes (Table 8).

Of the strongly undersaturated rocks, two are heavily altered
and have had addition of calcium and possible loss of silica (see
above). The third sample (#1-2-46) has a normative mineralogy
characteristic of a phonolite. This rock does not appear, in thin
section, to be heavily altered.

The ieast altered gabbroic rocks ére olivine-hypersthene
normative. The more altered equivalents are slightly undersaturated
possibly due to silica loss. The freshest dolerite (#1-2-31) has a
normative mineralogy typical of an alkaline latite basalt.

Four alkali trachytes have acmite in the norm indicating they
have an agpaitic index greater than one and are peralkaline. . The
appearance of sodic pyroxene in the mode corresponds wel} with' this
chemical index. The equivalent rocks from Atsabe had an agpaitic

index less than one and did not contain sodic pyroxene. This correlation
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Table 7

Major and trace element analyses of igneous rocks from
the Cribas region.

1-2-10 1-2-11 . 1-2-28 1-2-31 1-2-41
sI102 40.61 30.648 49,93 44,19 49,89
TIO2 3,23 2.18 - 0.38 2.31 1.21
AL203 15.14 11.76 16.33 16.30 15,32
FE203 6.55 4,52 0.87 3.56 1.98
FEO - , 4,84 3.64 3.45 6.38 7.10
MGO 4,88 5.17 9.21 8.14 8.15
MNO 0.14 0.21 0.11 0.15 0.22
NAZ20 4,12 3.25 2.80 3,22 2,87
K20 1.52 0.77 0.49 0.61 0.13
F205 0.66 0.44 0.04 .. 0.27 0.13
IGN LOSS 9.21 17.68 3.23 4,862 1.89
H20- . - 1.54 1.26 " 0.25 1.62 0.40
TOTAL 99.75 . 99,72 99.79 29,55 29.97
ZR 225 : 187 5 119 79
NE o 67 - 47 2 21 2
Y . 32 24 9 20 32
RE ' '35 | 21 4 12 2
SR 124 ! 142 429 473 122
1-2-42 1-2-43 1-2-464 1-2-58
SI02 . 49,24 | 48.91 41,72 39.57
TIOD2 0.29 0.99 3.61 0.94
AL203 - 16,73 15.09 12,66 12.39
FE203 : 1.25 4,40 ?.31 3.14
FEOD : 3.29 3.87 2.43 +55 i
MGO B 9.72 6.58 5.23 5.40
MNO 0.11" 0.14 - 0.25 0.15
cAD : 12.464 11.94 8.75 18.21
NAZO 2.49 3.23 3.86 2.25
K20 0.14 0.66 2.03 0.02
F205 0.03 0,11 0.59 - 0.14
IGN LOSS 3.03 3.39 7.28 14.20
H20- 0.58 0.75 1.75 0.26
TOTAL | 99.35 100.07 99,49 100.21
ZR 9 64 | 227 61
NE i 3 41 2 3
Y - - 8 26 34 30
RE 2 15 27 1
SR _ 197 182 231 72
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1-2-27 1-2-32 1-2-34 1-2-35 1-2-37
5102 66.42 66.79 65.57 59.08 65.46
TIO2 0.56 0.52 . 0.56 0.62 0.59
AL203 13.70 13.69 13.73 15.41 14,27
FE203 4,00 3.80 6.53 8.77 3.63
FEO 1.24 -1.49 0.41 0.09 2,00
MGO 0.16 0.38 0.17 0.72 0.78
MNO 0.16 0.09 0.13 0.09 0.14
ca0 1.06 0.43 T 0.34 0.50 0.16
NAZ20 5.56 S5.16 4,61 5.87 5.09
K20 5.09 5.36 6412 5.29 5.28
F205 0.07 0.04 0.08 0.10 0.04
IGN LOSS 1.30 1.00 0.87 2.03 1.53
H20~- 0.31 0.49 C0.27 0.98 0.42
TOTAL 99.63 99,23 99,38 99.54 99.38
ZR 614 937 561 777 797
1 NE 161 220 182 187 190
Y 65 124 55 53 85
RE 71- 119 53 64 99
Sk 33 2 .18 23 21
1-2-38
SI102 64 .85
TI02 0.55
AL203 - 13.39
FE203 4,35
|1 FEO 2.28 .
MGO 0.43
MNO 0.17
CAOD 1.00
NA20 5.43
K20 5.61
F205 0.05
IGN LOSS 0.82
H20- 0.39
TOTAL 99.32
ZR 724
NE 166
Y 83
RE 125
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C.I.P.W. normative mineralogy of igneous rocks from the Cribas
region (based on analyses recalculated dry to 100% after
correction of FeO/Fe,0O3 ratio).

1-2-10 | 1-2-11 | 1-2-28 | 1-2-31 | 1-2-41
QUARTZ 0.00 0.00 0.00 0.00 0.03
ZIRCON 0.04 0.04 0.00 0.03 0.01
ORTHOC 10.10 0.00 3.01 3.90 0.77
ALEITE 24,04 0.00 24,62 29.19 24,79
ANORTHITE 20.64 18,94 31465 30,23 29.19
LEUCITE 0.00 4.40 0.00 0.00 0.00
NEFHEL INE 8.24 18.47 0.00 0.00 0.00
TOT SALIC 63,08 41.86 59.29 63.35 |. 54,79
DIOFSIDE 12.37 13,90 26.45 ?.14 19.42
WOLLAST 0.00 0.00 0.00 0.00 0.00
HYFERSTH 0.00 0.00 1.63 0.33 18.43
OLIVINE 9.27 11.42 ?.47 16.61 0,00
DICAL SIL 0.00 22,30 0.00 0.00 0.00
MAGNETITE 6463 4,10 2.32 5.23 4,71
ILMENITE 6791 5.15 0.74 4,69 2,36
AFATITE 1,75 1.30 0.09 0.66 0.31
TOT FEMIC 36:94 | 58.17 | 40.70 36.66 45,23
TOT NORM 100.02 | 100,03 | 99.99 | 100.02 | 100.02
1-2-42 | 1-2-43 |1-2-46 | 1-2-58
QUARTZ 0.00 0.00 0.00. 0.00
ZIRCON 0.00 0.01 0.04 0.01
ORTHOC 0.89 4.08 13.35 0.12
ALEITE 22,00 | 27.95 18.56 0,09
ANORTHITE 35.55 25.77 12,46 27.62
LEUCITE 0.00 - 0.00 0.00 0,00
NEFHELINE 0.00 0.35 ?.61 12,01
TOT SALIC 58.44 58,16 54.03 39.85
DIOFSIDE 22,78 28.34 25.14 .| 446.54
WOLLAST 0.00 0,00 0.00 799
HYFERSTH 8.71 0.00 0.00 0.00
OLIVINE 7.11 6.84 4.88 0.00
nIicaL SIL 0.00 0.00 0.00 0.00
MAGNETITE 2,32 4,44 6479 3.18
ILMENITE 0.57 1.98 7.63 2.0¥
AFATITE 0.07 0.26 1.56 0.38
TOT FEMIC 41,55 41.85 46,00 60,15
TOT NORM ?9.99 | 100.01 [100.03 | 100,00




Table 8 cont.

1~2-27 | 1-2-32 | 1-2-34 | 1-2-35 | 1-2-37
QUARTZ 13.74 15,55 14,83 2,38 14,13
ZIRCON 0,12 0.19 0.12 0.16 0.16
ORTHOC 30,73 32,38 34,87 32,44 31.97
ALEITE 42,96 41,50 37,27 51.61 44,17
ANORTHITE 0.00 0.00 0.00 0.12 0.53
TOT SALIC 87.54 89,63 89,09 86,72 90,96
ACMITE 4,42 2,80 2,20 0.00 0.00
DIOFSIDE 4,30 1.62 1.01 1.46 0.00
HYFERSTH 0.27 1.75 1.78 3.18 3,03
| MAGNETITE 2,22 3,09 4,64 7.18 4,77
ILMENTITE 1.08 1,01 1,10 1,23 1.16
AFATITE 0.17 0,09 0.19 0.24 0.09
TOT FEMIC 12.47 10.34 10.91 13,29 9,05
TOT NORM 100.01 99,99 | 100.01 | 100.01 | 100.01
1-2-38
QUARTZ 10.74
ZIRCON 0.15
ORTHOC 33,74
ALEITE 38,37
| ANORTHITE 0.00
TOT SALIC 83.00
ACMITE 742
DIOFSIDE 4,06
HYFERSTH 2,34
MAGNETITE 1,97
ILMENITE 1.08
AFATITE 0.12
TOT FEMIC 16.99
TOT NORM 99 .99

198
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of chemical analyses with modal composition suggests that the ground-
mass pyroxene is an igneous phase (aegerine).

The association of basalts and peralkaline acid volcanics
suggests an alkaline source for all the volcanic rocks, but the
mineralogy and chemistry oﬁ some of the rocks, especially gabbros,
is more characteristic of thoieiitic magmas. In the total alkali
versus silica diagram (Fig. 59) the basalts plot in two groups; one
in the tholeiitic and one in the alkaline field. In the major element
plot of Pearce (1976) the basalt compositions are within or near the
field of "within-plate basalts". As the alteration is severe in some
samples the value of these diagrams is limited but they sugges£ that
"within-plate" basalts of both alkaline and tholeiitic affinities occur
in this region. )

The triangular diagrams (Fig. 60) do not show any iron enrichment
trends which might occur in continental tholeiites. The trend in the
K70-Nap0O-Ca0 diagram shows approximately equal amounts of K,O and
Nao0 which is not consistent with spilitisation.

The immobile trace element variations are shown in Figure 61.

The TiO, versus Zr plot has a proportional trend diagnostic of tholeiitic
rocks while the TiO; content reaches 3.5% which is usually only found

in alkaline rocks. The TiO, versus Y/Nb clearly shows two separate
trends. The vertical trend is characteristic of alkaline rocks while

the horizontal trénd at low values of TiOy is characteristic of |
tholeiitic basalts. There are two more samples with Y/Nb ratios greater
than 12 which confirm the tholeiitic trend but which are not shown in
this diagram as they are outside the range of values visible. The
tholeiitic trend includes the two-pyroxene gabbros. Both the TiOj

versus Zr/lOl+ X P05 and the Nb/Y versus Zr/lOL+ X P205 diagrams have

trends developed which are characteristic of both major magma types.
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The trace elements, major elements and petrography indicate that
samples collected from the Cribas region include‘both tholeiitic and
alkaline basalts as well as the alkali trachytes. The chemistry of the
alkaline rocks is different from the samples collected in the Atsabe
region, which have higher titanium and phosphorous in the basic rocks
and very much higher Zr, Y and Nb in the alkali trachytes.

The igneocus rocks of the Cribas region come from a wide area and
possibly span a large time range. The four basaltic rocks that define
the alkaline trends inclgde #1-2-10 and #1—2—11 which are from Triassic
sediments (Grunau, 1957; Gageonnet & Lemoine, 1968; Aituto Formation of
Audley-Charles, 1968), Triassic to Jurassic (Leme, 1968) and Permian to
Jurassic (Grady & Berry, 1977). Less certainly the other alkaline basic
rocks (#1-2-31, #1-2-46)- are from the same units. The latter is too far
north to appear on the maps producéd by the early workers. None of these
rocks is associated with the red limestone typical of the Maubisse,
Formation.

The tholeiitic basalts are partly associated with red crinoidél
limestone (#1-2-41, #1-2-43) and not in others (#l—2<28,-#1—2-58).
Sample #1-2-58 comes from the Jurassic sediments (Audley-Charles, 1968),
Triassic to Jurassic (Leme, 1968) or Permian to Jurassic (Grady &

Berry, 1977). Sample #1-2-28 comes from near the Permian-Triassic
boundary (Leme, 1968; Audley-Charles, 1968) and is associated in the
field with an alkali trachyte. All the alkali trachytes except #1-2-27
are assocliated with red crinoidal limestones typical of the Maubisse
Facies. They also all occur in the same vicinity as the tholeiitic
basalts, 4 km northwest of Cribas. It is unlikely that the peralkaline
trachytes could be a differentiate of the tholeiitic basaltsand this
apparent spatial relation is probably an artifact of the low density of

sampling.
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Maubisse Region

A series of basalt flows outcrop on the road from Aituto to
Hato Builico (Fig. 62). Five samples from this region have been
analysed. The basalts crop out with tuffs, shales and crinoidal
limestones. The stratigraphy has been described by Audley-Charles
(1968), Gageonnet & Lemoine (1958) and Leme (1968).

All the samples are heavily chloritised and oxidised. There is
extensive calcite veining in several samples. In sample #1-2-74
a mauve clinopyroxene is part of the groundmass. In the least altered
of the other rocks there is relict groundmass clinopyroxene. In
#1-1-280 it is pale green. All the rocks are vesicular basalts with
rare phenocrysts of clinopyroxene and very rare serpentine pseudo-
morphs, probably after olivine. The groundmass is predominantly albite
laths in a matted to trachytic texture with chlorite, clinopyroxene
and iron oxides.

The least altered sample (#1-2-74) is olivine hypersthene normative.
The major element chemistry of the remainder of the samples (Table 9)
is slightly to strongly undersaturated but this may be a function of
the alteration. The total alkali versus silica plot (Fig. 63) suggests
the rocks are alkali basalts. The two samples with Ca0 + MgO values
in the rééuired range plot in the "within—plate" basalt field of
Pearce (1976).

The trace elément discrimination diagrams are ambiguous (Fig. 65)
as composition does not vary.sufficiently to provide adequate trends.
The rocks are probably alkaline as indicated by the major elements. The
rocks have distinctively lower titanium contents than the basic rocks

from Atsabe and the alkaline basic rocks from the Cribas region.
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Major and trace element analyses, and the C.I.P.W. normative

mineralogy of igneous rocks from the Maubisse region.

(The

FeO/FeyO3ratio was corrected and the major element composition
was recalculated dry to 100% before computing the norms.)

1-1-280 - 1~1~-282 1-1-283 1-1-285 1-2-74
5102 36.88 50.71 50.54 43.83 44,98
TI02 1.24 1.54 1.56 1.59 1.69
AL203 13,62 16.13 16.74 14.00 16.06
FE203 8.25 6415 4.06 8,62 3.80
FEO 1.12 2,58 4.34 1,34 6,92
MGO 6400 3.33. 3,28 7420 6,66
MND 0.15 0.11 0.14 0.16 0.16
CAD 19,72 8.53 7.26 12,23 10,61
NAZD 1,79 4,27 4.63 3,04 2,75
K20 0.35 1.61 1.74 0.94 0,27
P205 0.20 0.28 0.26 0.29 0.26
IGN LOSS 10.48 3,44 3,73 6435 4,55
H20- 0.74 0.97 0.90 . 0.95 0.94
TOTAL 100.53 99.64 | 99.19 100,54 99,61
ZR 88 146 148 122 109
NE 22 28 29 33 24
Y 18 .33 29 25 31
RE 5 39 41 13 3
SK 128 156 350 160 464

1-1-280 1-1-282 | 1-1-283 | 1-1-285 | 1-2-74
ZIRCON 0.01 0.03 0.03 0.03 0.03
ORTHOC 0.00 |  10.05 10.87 5,97 1.36
ALERITE - 0.00 37.99 41,46 14,45 | 24.79
ANDRTHITE 31.71 21,16 20,89 | 23.54 32,75
LEUCITE 1.81 0.00 0.00 0.00 0.00
NEFHEL INE 9,21 0.00 0.00 7.16 0.00
TOT SALIC 42,74 69 .22 73.26 51,15 | 58.92
NIOFSIDE 28,39 17,37 12,46 32,00 17.34
HYFERSTH 0.00 | . 4,06 1,57 | . 0.00 5,75
OLIVINE 8.78 0.25 3,54 7.85 8.61
DICAL SIL 13,01 0.00 0,00 0.00 0.00
MAGNETITE 3,90 5,30 5,41 5,03 5,34
ILMENITE 2.64 3,10 3,13 3,25 | $3.40
AFATITE 0.54 0,69 0.64 0.73 0.64
TOT FEMIC 57.26 30.78 26,75 48.86 41.08
TOT NORM 100,00 | 100.01 | 100.01 | 100.01 | 100.01
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Manatuto Region

Several kilometres west of Manatuto there are pillow basalts
interbedded with red and green shales and lithic arenites (Fig. 66).
The basalts are heavily spilitised. Sample #3-1-111 has skeletal
opaques while samples #3—l5220 and #3-1-236 contain phénocrysts of
feldspar. The K,0-Najy0-CaO diagram (Fig. 68) suggests that the alter-
ation has changed the potassium to sodium ratio, with the probable
addition of sodium. While the analyses now plot well in the alkaline
field of the total alkali versus silica diagram (Fig. 67) this may be
a result of the spilitisation.

Immobile trace elements are probably more reliable but with only
two data points the validity of trends is difficult to ascertain.
The daﬁa has an alkaline treﬁd in the TiO; versus Y/Nb, TiOp versus
zr/10% x P,05 and Nb/Y versus zr/10% x Po,05 diagrams. The trend in
TiOy, versus Zr diagram and P05 versus Zr diagrams is ambiguous.

On the basis of the very limited evidence available the igneous

rocks from west of Manatuto probably have alkaline affinities.

Discussion

The igneous rocks from all four regions contain basalts of
probable alkaline affinity. The Cribas region'also contains some i
tholeiitic basalts. Not all the basic rocks are volcanic. The northern
group from Atsabe are dolerites while at Cribas there are also some
dolerites and gabbros. However the majority of basic rocks are
recognised in the field as thin sheets often with pillows. In two
regions of East Timor there are suites of alkali trachytes which are
strongly enriched in zirconium, niobium and yttrium.

Permian volcanics from the Sonnebait Series of West £hmor have
been classified as olivine basalts and their alkaline differentiates by

Roever (1942). These rocks have been correlated with the Maubisse

Formation of East Timor (Gageonnet & Lemoine, 1958). The description
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Table 10

Major and trace element analyses, and the C.I.P.W. normative
mineralogy of igneous rocks from the Manatuto region. (The
FeO/Fe203 ratio was corrected and the major element composition
was recalculated dry to 100% before computing the norms.)

3-1-111 3-1-220 3-1-236

sS102 42,18 61,00 48,80
TIO2 3.93 0.56 1.97
AL203 13.01 17.64 15,49
FE203 : ?.59 1.17 6.47
FEO 5.23 0.76 3.03
MGO 4,78 0.30 3.46
MND ’ 0.21 o 0.21 0.14
cao o 6.68 4,01 6.22
NAZ20 3.80 8.64 6.17
K20 0.30 0.95 0.68
F205 0.72 0.11 0.59
IGN LOSS 8.42 4,05 22
H20- - 0.39 0.31 0.50
TOTAL . 99 .24 29,71 . 99,74
ZR 308 266 227
NE . 54 104 73
Y _ . 42 24 _ 23
RE - -8 34 25
"SR 216 219 274
—

3-1-111 |3-1-220 |3-1-236

QUARTZ : 0.00 1.03 0.00
ZIRCON - 0.07 0.06 0.04
ORTHOC . .2.01 S.895 4,37
ALEITE 35.71 76.646 48.74
ANDRTHITE 19.51 6.89 13.50
NEFHELINE 0.00 - 0.00 4.08
TOT SALIC 57.30 ?0.48 70.74
4 DIOFSIDE ?.84 2.14 12.52
WOLLAST 0.00 4,43 0.00
HYFERSTH 10.46 0.00 0.00
OLIVINE 4.47 0.00 S5.07
MAGNETITE 7.80 1.57 6,15 <
ILMENITE | 8.28 1.12 4,05
AFATITE 1.89 0.26 1.52
TOT FEMIC 42,75 ?.91 29.30

TOT NORM 100.04 100.00 100.04
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‘of these rocks is closely camparable with the results of this study
from East Timor.

Of the igneous rocks examined from Eaét Timor most of the rocks
from the Atsabe region and all of the rocks from the Maubisse region
are from the Maubisse Formation. In Cribas the distinction is less
clear but the alkaline basaltic rocks are not from this formation.

The alkali trachytes and possibly the tholeiitic basic rocks were
found in the Maubisse Formation. As many authors (e.g. Grunau, 1957a;
Gageonnet & Lemoine, 1958; Leme, 1968; Audley-Charles, 1968) have
proposed that the Maubisse Formation is allochthonous, a comparison
between volcanic rocks of this formation and those in the Permian to
Jurassic clastic rocks is significant. The representatives of the
latter group are the alk§1ine rocks from the Cribas region aﬁd the
possibly alkaline rocks from west of Manatuto. On the basis of the
present data no compositional distinction can be made to indicate that
this latter group evolved in a different tectonic environment from the
igneous rocks of the Maubisse Formation.

The composition of igneous rocks of the Permian of East Timor are
characteristic of a "within-plate" setting. Mixed alkaline/tholeiitic
provinces such as is suggested by the Cribas region (and also the
Aileu Fo}mation - see Section 2.2) typically occur in both ocean island
and rift valley settings'(Carmichaei et al., 1974), which are the zones
of "within-plate" ?olcanism as defined by Pearce (1976). The extensive
clastic sedimentation of the Cribas and Aileu Formations suggests a
continental shelf environment with a large non-volcanogenic sediment
input, which i; not compatible with an ocean island setting. This is
not as certain for the Maubisse Formation but as the Aileu &nd
Maubisse Formation; are considered to be stratigraphically continuous
(Leme, 1968; Carter et al., 1976) the combination of stratigraphy and
igneous petrology strongly infers a rift valley setting for these

volcanic and hypabyssal rocks.
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The Aileu Formation igneous rocks are similar to some of the rocks
of the Permian formations. The doleritic rocks from the Atsabe region
show a moderate iron enrichment trend and a very strong titanium
enrichment. These trends are similar to the metadolerites from the
area of Aileu Formation south of the Western Laclo Fault. The Atsabe
dolerites are significantly more alkaline which may account for the
detailed differences. ' Thus the dolerites from the Aileu Formation lie
at a mid-point in composition and trends between the tholeiitic
Dalradian metabasites, to thch they were compared in Section 2.2, and
the alkaline Atsabe dolerites and all three appear to be in a rift
valley setting.

The rocks of the Cribas region have the lowest iron content as
shown by trends in the total iron-total alkali-magnesium diagram. The
iron enrichment trend of the Aileu Formation amphibolites lies betweeﬁ
the trends of the Cribas and the Atsabe rocks. However the trace
element patterns of the Aileu Formation contrast strongly with those of
the Cribas and Atsabe regions. While the last two have distinctive
trends of the alkaline and tholeiitic types the Aileu Formation has
transitional trends between the two and characteristic of neither. 1In
this transitional nature the metamorphosed rocks are more akin to the
Dalradiah metabasites than they are to the igneous rocks of the Cribas
and Atsabe regions. |

The Permian and Mesozoic igneous rocks from Timor may be compared
with volcanic rocks in northwest Australia. Powell (1976) drew a
comparison between the alkali olivine basalts described by Roever (1942)
and those found in offshore wells. However while the Timor rocks are
certainly compatible with a rift valley setting there is, as yet, little
data available on Mesozoic basalts from the Northwesf Shelf rocks.
Veevers & Cotterill (1976) summarize the age range of extrusive rocks

from the Western Australian margin. Le Maitre (1975) studied a suite of



heavily altered phonolites from Edel No.l. Other than brief mentions
of basalt in well completion reports (Scott Reef No.l, Bedout No.l
and Ashmore Reef No.l; B.O.C.A. 1968, 197l1la, 1971b) 1little other

data is available from offshore wells. Glover (196l1) reported a
Triassic dolerite in an onshore well (Fraser River No.l) which is
probably the andesine dolerite from Fraser No.l Bore, Derby area,
listed in Joplin (1975, p.174). This rock contains 4.20% TiOy, high
iron, low alumina and moderate P30g5 and is very similar in chemistry
to the Aileu Formation dolerites and the hornblende-plagioclase rocks

( especially sample #3-1-291, Table 11, Section 3.3).

3.24 Metamorphism

A major problem in the analysis of basic rocks from the
Permian-Mesozoic formations of East Timor is the intense alteration.
There are four common classes of alferation. Many of the-rbcks with
relict basaltic textures are now spilites. They contain the
assemblage chlorite-albite with a few opaque minerals suggesting
quench textures. This type of alteration is common west of Manatuto
and near Cribas. A second type of alteration involves carbonate
veining with the formation of chlorite. Most of these rocks are from

the Cribas region.
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A few rocks contain actinolite as part of an alteration assemblage

chlorite-actinolite-epidote-albite. Examples are samples #3-1-250,
#3-1-252 and #3-1-247 from Atsabe, and #1-2-42 from Cribas. There are
also two prehnite bearing gabbros from this latter region. Sample
#1-1-28 contains prehnite-actinolite with the prehnite mainly as a
vein mineral and sample #1-2-65 contains prehnite-albite-serpentine.

<

Two rocks from Cribas (#1-2-33, #1-2-52) contain stilpnomelane.
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The fourth diétinctive type of alteration has only been found
in gabbroic rocks from the Cribas region. Several of these rocks are
severely serpentinised with little remaining of the original
mineralogy.

Most of these assemblages provide little evidence about the
grade of metamorphism. However the minerals actinolite, prehnite
and stilpnomelane are all indicative of metamorphism rather than
diagenetic processes. Actinolite and stilpnomelane usually appear
at the lower boundary of the greenschist facies (or possibly in the
upper part of the prehnite-pumpellyite facies at higher pressure)
(Miyashiro, 1973). Their presence in basalts and dolerites of the
Atsabe and Cribas regions is strong evidence that these rocks have
been metamorphosed to near the lower greenschist facies boundary. The
presence of prehnite in several samples shows that at least some areas
have not reached the greenschist facies. As the samples come from
widely spaced sites, it is not possible to draw any conclusions about
the distribution of any variations in metamorphic grade.

The metamorphic mineralogy of these basic rocks in unlikely to
be due entirely to autometamorphism. The prehnite veining in
gabbroic samples does suggest alteration by hydrothermal fluids produced
during fhe cooling of a large igneous body. However actinolite was
found in both basalts and dolerites. The former rocks occur as thin
sheets interbedded with clastic sediments and limestones. It is
improbable that they could maintain a suitable temperature, during their
cooling history for a sufficient length of time to allow the alteration
to reach its present advanced stage. Much more work is required in
order to satisfactorily demonstrate the metamorphic grade of the Permian
and Mesozoic formations of Timor, but the assemblages found in the

basaltic rocks investigated as part of this petrological study are
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sufficient to place serious doubt on assertions that they are unmeta-
morphosed (e.g. Barber et al., 1977). The simplest interpretation of
the alteration is that Permian sediments from both the Atsabe and
Cribas region have been metamorphosed to prehnite-pumpellyite facies,
and possibly to greenschistxfacies. The metamorphic grade of rocks

from the Maubisse and Manatuto regions is unknown.

3.25 Summary

(1) Lithologies of the Laclo Valley have a complex distribution
which is poorly understood. There are marked discrepancies between the
interpretations of earlier workers and some doubt must be placed on the
ages of the formations.

(2) The rocks of the Laclo and Summasse Valleys have been
subjected to a multiple (at least th;ee generation) deformation history.

(3) The macroscopic structure'of the Laclo region is dominated
by tight folds and east-west f;ults. West of Manatuto the situation is
more camplex than the klippen interpretation of Gageonnet & Lemoine
(1958) but the presence of a near horizontal thrust is still implied
by the simplest interpretation of the available data.

(4) The igneous rocks of the Atsabe region are slightly potassic
alkaline basalts and dolerites with associated alkali trachytes. The
basaltic rocks are enriched in iron,_titanium and phosporous while the
feldspathic rocks are strongly enriched in zirconium, yttrium and
niobium. The major element composition indicates these are "within-
plate” basalts.

(5) Both tholeiitic and alkaline basaltic rocks were found in
the Cribas region. There is also a group of peralkaline alkali

<
trachytes. The major element patterns of the basic rocks a¥e campatible

with a "within-plate" tectonic setting.
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(6) The few basic rocks from Maubisse and Manatuto which have
been studied show no remarkable differences from the range of
canpositions found at Cribas and Atsabe.

(7) All the Permian-Mesozoic igneous rocks studied are compatible
with a rift valley or ocean island tectonic setting. The close assoc-
iation of a small proportion of volcanic rocks with a large thickness
of clastic sediments typifies the former possibility and is improbable
in an ocean island enviromment.

(8) There is a significant overlap in range of composition of the
basic rocks found in the Permian-Mesozoic system and the metabasites of
the Aileu Formation. The connotations of their compositions are
similar.

(9) The alteration of the Permian-Mesozoic igneous rocks imply
they have been subject to prehniteépﬁmpellyite, and possibly greenschist,

facies metamorphism.

3.3 HORNBLENDE-PLAGIOCLASE ROCKS

A block of hornblende-plagioclase rock crops out on the north
coast, 5 km west -of Manatuto (Figs. 1, 70), and is bounded on the south
and east by faults. To the west is a deformed peridotite, the Hili
Manu Lherzolite (Section 3.41). The contact relation with the peridotite
is unknown but the boundary has a linear surface expression.

The outcrop'has a weak layering defined by zones of dispersed
carbonate. The major components of the rocks are plagioclase and a
pleochroic pale brown, to dark brown hornblende. Sample #3-1-291 has
abundant opaque minerals. The remaining samples have minor:sphene
and a trace amount of opagque minerals. The hornblende has a high
negative 2V, extinction angles (y:z) range fraom 14 to 180, and

birefringence varies from 0.015 to 0.030. Typical grain size is 1 mm.
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Plagioclase composition has been measured using extinction angles
measured in the section perpendicular to x and composition ranged from
andesine in sample #3-1-208 to bytownite in #3-1-290. The plagioclase
grains have lenticular twins and some curved twin planes. The

former indicates deformation twinning (Vernon, 1965) while the curved
twin planes indicate strain occurred at a temperature below that
required for optically visible recovery.

There are subplanar zones several millimetres wide through the
rock which are altéred to a fine grained mass of chlorite, actinolite,
epidote and sericite. Near the altered zones the brown hornblende
has green rims. The spacing between these zones is on the scale of
several qehtimgtres in the samples studied. The width, spacing and
mineralogy of the zones suggests they are due to hydrothermal alter-
ation along small fractures.

The medium grained.granobiastic:texture of these samples is
characteristic of metamorphic rocks. ' The even grain size of hornblende .
and plagioclase; and the xenobiastic hornblende crystals suggest high
grade metamorphisﬁ'but the samples do not have the granuloblastic
texture characteristic of the granulite facies. Brown hornblende is
normally found in metabasites of the upper amphibolite and lower
granulite.facies (Miyashiro, 1973, p.254). In-combination the texture
and mineralogy of tﬁe hornblende-plagioclase rocks are strong evidence.
that they have been metamorphosed to upper amphibolite facies.

The hornblende-plagioclase rocks have a faulted margin with the
Aileu Formation and an unknown, possibly faulted, contact with the
Hili Manu Lherzolite. As the lithology in the adjacent section of the
Aileu Formation is upper amphibolite metabasites which gontaié green
hornblende, there is only a small contrast in metamorphic grade across

this section of the Metac Fault. However amphibolites are also often



224

found iﬁ contact aureoles of alpine peridotites (e.g. Lizard, Green,
1964b) or along faulted margins of ophiolite sequences (e.g. Newfoundland,
Williams & Smyth, 1973). Seven samples were analyzed (Table 11) to see
if their compositions could be related to either of these enviromments.
The analyzed samples contain high titanium, iron and phosphorous.
They are dominated by very high calcium contents which is reflected in
high to very high normative diopside (Table 12). Ignoring sample
#3-1-209 which has a high ignition loss and very high calcium i;dicating
calcite invasion, the rocks are mainly saturated diopside, olivine
normative basalts. They have high total alkali compared to their
silica and plot in the field of "within~plate" basalts (Fig. 71).
There is a strong iron enrichment trend (Fig. 72) with total iron, as
FeO, ranging from 10 to 17%. At the same time TiO, increases from
1.5 to 4.7% and Py05 increases from 0.2 to 0.8%. The iron enrichment
trend of the hornblende-plagioclase rock is very similar to that
displayed by the Aileu Formation metadolerites. However the phosphorous
enrichment is closer to that developed in the basaltic rocks from Atsabe.
The trace element patterns (Fig. 73) of the hornblende-plagioclase
rock are also very similar to the Aileu Formation basites. The TiOp
versus Zr plot has a proportional trend suggesting tholeiitic basalts
but witﬂ é TiO, content up to 5%. The TiO2 versus Y/Nb ha; a vertical
trend usually found in alkaline rocks but the Y/Nb value is higher
than expected. The TiO; versus Zr/(10* x P,0Os) has an alkaline trend
and the remaining two diagrams are ambiguous. A combination of the
major and trace elements suggests a "within-plate" basalt transitional
between tholeiite and alkaline type.
Compositionally the hornblende-plagioclase rock is sihilar to
the metabasites of the Aileu Formation. The high titanium contents

found in these rocks have previously been reported from midocean ridge
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Major and trace element analyses of the hornblende-plagioclase

225

rocks. -
3-1-82 3-1-208 3-1-209 | 3-1-233 | 3-1-238
sI102 45,07 44,82 41 .86 41,92 42,73
TI102 2.87 3.64 3.72 3.39 4,68
AL203 14.13 13.20 10.83 14.11 13.21
FE203 2,46 3.14 3.62 3.48 4,08
FEO 11.43 11.70 8.86 11.18 13.01
MGO 8.08 6.05 5.48 6066 4,60
MNO 0.25 0.28 0.42 0.24 0.26
CAQ 9.38 10.52 16.98 13.06 10.56
NA20 2.49 2.75 1.83 1.90 2,69
K20 1.26 0,60 0.40 0.61 0.24
IGN LOSS 1.86 1.97 5.00 3,02 2,50
H20~ 0.08 0,22 0.22 0.19 0.28
TOTAL 99.67 99,36 99.73 100,17 99,67
ZR 153 213 216 . 235 280
NE 27 37 42 ~ 30 54
1y . 34 48 36 44 77
RR 2 9 3 4 3
SR 269 312 333 290 170
3-1-290 | 3-1-291
5102 48.79 45.16
TI02 1.56 4,81 1
AL203 16.12 13.39
FE203 1.87 2.99
FEO 8.04 . 12.71
MGO 7.05 6,10
MNO 0.15 0.34
CAO 11.75 8,36
NA20 2.68 3.24
K20 0.25 0.68
P205 0.16 0.68
IGN LOSS 1.96 1,89
1 H20- 0.32 0.19
TOTAL 100.71 100,53
ZR 77 288 - .
NE 12 56 :
Y 21 56
RR 1 i1
SR 348 252




Table 12

C.I1.P.W. normative mineralogy of the hornblende-plagioclase
rocks (based on analyses recalculated dry to 100% after

correction of FeO/Fep0O3 ratdio).

3-1-238

3-1-82 | 3-1-208 | 3-1-209 | 3-1-233
ZIRCON 0.03 0.04 0.04 0,04 0.06
ORTHOC 7.62 3.66 2,54 3,72 1.42
ALEITE 21,49 23,94 7.46 12,25 23,52
ANORTHITE 24,16 20,47 21,34 28,99 | . 23,95
NEFHELINE 0.00 0.00 4,81 2,35 0.00
TOT SALIC 53,31 50,12 36,19 47,35 48,95
DIOFSILE 17.12 22,75 46.58 28,49 20,15
WOLLAST 0.00 0.00 2,86 0.00 -| 0,00
HYFPERSTH 2,79 6.28 0,00 0.00 10,46
"OLIVINE 13.33 5,02 0.00 9,91 1,23
MAGNETITE 7.15 7.44 5,64 6,64 8.08
ILMENITE 5.56 7.08 7.46 6.63 9,15
AFATITE 0.76 1.14 1.30 0.99 2,01
TOT FEMIC 46.71 49,92 63.85 52,67 51,09
TOT NORM 100,02 | 100,04 | 100,03 | 100.02 | 100.04

3-1-290 | 3-1-291
ZIRCON 0.01 0.06
 ORTHOC 1.48 4,02
ALEITE 23,01 27.75
ANORTHITE 31.66 20,27
NEFHELINE 0.00 0.00
TOT SALIC 56417 52,10
DIOFSIDE 21,27 14,00
WOLLAST 0.00 0.00
HYFERSTH 12.58 12.26
OLIVINE 1.57 - 2,71
MAGNETITE 5,03 8.11
ILMENITE 3.00 9,25
AFATITE 0.38 1.61
TOT FEMIC 43.84 47.93
TOT - NORM 100.01 | 100.03
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gabbros (Miyashiro et al., 1970) and from differentiated tholeiitic
sills in a rift valley setting (Graham, 1976). The close similarity
of these hormnblende-plagioclase rocks and the Aileu Formation meta-
dolerites is strong evidence for their common origin, especially as
these campositions are relatively rare.

The palaeomagnetic pole determined for several of the hornblende-
plagioclase rocks plunges shallowly to the southeast and is normally
polarised. Poles from the Aileu Formation just south of the Metac

Fault also plunge shallowly to the southeast with the same polarisation
(Dr. F.H. Chamalaun, pers. comnm.).

The close similarity in orientation of palaeomagnetism in these
two metamorphic blocks implies that they cooled through Curie point
at about the same latitude. However the present orientation implies
rotation of the blocks, as it cannot have been produced by a latitudinal
shift. The subparallel magnetic "vectors may be due to similar rotations
of two blocks which originated together with the same vector orientation.
Alternatively the parallelism may be coincidental with different
rotations bringing two non-parallel vectors into the same orientation.

The evidence available from microstructures and mineralogy indicate
the Aileu Formation metabasites of this area were metamorphosed to
amphibolitélfacies and the K/Ar dating proves that the subsequent
cooling occurred in the Mio-Pliocene. The FeO/(FeO + Fe,0O3) ratios
of these amphibolites is high (see Section 2.2) suggesting magnetite
and/or ilmenite (not haematite) are the stable phases. Magnetite has
Curie temperature 578°C (Irving, 1964) so the magnetism was certainly
reset by the major metamorphic event and the present magnetic vector

is of Mio-Pliocene age. §
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The Northwest Shelf of Australia Qas about 10°S and the Banda
Arc about 5°S at 10 m.y. B.P. (Smith & Briden, 1977). The former
implies an inclination of 20°S while the latter implies an
inclination of 10°S. fThere is a large uncertainty in these estimates
as the geographic and magnetic poles are not parallel (Irving, 1964).

The Aileu Formation amphibolites from just south of the Metac
Fault have been folded during the fifth deformation phase (Section 2.3).
As the magnetic vector must have been set before this phase
(Section 2.44) its present direction is at least partly the result of
the rotation associated with Dg folding. The hinge trace of this fold
trends at 105° and lies several kilometres south of the coast in the
eastern section of the Aileu Formation (Figure 28). If it is assumed
that the area south of this hinge was not rotated (and therefore
still retains an unrotated Mio—Pliodeﬁe magnetic vector),thé Dg fold
could produce the observed vector orientations if the initial
orientation of the vector was inclined 20 to 60° to the south.

With the errors due to secular variation, effect of a non-dipole
field, estimates of the D5 fold axis and assumption of flexural shear
foldigg it is not possible to distinguish between origins of the Aileu
Formation as part of the Australian continent or the Banda Arc in the
Mio—Pliocéne. However the presence of a fi%th phase hinge capable of
explaining the rotation of the magnetic vector in the Aileu Formation
and the presence of a similarly rotated vector in the hornblende-
plagioclase rock is further evidence of the similar origins of the

two blocks.

Summary <
The hornblende-plagioclase rocks are upper amphibolite facies
metabasites with close compositional similarities to the Aileu Formation

metadolerites (30 km to the west). They are faulted against amphibolite
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facies metabasites to the south. There is indirect evidence from

palaeomagnetic measurements that the two rock groups have both been

rotated by the last phase of folding.
As there is a close genetic relationship between the hornblende-

plagioclase rocks and the Aileu Formation it is unlikely that the

former is also associated with the deformed peridotite either as a ;

contact aureole or a sheared block.

3.4 ULTRAMAFIC ROCKS

3.41 Hili Manu Lherzolite j

On the north coast of East Timor, 15 km west of Manatuto is a
deformed peridotite (Fig. 1), faulted against the Aileu Formation in
the south (Section 2.5) and abutting the hornblende-plagioclase rock
(correlated with the Aileu Formation,.Section 3.3) in fhe east. The
peridotite body is predominantly composed of lherzolite and is referred
to below as the Hili Manu Lherzolite. (The local region is shown as
the Hili Manu District on older maps, e.g. Wittouck, 1937.) The
peridotite was first recognised as a separate geological unit by the
Allied Mining Co. (Wittouck, 1937) but they identified it as an inter-
mediate volcanic rock probably because it has a pseudoporphyritic
texture in hand specimen.

The most common rock type in the area is a very fine grained brown
weathering lherzolite in which the orthopyroxene occurs as large
tabular porphyroclasts standing out on weafhered surfaces. A compositional
layering is defined by concentrations of the orthopyroxene (Plate XIII)
usually as layers 2 to 10 cm thick. This layering dips moderately to

11
the south. There is a strong tectonic foliation through the rock which
is best shown in hand specimen by the preferred orientation of the

tabular or platy orthopyroxene grains. In a few areas the rocks are

entirely altered to pale green or brown serpentinite.
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PLATE XIIT

cosure of Hili Manu Lherzolite on coastal cliffs showing the
compositional layering dipping moderately to the south. (The
hammer handle is 0.8 m long.)

B. A boulder of lherzolite with a compositional layering defined by
concentration of orthopyroxene porphyroclasts and the preferred
orientation of porphyroclasts _ . layering. (The
hammer handle is 0.8 m long.)
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In thin section, the rock can be seen to contain olivine,
orthopyroxene, clinopyroxene, a pale brown aluminous spinel, pargasite
and an opaque mineral. The olivine varies from medium to very fine
grained (1.0 mm to 0.03 mm). These variations occur botﬂ within and
between samples. Most samples contain planar zones of very fine
grained olivine anastomosing around coarser areas, which are commonly
surrounding orthopyroxene porphyroclasts. The orthopyroxenes have
been rotated and flattened by crystal slip so that some of the grains
(i.e. those with slip planes in favourable orientations) are now
tabular while other grains are equant. This blastomylonitic texture
is comparable with the most deformed examples of European lherzolites
as described by Nicolas et al. (1971).

Clinopyroxene commonly occurs as exsolution lamellae in the
orthopyroxene indicating that there was a substantially smaller gap
in the solid solution between the two pyroxenes when the orthopyroxenes
crystallised, than when the reequilibration occurred. There are also
clinopyroxene grains of about 0.5 mm in diameter growing in the fine
grained olivine. These are normally unstrained. Pargasite also
occurs as unstrained 0.5 mm grains, recognised by .their very pale
green brown to colourless pleochroism and lower birefringence,
crystaliising in the very fine grained olivine rich zones.

The pale brown spinel shows little sign of deformation. It
occurs as medium to fine grained crystals. Less commonly there are
coarser spinel grains which may be porphyroclasts and very rarely
spinel occurs as exsolution lamellae in orthopyroxene. Often the fine
grained spinel has an opaque mineral adjacent to it. 1In the rocks
where the opaque mineral is most common the spinel is red b¥own in

contrast to the pale brown in most samples.
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The texture and mineralogy suggest this lherzolite was
originally composed predominantly of olivine and orthopyroxene. The
rock was deformed at a lower temperature and reequilibration caused
the crystallisation of clinopyroxene, hornblende (pargasite) and
aluminous spinel. No plagibclase has been detected which suggests
that the deformation and crystallisation occurred at high pressure;
that is in the spinel lherzolite field rather than the plagioclase
lherzolite field. However the growth of pargasite may be preventing
the crystallisation of plagioclase, by remeving excess aluminium
released from the pyroxenes and spinel as it re-equilibrates at lower
pressures.

Regardless of the exact pressure significance the textures of
the Hili Manu Lherzolite are closely similar to the Tinaquillo
peridotite described by MacKenzie (1960). This body is the least

serpentinised of a line of uléramafic bodies occurring in an orogenic

belt which runs through Venezuéla. It contains strongly rotated and
deformed porphyroclasts of enstatite in a matrix of very strongly
deformed olivine and has minor clinopyroxene, pargasite and aluminous
spinel.

Nipg analyses of samples from the Hili Manu Lherzolite (Fig. 74)
show a moderate range of compositions (Table 13). Samples #3-1-219
and #3-1-222 have very low CaO and Al,03 characteristic of a harzburgite.
The most common composition is 2.3 to 3.2% Al,03 and CaO which combined
with a lower MgO (39 to 42%) represents the common predominantly
olivine orthopyroxene lherzolite, bordering on a harzburgite composition.
Sample #3-1-215 is significantly more aluminous.

These variations cannot be specifically related to min;ralogy as
the fine grain size prevents accurate modal analysis. The normative

mineralogy of the last sample (Table 14) would classify it as an
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Table 13

Major element analyses of the Hili Manu Lherzolite.
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3-1-210 3-1-211 3-1-214 3-1-215 3-1-218
5102 44,15 43.74 44,49 45,63 45,01
TID2 0.05 0.09 0.09 0,15 0,02
AL 203 2,34 3.11 3,05 4,47 0,86
FEZ203 0.74 0.99 0.70 0.77 0.24
FEO 7+96 7.31 7.98 7.05 7.13
MGO 41 .24 392.23 39,94 356,93 45,70
MNO 0.14 0,14 0.15 0.14 0.11
CAD 2.21 3.08 2.55 4.18 0,51
NAZ20 0,06 0.16 0,18 0.35 0,04
K20 0.00 0.02 0402 0.01 0.00
P20S 0,00 0,01, 0,01 0.01 0.00
IGN L0OSS 1.09 2.05 0,69 . 0445 0,41
H20- 0.12 0.16 0.07 0.05 0,04
TOTAL ?29.70 100,08 ?9.93 100.19 100,08
3-1-222 3-1-224 3-1-225 3-1-230
5102 45.36 44,32 44,74 43,84
TIO2 0.02 0.10 0,10 0.08
AL203 0.89 3.17 3,07 2,60
FEO 733 7+63 7+49 7 +43
MGO 43,84 39.27 40,00 41.91
MNO 0.14 0.13 0.14 0.13
CAO 0.70 3.03 2.75 2.34
NA20 0.05 0.21 0.18 0.18
K20 0.00 0,01 0.00 0.00
IGN LOSS 0.96 1.07 0.50 " 0.59
H20- 0.09 0,07 0,06 0.06
TOTAL 100,12 99.71 ?2?2.71 ?9.96




Table 14

C.I.P.W. normative mineralogy of the Hili Manu Lherzolite.
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3-1-210 | 3-1-211| 3-1-214| 3-1-215 | 3-1-218
ORTHOC 0.00 0.12 0.12 0.06 0.00
ALEITE 0.51 1,35 1,52 2.96 0.34
"ANORTHITE 6.12 7.71 7445 10.60 2,17
TOT SALIC 6462 9.18 9,10 13,62 2,51
DIOFSILE 3.82 5,92 4,05 7.95 0.29
HYFERSTH 19,91 16.64 18,90 18.53 | 22,93
OLIVINE 66,96 | 64.52 | 65,91 S8.17 | 73.52
MAGNETITE 1,07 1,44 1,01 1,12 0.35
ILMENITE 0.09 0.17 0.17 0.28 0.04
AFATITE 0.00 0.02 0.02 0.02 0.00
TOT FEMIC 91.87 | 88.70 | 90.07 B6.08 | 97.12
TOT NORM 98,49 97.88 | 99.16 99.69 | 99.42
3-1-222 | 3-1-224 | 3-1-225 | 3-1-230
ORTHOC 1 0.00 0.06 0,00 0.00
ALEITE 0,42 1.78 1,52 1,52
ANORTHITE 2,20 7.68 7.57 6429
| ToT saLIc 2,63 9.51 9,09 7.81
DIOFSIDE 1.00 5.75 4,74 | . 4.14
HYFERSTH 27.64 17,35 19,40 14,28
OLIVINE 66.70 | 64.74 | 44,74 71.76
MAGNETITE 1,07 1,00 0,97 1,15
ILMENITE 0.04 0.19 0.19 0.15
AFATITE 0.00 0.02 0,02 0.02
TOT FEMIC 96 .44 89.06 90,06 91,50
TOT NORM 99.07 | 98.57 | 99.15 99.31
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olivine norite but as no plagioclase is present it is a spinel
lherzolite based on modal mineralogy.

Both the lherzolite and a serpentinite (described below) abut
the Aileu Formation at the highest metamorphic grade (see Section 2.4).
The increase in metamorphic-grade towards the ultramafic complexes
suggests the zonation may be due to contact metamorphic effects. Such
contact aureoles have been recognised around the Tinaquillo periaotite
{(MacKenzie, 1960) and the Lizard, Cornwall (Green, 1964b). However in
both cases the zonation is restricted to less than a kilometre from the
margin. The Sierra de la Ronda, Spain, has a contact aureole,
measured to the biotite isograd, of 5 km but this occurs around a massif
covering 300 km? (Loomis, 1972). In the Aileu Formation the biotite
isograd is further away { =~ 10 km) but only 2 xm?2 of peridotite crops
out on the coast. The peridotite magsif in Spain has a complex
metamorphic aureole, but most of the rocks were evidently metamorphosed
at low pressures (Loomis, oOp. cit.). The Aileu Formation shows
evidence of medium pressure temperature gradient in rocks from low,
medium and high metamorphic grades (Section 2.4). There is no
evidence for a sharp increase of T/P gradient towards the lherzolite
and serpentinite in the northeast.

Siﬁce the intrusion of the Hili Manu Lherzolite does not appear
to be related to the metamorphism, and it now has faulted contacts at
all known boundaries, the age of the body cannot be determined. The
Metac Fault was probably active in the Plio-Pleistocene (Section 2.5)
so the lherzolite reached its present position since the Miocene.

As ultramafic rocks of this composition are normally considered to be
blocks from the mantle (e.g. Carmichael et al., 1974,wp.618i620) the

present position at the surface and juxtaposed with continental crust,
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implies major tectonic movements. Such movements were most likely to
occur during the major folding phase in the Late Miocene (see
Section 2.6). The present outcrop pattern is probably a function of

both these events.

3.42 Serpentinite

A serpentinite body is faulted against the eastern end of the
Aileu Formation. No primary minefalogy was recognised in this unit
but the textures of the serpentine suggests that pyroxene and olivine
were previously present in approximately equivalent amounts. Wittouck
(1937) reported phenocrysts of bronzite and segregations of pyroxenite.
He also reported that some small scale mining of chromite had occurred
but no evidence remained of it at the time of his report. Only
scattered loose blocks éf chromite now remain. The serpentinite is
bounded on all sides by faults so that its relationship to surrounding
rocks is unknown. The intense serpentinisation is in direct contrast
with the peridotite to the north. Both are "alpine" type ultramafic
bodies but there is no evidence of a common origin other than the

general compositional similarity and faulted contact relation with the

Aileu Formation.
3.43 Summary

Two ultramafic blocks are faulted against the Aileu Formation.
Both are of "alpiﬁe" type. However their composition and alteration
are spectacularly different. The Hili Manu Lherzolite is predominantly
fresh with localised serpentinisation and has a blastomylonitic texture.
In contrast the body to the east has been widely serpentini§ed and
pseudomorphs after olivine and pyroxene indicate it h;d a coarse grain

granular texture.v



The Hili Manu‘Lherzolite contains porphyroclasts of ortho-
pyroxene. During deformation the rock has equilibrated to a spinel
lherzolite indicating mantle pressures. There is no evidence of
further deformation at crustal conditions. Norris there strong
evidence for a metamorphic aureole around this body. Both this fresh
lherzolite and the serpentinite body were probably emplaced at low -

temperatures during or after the major orogeny.

241
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Chapter 4

GENERAL DISCUSSION

4.1 INTRODUCTION

Three basic mode;s of the structure of Timor were introduced iﬁ
Chapter 1. Each of these models has a series of implications which
require different interpretations of the new data presented in
Chapters 2 and 3. In order to present an objective interpretation of
the new data it is discussed within the framework of these three models.
In each case the model is summarised first and then the implications
which are relevant to the freshly available data, or which may be
usefully reassessed basgd on the original data, are listed. There is
then a discussion of the implications and any changes required of the
models in order to fit the available evidence. This discussion takes
up Sections 4.2, 4.3 and 4.4.

For some time New Guinea has been heralded as the classic example
of arc-continent collision (e.g. Dewey & Bird, 1970). Each of the
three models commonly applied to Timor imply arc-continent collision
in the Neogene. In Section 4.5 Timor and Papua New Guinea are briefly
comparéa and the common elements which may be useful in the recognition

of ancient examples of this type of orogenic event are summarised.

4.2 MODEL A - AN AUTOCHTHONOUS TIMOR

4.21 The Model

Grady & Berry (1977) and Chamalaun & Grady (1978) have suggested
that Timor may have evolved as a continental margin of Australia which
suffered only minor imbrication during collision with a subduction zone

in the Mio-Pliocene. They suggest that the evidence for extensive
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thrust faulting, first questioned by Tappenbeck (1940) and again by
Freytag (1959), is equivocal. The present margins of the "alloch-
thonous" elements are all steep faults and the contrast in
stratigraphic and metamorphic facies does not uniquely imply thrusting.
The only unit on Timor which they consider is necessarily allochthonous
is the Bobonaro Scaly Clay. This mixture of deep sea clays, volcanic
ash and clasts of, according to quel A, Australian shelf facies rocks
has been thrust>or slid over Timor during the collision event and prior
to uplift. The model states that during arc-continent collision Timor
has over-ridden the original trench but has not been imbricated in the
style that is commonly reported for subduction zones.

In summary, Model A postulates that continental shelf rocks on
Timor have suffered a strong deformation which has produced folds,
steep reverse faults and some local 'thrusting. Subsequent uplift
and block faulting has produced the complex outcrop patterns which
characterise the geology of Timor. The complexity of this faulting
may be due to reactivation of earlier faults associated with rifting in
the late Palaeozoic and Mesozoic. The uplift was strongest at the
north coast producing a steep slope into the Timor Trough and this
slope induced gravity sliding in the less competent units. The Timor
Trough is considered to be a downbuckle related indirectly to the

collision.

4,22 Implications

1. All pre-collision sediments originate from the Australian shelf -
this includes the deep water Kolbano unit.

2. All units older than the collision event have the same deformational
and metamorphic history, subject to due regard fér their relative

positions at the time.
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3. The strongest deformation should be at the north coast with a
progressive decrease to the south. This deformation must occur
during the arc-continent collision.

4. The strongest metamorphism should be associated with the area
towards the north and deeper in the shelf sediments.

5. There has been little imbrication and little rotation of blocks.
The structural elements within-blocks should be representative of
their pre-faulting orientations.

6. The Timor Trough is not a subduction zone.

4.23 Discussion
Stratigraphy.

Model A states that all units on Timor, other than the Bobonaro
Scaly Clay, are para—autéchthonous...Specifically this implies that
the Aileu and Maubisse Formations were deposited in the same continental
shelf environment as the Cribas and Atahoc Formations. Proponents of
Model B (e.g. Audley-Charles, 1968; Barber et al., 1977) have cited
contrasts in both lithology and fauna as evidence that-the Aileu and
Maubisse Formations are allochthonous. These two lines of evidence and
other relevant data are considered in the succeeding paragraphs.

There is marked lithological contrast between the Maubisse
Formation, and the Cribas and Atahoc Foimations. However the contrast
between the Aileu Formation and the Maubisse Formation is as great,
and yet they are iﬁterpreted as facies equivalents (Gageonnet & Lemoine,
1958; Leme, 1968; Carter et al., 1976; Barber et al., 1977). 1In fact,
as discussed in Section 2.1, there is a marked similarity in composition
between the Aileu Formation and the accepted (by proponents of Models A
and B) para-autochthonous Cribas and Atahoc Formations. These
correlations have édditional support from field evidence of inter-

digitation of the basalt-carbonate facies (Maubisse Formation) and
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the shale-arenite facies (Cribas Fofmation) (Crostella & Powell, 1976;
Grady & Berry, 1977).

The warm water faunas of the Maubisse Formation are often
contrasted with the sparsely fossiliferous clastic units of Timor and
the known Permian glacials in northwestern Australia (e.g. Audley-
Charles, 1968). However, as Hamilton (1977) pointed out, the fauna
of the Maubisse Formation is usually correlated with northern India
and the Salt Range, Pakistan which were on the north coast of Gondwana
in the Permian and occupied a latitude, at that time, not significantly
different from the Northwest Shelf of Australia. Powell (1976) and
Thomas (1976) noted that Permian faunas in wells from the Northwest
Shelf have close affinities with those of the Maubisse Formation.
Finally Runnegar & Campbell (1976) have concluded that all the northern
coast of Gondwana, which includes the Timor region, has Permian faunas
of TethyanVaffinities‘because of the ameliorating effect of a large
equatorial ocean and despite the very cold conditions further inland.

Further evidence for the para—aut ochthonous nature of the Permian
formation comes from palaeomagnetic results. Chamalaun (1977a, b)
reported palaeomagnetic poles from the Cribas and Maubisse Formations.
In both cases these poles lie on the polar wander curve for Australia
and near‘fhe known Permian pole position. This confirms that they
were both deposited at the same latitude as Australia and have not been
rotated around a vértical axis. (The effects of folding around
a horizontal axis were removed in order to obtain the pole positions.)

This data is weakened by the large error circles especially for
the Maubisse Formation (agg = 13°%). At the 95% confidence limit these
rocks have a minimum inclination of 25° (equivalent to 12° 1dtitude
south of the magnetic equator). In contrast McElhinny et al. (1974)

demonstrated that Malaya was between 10 and 20° north of the equator
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in the Permian. As the present distance from Maléya to the tip of
Sundaland is 2000 km it is possible that Malaya was at 10°N while the
southern tip of Sundaland was at 12%%s provided the line joining these
two siteé was north-south. The data from Malaya indicate a 70O
rotation which suggests this orientation is possible. Thus palaeo-
magnetic data cannot exclude a Sundaland origin for the Maubisse
Formation at the 95% confidence limit usually reported, although it
would certainly-do so at a lower confidence limit. Also such a
model requires a specific and fortuitous rotation of the Maubisse
Formation since the Permian.

The Maubisse and Aileu Formations are unlikely to have come from
the northern margin of the Permian Tethys and there is no evidence that
they were not deposited-on the continental margin of Australia. No
other stratigraphic elements on Timor can be used as direct evidence for
thrust sheets originating in Sundaland. Thus the stratigraphy of
Timor may fit in a single evolving continental shelf environment.

Model A also implies that the sedimentary environment will be
dominated by block faulting and have close affinities with the Northwest
Shelf. Using data from Lemoine (1959), Audley-Charles (1968) and
Audley-Charles & Carter (1972) a set of maps (Figures 75, 76) have
been drawn to show the distribution of sediments during geologically
relevant time spans. The following discussion reassesses the data of
these and other papers in the light of an autochthonous model for Timor.

Crystalline basement (Lolotoi Formation) crops out in a =zone
along northern West Timor and central East Timor (Fig. 75). There is a
marked difference between the small scattered outcrops in the former
and the larger more continuous outcrops in the latter province. Another
feature of this distribution is that it more nearly parallels the
distance from the Inner Banda Arc (Figure 77) than it does the north

and south coasts or the Timor Trough.
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Figure 75. Distribution of pre-Cretaceous rocks in Timor.
_ Distributions adapted from Lemoine (1959), Audley-
Charles (1968) and Audley-Charles & Carter {1972).
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Figure 76. Distribution of Cretaceous to Lower Miocene sediments
in Timor. Distributions adapted from Lemoine (1959),
Audley-Charles (1968) and Audley-Charles & Carter (1972).
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The distribution of Permian to Jurassic sediments on Timor is
shown in Figure 75. They are subdivided into three groups. The
Kekneno Formation in West Timor is equated with the Permian to
Jurassic "autochthonous" units of East Timor. These are mainly
clastic sediments but inclgde shelf carbonates, especially in the
Triassic (Aituto Formation). The Aileu Formation crops out only on
the north coast of East Timor (Audley-Charles, 1968) but is litho~
logically very similar to the Permian shales and arenites (Section 2.1).
The remaining lithological variants is the Maubisse Formation (East
Timor) /Sonnebait Formation (West Timor), which includes limestones,
basalts with their acid differentiates and shales. Since this latter
groups was formed in the shallowest water conditions (carbonate reefs
and banks ; Audley—Charlgs, 1968), its distribution implies extensive
shallow water conditions in West Timor. The high metamorphic grade in
East Timor implies a great depth of sediment and at least part of
this depth can be still identified in the stratigraphic column (e.g.
Audley-Charles, 1968, recognised 3 km of sediment in the Permian to
Jurassic sediments not including the Aileu Formation).

Cretaceous to Eocene shallow water sediments are scattered through
central and northern West Timor (Fig. 76). These small outcrops of
Palelo AFormatiop,-Mosu Facies, Wiluba Facies and Dartollu Limestone
are usually unconformable on crystalline basement. The unconformabie
relations imply uélift and erosion of norfhern West Timor in the late
Jurassic or early Cretaceous. A further erosion period is required in
the Palaeocene. The earlier unconformity has close similarities with
the Ashmore Block (Fig. 78) where a deeply dissected Triassic sequence
is unconformably overlain by shallow water Cretaceous sediments (Laws
& Kraus, 1974). In combination these facts suggest that northern

West Timor was spasmodically subjected to erosion and, probably as a
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consequence, no great thickness of sediment has developed so that the
pre-Permian unconformity remained near the surface.

In contrast to northern West Timor, deep water cherts, radiolarites,
calcilutites and marls were deposited continuously fram the Cretaceous
into the mid-Tertiary along the south coast. In the Kolbano area the
deep water sediments continued into the Miocene (Barber et al., 1977).
Thus, while the north was uplifted and eroded intermittently the south
coast was depressed to deep shelf conditions. Laws & Kraus (1974)
state that a major transgression occurred on the Northwest Shelf during
the late Early Cretaceous which onlapped rocks from Late Jurassic to
Precambrian age. To the west of the Londonderry High the Cretaceous
sediments are outer shelf to slope radiolarian limestones. This trans-
gression followed immedi?tely on the regression associated with
spreading in the Wharton Basin (Larson, 1975) and the formation of the
NE-trending Londonderry High/Sahul Platform horst.

In Model A the major change in sedimentary facies between the
Jurassic and Cretaceous is correlated with a similar change on the
Northwest Shelf. Northern West Timor must therefore be a horst
similar to the Ashmore Block and the Londonderry High while southern
Timor was a graben characterised by deep water sediments. The graben
was cut off from clastic sediment sdurces in the east by the inter-
vening submarine Londonderry High (cf. outer shelf, Laws & Kraus, 1974).
However there is é Cretaceous unconformity only 10 km to tﬁe north
(Mollo; Tappenbeck, 1940) of the Kolbano deep water carbonates. The
unconformity was initially overlain by radiolarian cherts, but sub-
sequently shallow water clastic sedimentation occurred which contrasts
with the deep water, clastic free sediments of the same agetat Kolbano.
The carbonates are deposited on a steep slope with aétive reworking

(Audley-Charles & Carter, 1972) which implies reworked clastic sediment
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Figure 78. MAJOR STRUCTURAL ELEMENTS OF
THE NORTHWEST SHELF (from Laws &Kraus,
1974)
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should reach some distance. The lack of a clastic component in the
Cretaceous sediments at Kolbano remains the prime stratigraphical
discrepancy in the para-autochthonous model for Timor. It is
necessary to propose that there was only minor erosion associated
with this unconformity so that little clastic sediment was shed to the
south.

A similar contrast occurs in East Timor. Palelo Group clastic

sediments including conglomerates onlap the Lolotoi Complex near
Same and 10 km south there are deep water carbonates of the same age
(Wai Bua Formation; Audley-Charles, 1968 : Ofu Group, Barber et al.,
1977). However there is a minor clastic component in the deep water
carbonates, possibly due to turbidity currents (Audley-Charles, 1968).

| A less significaqt anomaly in the Cretaceous stratigraphy is the
very deep water Seical Formation which crops out on the north coast of
East Timor (Fig. 76). The formation contains Middle Eocene ferro-
manganiferous limestones and possible turbidites. However this unit may
be rafted blocks in the Bobonaro Scaly Clay. (Audley~Charles, 1968;
Audley-Charles & Carter, 1972) which is the only unit considered to be
allochthonous in Model A. Similarly the Cretaceous deep sea manganese
nodules found near Niki Niki are from rafted blocks in the Bobonaro
Scaly Ciay (Margolis et al., 1978) and present no discrepancies with
the autochthonous model examined here.

A major regression occurred on the Northwest Shelf in the Oligocene

(Laws & Kraus, 1974) and there is also a major hiatus on Timor (Carter
et al., 1976). This followed by Lower Miocene shallow water carbonates
in both East and West Timor except along the north coast (Fig. 76). The
reef facies of the Cablac Limestone reaches more than a kilometre thick

indicating a major continuing transgression. BAn exception to this
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general trend is the Kolbano and Aliambata areas where outer shelf
or slope sediments continued into the Miocene.

The Upper Miocene is represented by an olistostrome containing
blocks of all the previous units. This formation, Bobonaro Scaly Clay,
is discussed in detail in Section 4.4. It overlieé the Lower Miocene
and is in turn overlain, on a very irregular surface by the Viqueque
Group which continues from the ear;iest Pliocene to the présent
{Kenyon, 1974). Locally the earliest units are missing.

The entire sequence can thus be placed in a framework where
sedimentation occurs on the Australian continental margin. A pre-
existing crystalline basement may have correlatives in northwestern
Australia but there is insufficient detail available of their age.

Rift valley formation initiated sedimentation before the Permian.

A great thickness of clastic sediment was deposited on the north coast
of East Timor which was later metamorphosed to form the Aileu Formation.
The water was generally shallower in West Timor where carbonate banks
associated with basaltic vulcanism were more common. Locally similar
conditions occurred in East Timor. The predominantly clastic shelf
sedimentation continued to the Jurassic.

Spreading from the western margin of Australia occurred in the late
Jurassic. A horst and graben topégraphy developed on Timor at this time
with a NE~SW trend. North and central West Timor formed a horst similér
to the Londonderry High while the southern coastal regions were part of
a large graben possibly wider than the present Timor Trough. The south-~
western end of this graben persisted through to the Miocene. Central
East Timor may have been a continuation of the horst in West Timor
during the Cretaceous to Eocene. <

A major Lower Miocene transgression especially on the outer

Northwest Shelf (i.e. Timor) followed the basinwide Oligocene regression.
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The increasing water depth of the Lower Miocene was followed by an
Upper Miocene olistostrome emplacement due to arc-continent collision.
A major post-orogenic regression started in the Plio-Pleistocene and
has continued till the present.

In summary the major features of the stratigraphy of Timor can be
fitted to an autochthonous model of Timor which includes a pre-Permian
rift valley formation followed by late Jurassic spreading and associated
block faulting. The major Miocene transgression and olistostrome
emplacement is related to arc-continent collision and the Plio-
Pleistocene regression is due to post-orogenic uplift. The major
problem is the very rapid facies variation required in Cretaceous
sediments between Mollo and Kolbano, and between Same and Wai Bua.
Igneous Petrology. .

The volcanic and hypabyssal roéks of the Aileu, Maubisse and
Cribas Formations (Section 2.2 and 3.23) are all apparently "within-
plate" type which may-have originated in either a rift valley or ocean
island setting. However the association of recognisable shelf sediments
(Cribas Formation) and general high ratio of clastic sediments to
igneous rocks (Aileu Formation) make an ocean island setting extremely
improbable. As Model A proposes these rocks.originated on a continental
shelf, wﬁere rift valley formation occurred in the Late Palaeozoic ané
Mesozoic (Powell, 1976), the former interpretation is very highly
favoured. |

The Barique Volcanics (see Appendix 3) have similar compositions
to the Permian basalts and alkali trachytes. The basalts from near
Quelecai intrude limestones of the Triassic Aituto Formation, they also
formed on the continental shelf and must be Triassic or youﬂ@er. The

Barique Volcanics were originally considered to be Oligocene (Audley-

Charles, 1968) but have since been shown to be a wide variety of ages.
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For example Carter et al. (1976) consider some of the Barique Formation
to be part of the pre-Eocene Palelo "Series" and Crostella & Powell
(1976) suggest that volcanism continues spasmodically from the Permian
to the Tertiary.

The Eocene of West T%mor contains many volcanic rocks. The
Lower Eocene Mosu facies 15 km northwest of Bool consists of a series of
lavas, tuffs and agglomerates (Audley-Charles & Carter, 1972). Waard
(1957a) considers the volcanic activity in the Sonnebait series to
continue from the Permian to the Triassic and possibly into the
younger Mesozoic. The Lower Palelo Beds are intruded by dykes and sills.
The Upper Palelo contains abundant intercalations of lava flows. These
igneous rocks are partly albitised basic to ultrabasic rocks. The
Lower Miocene is rich i? volcanics, agglomerates and tuffs. In Mosu
there are some andesitic lava flows. This later may be associated with
the Oecussi basalts and andesites. Carter et al. (1976) report
ignimbrites from northwest West Timor. Of all these various rock types
the compositions are unknown. The correlations of some Palelo volcanic
rocks with the Barique Formation suggests that they may also be due to
continental rifting. On the other hand the volcanic rocks at Oecussi
and the andesitic flows from Mosu (both on the north coast) are
clearlfndifferent and possibly indicate an island arc style volcanism.
Deformation History.

The Aileu Férmation has five penetrative structural surfaces and a
complex history of faulting. The S; surface may have been formed by
mimetic grain growth controlled by a bedding plane cleavage, however
. the four later penetrative surfaces were produced during folding.

The strongest deformation was Dy, which began about 11 m.ys B.P. and
was finished by 6 m.y. B.P. The axial planes of theffolds produced dip

moderately to the southeast. The third and fourth generation axial planes
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are 'steeply dipping and strike north-south. - The third phase produced
many mesoscopic folds while the fourth was primarily a macroscopic

fold phase with rare crenulations. The fifth penetrative deformation
phase produced macroscopic folds with an axial plane strike of 100 to
110° and a steep dip. It may have been associated with the earliest
fault (Metac Fault). The dominant faults strike east-west. These are
cut by some later faults which have variable orientations and are probably
Pleistocene in age.

The deformation history of the Aileu Formation indicates a multiple
orogenic event lasting from the Late Miocene to the Pleistocene. As
Model A implies that the deformations occurred on the continental shelf,
all other continental shelf units older than Late Miocene should have
suffered the full deformation history, and the deformations present within
younger formations will indicate the.age of the individual deformation
phases.

Barber et al. (1977) described a gradation from gently folded
Maubisse Formation sediments through an area with a single slaty cleavage
into a region where the cleavage is tightly folded and finally to the
complex deformation sequence of the north coast. This zonation suggests
that the strength and complexity of folding drops off rapidly away from
the north coast. However Audley-Charles (1968) stated that the Permian
to Cretaceous "autochthonous" units are deformed into a‘dome and basin
morphology where the east—wesf folds have a wavelength of about 1% km and
the north-south folds a wavelength of about 30 km. . He -showed that the
trace of the east-west axial folds is gently curved and the east-west
trending fold axes change plunge. The early folds have been refolded
by a se£ of folds with north-south axial planes (see Audley-~Charles, 1968,

Fig. 5 - "Timorean" folds).
The mesoscopic folds of the Pérmian and Mesozoic sediments of the
Laclo and Summasse valley (Section 3.22) indicate a multiple deformation

history which includes at least three phases. Some of the possible.
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interpretations of the data are similar to the deformation history of
the Aileu Formation.

Barber et al. (1977) have suggested that the Palelo sequence is
strongly folded on steep axial planes but the overlying Miocene lime-
stones are merely faulted qu tilted.b In contrast Waard (1957a) stated
that the Lower Miocene marls ﬁear the Lalan Asu Massif are as strongly,
though differently folded as the underlying Eocene rocks. He also
reported Lower Miocene marls from near the Boi Massif strongly folded
into a plunging anticline. A pi diagram for Lower Miocene bedding
planes, from the Lalan Asu region (Fig. 6 of Waard, 1954b), demonstrates
the wide spread in orientations. The poles to 5edding lie on a
diffuse great circle indicating an east-west fold axis with a wide
range of plunge, and is §uggestive of multiple deformation.

The Ofu Series (Kolbano Unit). has been folded. Waard (1955a,
1957a) shows that the bedding plane orientations are folded on a general
east-west fold axis but with minor variations in plunge and trend
suggestive of a second fold phase. Barber et al. (1977) described the
Kolbano “Overthrust Unit" as multiply deformed with extensive inversion
of strata and large scale flat lying thrusts. Some recumbent folds
were recognised. This complex of Late Cretaceous to Late Miocene
carbonatés was all folded together. The sequence has been strongly
disrupted after the folding by steep reverse faults.

Audley—Charlgs (1968) stated that the Bobonaro Scaly Clay and
the "Viqueque Formation" (note: not the Viqueque Group as defined by
Kenyon, 1974) are folded together into broad parallel folds with
local tighter folds. The Pleistocene Baucau Limestone and Suai Formation
are not folded. s

Kenyon (1974) studied the Viqueque Group (all s;diments above
the Bobonaro Scaly Clay) in great detail. The central basin of West

Timor was initiated by normal faulting in the Late Pliocene. The Mataian
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folding episode (N22; 1.8 to 0.7 m.y. B.P.) produced the maﬁor folds
visible within the early Viqueque Group. The Noilbesi Conglomerate
(Ainaro Gravels) and Soe Limestone (Baucau Limestone) are not félded and
range in age from late N22 to present. The Mataian folding was accom-
panied by moderate wrench faulting. Normal faulting occurred in the
Plio-Pleistocene.

The fault orientations can be divided into a set of conjugate
wrench faults (striking N-S and NW-SE) and normal faults (striking
SW~-NE). The Bokong-Batu Pituh Fault has long segments which strike
E-W but short N-S segments maintain a regional strike of SW-NE for
this normal fault. The wrench faults have movements as late as Early
Pleistocene. Some of the normal faults were initiated in the Pliocene
although the major movemgnt was during-the Pleistocene.

In summary, while the style of folding varies with rock
composition and age, all pre-Middle Miocene rocks have been complexly
deformed and this is probably, in most cases certainly, the result of a
multiple deformation history where the tightest folds have a shallowly
plunging east-west trending fold axis. The Late Miocene to Early
Pleistocene rocks have been simply folded with an upright east-west
striking axial'plane. This structural information can be correlated
in a gehéral way with the well established deformation history of
the Aileu Formation. |

| The Ds; deformation phase in the Aileu Formation produced folds of
a similar orientation to the Mataian folds in the Viqueque Group. It
predates a block faulting episode which probably occurred in the
Pleistocene. There is evidence that the Fg5 folds are associated with
wrench faults while other deformation phases in the Aileu Féermation
which produced folds of the same orientation as the Métaian event

occurred in Miocene (from radiometric age dating). The correlation with
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the Mataian fold phase indicates that the fifth phase of deformation

in the Aileu Formation occurred in the Early Pleistocene. As all the
major faults in the Aileu Formation syn- or post-date the fifth
deformation they must have been active in the Pleistocene. The Laclo
Fault strikes approxﬁnately\?Qo and has short north-south segments which
combine to produce a regional SW-NE trend. This is the orientation
characteristic of normal faults in the Viqueque Formation (Kenyon, 1974).
Model A implies a normal movement on the Laclo Fault as it predicts

that the metamorphic rocks of the Aileu Formation have risen to be
juxtaposed with the Permian and Mesozoic deformed sediments to the south.
This fault must, therefore, be active in the latest Early Pleistocene

or Late Pleistocene. Minor faults which offset the Laclo Fault and
partially control the present topography are probably>Late Pleistocene
in age.

No other folds, of suffitient significance to be detected in this
study of the Aileu Formation, were observed by Kenyon (1974) in the
Viqueque Group. The Bobonaro Scaly Clay in East Timor is deformed in
the same style to the overlying Viqueque Group (Audley-Charles, 1968).
In contrast the Permian to Early Miocene rocks have been multiply
deformed. The details of their deformation history are poorly known
but at léast one phase has a north-south strike. With ‘the paucity of
information it is unlikely that the effect of the D3 and D, phases in
the deformed sediments could be resolved separately. One or both of
these phases has probably folded all rocks of Permian to Early Miocene
age. As the second phase of deformation in the Aileu Formation
occurred in the Late Miocene, the strong east-west folds in the Permian
to Mesozoic are probably due to this phase and Dy, D3 and Dy phases
must have oécurred_in the Late Miocene.

As the entire Kolbano Unit, Cretaceous to early Late Miocene

(Barber et al., 1977) was folded together it implies that the major
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orogeny occurred in the late Late Miocene on the south coast of West
Timor. This is slightly later than the timing suggested for the
north coast of East Timor by the radiometric age dating.
Metamorphism.

The Aileu Formation has been metamorphosed in a medium pressure
enviromment. The metamorphic grade ranges from lower greenschist
facies near Remexio to upper amphibolite facies in the east. The meta-
morphic grade drops rapidly away from the north coast. No upper
greenschist facies rocks are known from south of the Westérn~Laclo
Fault. Barber et al. (1977) indicate this rapid change continues
until the Maubisse Formation rocks are apparently unmetamorphosed.
Other Permian rocks in the area are also lacking evidence of metamorphism
in outcrop and hand specimen. However no study has been made of the>
actual metamorphic grade of these'rocks and the effects of metamorphism
are often not visible in hand specimen until the lower greenschist
facies is reached. The alteration of basaltic rocks in the Maubisse
Formation and a few from the Cribas Formation suggests they have been
metamorphosed to prehnite-pumpellyite facies (Section 3.24).

No Permian rocks of a grade equivalent to the -Aileu Formation
have been found on the remainder of the island. Cretaceous, Eocene
and Léwef-Miocene unconformities on crystalline basement rocks in West
Timor suggest that only a thin veneer of sediment accumulated in this
region in the Permian and Mesozoic. Due to the complex folding and
faulting no accurate measurement of the thickness of the sediments in
East Timor has been made but Audley-Charles (1968) estimated that the
Permian to Jurassic section was 3 km thick with possibly another 1—2 km
accumulated Before the middle Miocene. The metamorphic §rade at
Remexio implies a depth of burial of 10 km and Early Permian slates
occur 10 km further south near Aileu. The higher metamorphic grade

towards the north coast may indicate a greater depth of burial and imply
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a greater post—metaﬁorphic uplift. Normal faulting on the Laclo Fault
must be large (10 km) to bring rocks of such different metamorphic
grade together. In addition, it may be necessary to imply a local
Permo-Carboniferous graben in the Dili region to explain the great
depth of burial indicated by the mineralogy.

Timor as an Arc-Continent Collision Zone.

Most interest in Timor has rested on the close proximity of a
non-volcanic outer arc (including Timor) and the presently active
volcanic Inner Banda Arc. The para-autochthonous model relétes the
pre-Miocene stratigraphic and tectonic history of Timor to the
continental shelf of Australia. However from the Miocene to the
present there is a dramatic contrast between these two areas. This
contrast is assumed to bg the result of a major orogeny at the
continental margin as it impinged upon the formerlextension of the Java
Trench. Evidence for the age of this collision comes from stratigraphy and
the deformation history.

Many authors (e.g. Waard, 1957a; Audley-Charles, 1968) have stated
that the major orogenic event in Timor occurred in the Miocene. This
conclusion was not based on a plate tectonic model but on the presence
of a major unconformity in the Mid-Miocene and the change in deformation
style between the Lower Miocene and the Pliocene. Within a specifié
model the age of orogenesis can be fixed more exactly. The youngest
pre-orogenic sediménts on Timor are in the Lower Miocene Cablac Limestone.
This formation is mainly neritic facies but reaches over 1500 m thick
in East Timor (Audley-Charles, 1968). 1In themselves these carbonates
indicate a major transgression which is interpreted here as the entry
of the continental margin into the extension of a Miocene Java Trench.
The Viqueque Group is a regressive, post-orogenic sequence which begins

in the earliest Pliocene (Kenyon, 1974). Thus from stratigraphic
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evidence, and using the postulates of Model A, the Mid or lLate
Miocene is the most probable period of arc-continent collision.

The deformation history in the Aileu closely predates the
Bobonaro Scaly Clay. The best estimate from radiometric age dates
implies that Ds occurs in the early to middle Late Miocene while the
simple folded Bobonaro Scaly Clay is late Late Miocene. The maximum
age of orogenesis is the early Middle Miocene and the minimum age
is the earliest Pliocene. If the arc continent-collision caused this
orogenesis, and there are no other obvious possibilities, then the
crustal shortening normal to the continental margins probably occurred
in the early lLate Miocene (10-7 m.y.) and certainly between 14 and
5 m.y. B.P. The D3 and Dy deformations followed very closely on this
event and may be due to elastic strain release (cf. Tobisch & Fiske,
1976) .

There are several alterﬂative lines of evidence which suggest
different ages for the collision process. Carter et al. (1976)
suggested a Pliocene age but there was no folds produced at this time
and only a minor hiatus in the sedimentation history has been
recognised. A Pliocene age for the orogeny is thus not viable within
the implications of Model A, as it was proposed as the age of thru%ting
and not of penetrative deformation. As the para-autochthonous model
for Timor implies a major deformation at the time of collision another
alternative is the Early Pleistocene (Mataian Folding).

The Mataian Fold phase is recognised in the Aileu Formation as
well as in the Pliocene sediments. It has been correlated with left-

lateral shear on the north coast and has an axial plane strike at 90°

N
to the calculated approach direction at the collision margin (Section

2.5). However there are three lines of evidence which argue against

an Early Pleistocene arc-continent collision.
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There is a major regressional sequence of sediments which began
in the early Pliocene and continues through to the present with only
minor breaks (Kenyon, 1974). Thus uplift had begun at least 3 m.y.
sefore the proposed time of collision. As the continental shelf
should be entering the trepgh during this pre-orogenic period a
transgressive sequence is more appropriate.

The Bobonaro Scaly Clay contains blocks of many of the para-
autochthonous units, according to this model, and blocks of abyssal
sediment (Margolis et al., 1978). They occur in a vulcanogepic matrig
probably originating from the island arc in moderately deep open water
(Audley-Charles, 1965a). In order to mix these three components
together the continental slope must havé reached the base of the trench.
However the clays were s}id onto Timor in the latest Late Miocene
(overlain by earliest Pliocene Viquedque Group - Kenyon, 1974) at least
3 m.y. before the postulated .collision age. It is not clear how such
a group of rocks formed and was emplaced before the orogeny.

Finally the major deformation phase in the Aileu Formation has been
dated as Late Miocene. This fold phase and metamorphism would thus
have been produced on the margin of the contineﬁtal shelf as part of
the evolution of an Atlantic-type margin while the much weaker folds
of the Eérly Pleistocene were produced by plate interaction. In
conclusion these three lines of circumstaﬁtial evidence argue strongly
against an Early P;eistocene arc-continent collision.

Collision Related Events.

The relative timing of events related to the collision is shown
in Figure 79. The timing of these events can be related to the
calculated approach rate at this margin. Le Pichon et al. €1973, p.85)

calculated an approach rate of 7.1 cm/yr with an azimuth of 028°.
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This implies an approach rate of 6 cﬁ/yr normal to the arc. ‘It should
also be recognised that West Timor is about 50 km further from the
Inner Banda Arc and therefore probably had a similar, but less intense,
collision approximatgly one million years later than in East Timor.

The calculated réte implies that while the collision occurred
there was a crustal shortening of 60 km/million years. As there is
evidence of only limited thickening of the continental crust on
Timor (Chamalaun et al., 1976) the crustal shortening on the
Australian plate is unlikely to be very great. Forty to sixty kilo-
metres of shortening agppears to be possible from the gravity models.
The present position of continenfal crust within 70 km of Wetar
implies there has been shortening of the oceanic plate so that the
collision may have continued for about 2 million years and this must
cease by 6 m.y. B.P. The orogeny was followed by at least 6 m.y. of
post-collision evolution.

There is still a fossil Benioff zone north of Timor (Cardwell &
Isaacks, - 1978) in which only two earthquakes were recorded above
200 km depth. Assuming the relict slab is limited to the deeper,
more active zone of earthquakes then the top of the broken slab is
200 km deep. Luyendyk (1970) proposed that slabs sink at-4 to 6
cm/yr which implies the oceanic slab wés at the surface 3.3 to 5 m.y.
ago. While not in perfect agreement with the geological evidénce from
Timor, this at leagt shows that the presence of a fossil Benioff zone
north of Timor is not an absolute contradiction of the proposed Late
Miocene collision.

A further implication of this model is that Plio-Pleistocene
northward movement of Australia (about 300 km) must be consumed further

to the north. Hamilton (1974, 1977) proposed that a subduction zone
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with reversed polarity has been initiated to fhe north of the Inner
Banda Arc. However this is not sufficiently well developed to
indicate consumption of 300 km of oceanic crust. Holcombe (1977a, b)
suggests an’anticlockwise rotation of the Sunda Arc relative to Asia
fran the Oligocene to the p;gsent. However the rotation calculated
from faults in Southeast Asia would not reduce the northward
component of Australia's motion with respect to Indonesia.

The studies of Holcambe (op. cit.) did not consider the rotation
of Java with respect to Sumatra. Fitch (1972) suggested that the
sharp break in the trend of the volcanic arc between Sumatra and Java
was due to rotation about a vertical axis in the Sunda Strait.
Ninkovich (1976) summarized the evidence for this rotation and concluded
Sumatra had rotated 20° clockwise. However the Late Miocene spreading
in the Andaman Basin (Rodolfo, 1969) is more consistent with tensional
forces such as might be generated by a counter~clockwise rotation of
Java. [Holcombe (1977a, b) considered that the Andaman Basin was a
rhambochasm opened by interaction of microplates.] a 20° counter-
clockwise rotation of the Banda Arc with the Euler Pole in the Sunda
Strait is equivalent to 750 km of northward motion of Wetar.

To the west a major collision event occurred on the north coast of
New Guiﬁéa, with accretion of a Cretaceous island arc (Ryburn, 1977).
The collision age has been suggested as Eocene to Oligocene (Davies,
1971; Ryburn, 1977) or Miocene (Page, 1976). Davies (1971) showed
there was a close relationship between some of the metamorphic rocks
andAa major ophiolite sequence. X/Ar hornblende ages from the meta-
morphic rocks vary from 25 to 27 m.y. and biotite ages are about 22 m.y.
(Page, 1976). Twenty six million years ago New Guinea was X200 to
1300 km further sogth (Weissel & Hayes, 1972). This is 400 to 500 km

south of a hypothetical extension of the present Java Trench. Assuming
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that the collision was with a previous extension of the Java Trench
then this model implies that the trench was 400 to 500 km further
south at 26 m.y. before the present. This value is of the same order
as the estiﬁates from the postulated Miocene collision (350 km) and a
20° rotation of the Banda A;q (750 km). It implies that the northward
migration of the arc commenced during the Oligocene collision.

There is strong evidence of north-south compression to the north
of Timor. Karig (1973) showed the zone between the Philippines and
the Ryukyu Islands has been shortened in the north-south direction by
stiong left-lateral faulting similar to the Longitudinal Valley of
Taiwan. He associated the shortening with a reQersal of subduction
zones in the Mid-Miocene. Seno (1977) calculated, from fault plane
solutions, that the southern Philippines are moving northward at
3 cm/yr with respect to both the Philippine Sea Plate and'the Eurasian
Plate. Hamilton (1977) indicated there is left-lateral slip in central
Sulawesi and a subduction zone on the north arm which must be consuming
material in a north trending direction. Audley-Charles (1974b) stated
that there were major orogenies on Sulawesi in the Miocene and Pliocene.

In summary there is evidence that microplate motions to the north
of Timor may well have absorbed the 300 km of crustal shortening
requiredhby a Late Miocene arc-continent collision. This strain was
probably spread over several minor subduction zones and transcurrent
faults.

The evolution and structure of the Timor Trough has been used as
evidénce of a Plio-Pleistocene collision event and also as evidence for
the imbricate model (Section 4.4). Veevers et al. (1978) presented
data which showed the trough formed as a crustal wave moving® southwards

rapidly in the Pliocene but relatively stable in the Pleistocene.
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At the calculated rate of travel (5.8 cm/yr) this wave took 3 m.y. to
travel from the north coast of West Timor to its present position

at DSDP site 262. Thus the north coast was possibly in the centre of
the trough at about 5 m.y. B.P. Model A then implies that the north
coast of East Timor reached a similar position at 6 m.y. B.P. which is
not markedly different from the estimate of orogenic timing based on
the deformatién history and stratigraphy on Timor.

The structure of the north slope of the Timor Trough is often
cited as evidence that the trough is a subduction zone. Beck & Lehner
(1974) published a seismic reflection profiie across the Timor irough
which is very similar to profiles across trenches associated with
subduction zones. Fitch & Hamilton (1974) and Hamilton (1977) have
stated that these and ot@er profiles across the trough were strong
evidence of underthrusting. However Carter et al. (1976), Curray
et al. (1977) and Chamalaun & Grady (1978) remained unéonvinced and
suggested that the imbrication on the northern slope could equally be
due to gravity slides in unconsolidated sediments.

Elliot (1976) considered the motion of thrust sheets from a
theoretical basis. He found that any steep gradient on the earth's
surface is capable of causing thrusts. The movement on’ the thrusts can
continue as long as the gradient at the surface iS maintained and the
thrust planes may dip in the opposite direction to thermovement. The
driving force in this model is the variation in hydrostatic presscre
due to variations in depth of burial for rocks of the same height.
Whether thrusting actually occurs depends on the relationship between
rock strength and the driving force, which is in turn a function of the
slope of the surface. This process was cited by Hamilton (¥977) to

explain his model for the continental subduction of Timor. In fact it
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predicts thrust faults on the sSteep northern slope of the Timor Trough
regardless of the model used and depending only on the existence of
this slope and suitable low viscosity layers to act as a decollément.
The thrusting will continue for as long as the slope is maintained.
The orientation of thrust surfaces recognised in seismic reflection
profiles is compatible with this model for the imbricate structure.
Thus thrust féults recognised at the Timor Trough cannot be used as

evidence against a para-autochthonous model for Timor. It does imply
thrusting of the less consolidated rocks or formations underlain by
potential decolléments on the present Timor Trough and if this is actually
a crustal wave passing from the north then similar thrusting can be

predicted for the Timor Region in the Pliocene.
4.24 Summary

1. No major stratigraphic contradictions of a para-autochthonous model
for Timor could be found.
(a) The Permian to Jurassic formations suggest a horst and graben
situation similar to the Bonaparte Gulf Basin. However no detailed
lateral facies variations have yet been mapped so as to define
these structures.
(b) .The-Maubisse Formation was deposited on the AuStralian
continental shelf.
(c) The major change in sedimentation during the early Cretaceous
of Timor correlates well with the stratigraphy of the Northwest Shelf.
(d) A horst equivalent to the Londonderry High occurred along the
north coast of West Timor and extended into central East Timor from
the Cretaceous to the Miocene. To the south was a,grabeﬁ in which

were deposited the deep water carbonates of the Kolbano Unit.
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(e) An Early Miocene transgression continued until the major
orogeny in the Late Miocene and the emplacement of the Bobonaro
Scaly Clay in the latest Late Miocene.

(fi A phase of post orogenic uplift and reg?éssion continued

from the earliest Pliocene to the present.

(g) The presence of Cretaceous deep water carbonates 10 km south

of conglcmerates of the same age near Mollo and Same is the major
outstanding stratigraphic contradiction in this model for Timor.

The close proximity of these incompatible elements must be explained
by special circumstances.

The volcanic and hypabyssal rocks described in this thesis are
entirely compatible with a para-autochthonous origin for Timor. The
calc-alkaline vulcanism of northern West Timor may not fit as well,
but more data is required on their tectonic setting.

The deformation history of- the Aileu Formation can be correlated in
a general sense with the structures of other units on Timor.

(a) The major orogenic event (phases DZ',D3' D) and the meta-
morphism occurred in the early to middle Late Miocene. All strati-
graphic units which are Early Miocene or older show the effects of
complex folding which is correlated with these phases in the Aileu
Formation. )

(b) The Mataian Folding is correlated with Dy in the Aileu
Formation. This event is synchronous witﬁ transcurrent faults and

is pcstdated by major normal faults. It occurred in the Early
Pleistocene. The faults in the Pliocene sediments are correlated
with the boundary faults of the Aileu Formation.

The contrast of metamorphism between the Aileu Formatiors and deformed

Permian sediments may not be as great as previously indicated. It

cannot be used to disprove an autochthonous model for Timor, at present.
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5. Timor collided with the Inner Banda Arc in the period 14 to 5 m.y.
B.P. and probably 10-7 m.y. B.P. The Early Pleistocene folding
is a post collision phase.

6. No absolute contradictions have been found for this Late Miocene
ége.

7. The development and structure of the Timor Trough is compatible
with a pafa—autochthonous model for Timor. It does, however,
suggest that post-orogenic thrusting may be important for poorly
consolidated sediments and units underlain by potential decollément

surfaces.

4.3 MODEL B - THRUST SHEETS ON TIMOR

4.31 Introduction

The oldest and most established model of the tectonic history
of Timor was first proposed by the Dutch workers Wanner (1913) and
Molengraaff (1913a, 1914, 1915). Further details and interpretations
have been added by Brouwer (1942), Waard (1954b, 1955a, b, 1956, 1957a),
Gageonnet & Lemoine (1957a, b, c, d, 1958), Lemoine (1959), Marks (1961)
and Leme (1963, 1968). The most recent proponents of this model are
Audley?CHérles and co-workers in a series of papers from 1965 to 1977
(Audley-Charles, 1965a, d, e, 1966a, b, 1968, 1974a, 1975, 1976; Audley-
Charles & Carter, i972; Audley-Charles et aZ.; 1972; Carte; et al., 1976;
Barber & Audley-Charles, 1976; Barber et agl., 1977) which provide an
evolving interpretation for the tectonics of Timor. The last three
papers are used here to provide the summary of the most recent version
of Model B. The interpretation of the earlier works is considered

separately.
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4.32 A Modern Thrust Model

(from Carter et al., 1976; Barber & Audley-Charles, 1976;

Barber et al., 1977)

The rocks of Timor are categorised iptO'two main classes in this
model. The para—-autochthonous sediments have close stratigraphic and
faunal relations to the Australian continental margin to the south.

They range iﬁ age from the Permian (Cribas and Atahoc Formations)
through to the Jurassic (Wai Luli Formation), and possibly to the
Palaeocene (according to Crostella & Powell, 1976). These rocks are
folded in broad culminations and depressions with small scale folds
having axial planes dipping steeply south. The sediments are interpreted
as a prodeltaic sequence in the Permian followed by shallow water lime-
stone in thé Triassic and a renewal of clastic - sedimentation in shelf
to near shore conditions in the Jurassic (with a total thickness of a
few kilometres, Audley-Charles, 1968).

More important to the elucidation of this model is the composition
of the proposed overthrust units. According to this model there are at
least four, and probably five, recognisable thrust sheets which were
progressively collected in an arc-trench thrust pile from the
Cretaceous to the Miocene, and were emplaced on Timor as a single entity
during ; mid-Pliocene arc-continent collision (Fig. 8 of Carter et al.,
1976) . Each sheet is briefly described below. (Compositions are from
Barber et al., 1977.)

The lowest, and youngest, sheet contains Cretaceous to late
Miocene or early Pliocene deep water sediments with little terrigenous
influence and a biostratigraphy equivalent to the Northwest Shelf.

They may be lower slope deposits of the arc trench gép, orfabyssal plain

sediments from north of Australia. These rocks are strongly and complexly

deformed and contain both recumbent folds and large scale flat lying thrusts.
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The thrust sheet above the deep water carbonates is the Lolotoi
Complex. It contains presumed Precambrian meta-anorthosites and pre-
Permian amphibolite to greenschist facies metabasites and metapelites
(Inlotoi Formation). These rocks are fractured, faulted and partially
retrogressed. The Lolotoi Formation is unconformably overlain by
strongly folded Cretaceous cherts and limestones and subsequently by
proximal turbidites, tuffs, agglomgrates, lavas and siltstones (Late
Cretaceous and Palaeocene), lagoonal marls and limestones (Early
Eocene), neritic limestones (Eocene) and finally the Cablac Limestone
{(Late Oligocene to Early Miocene). The Lolotoi Complex is interpreted
as continental basement and is overlain on a series of unconformities
by Early Cretaceous to Early Miocene shallow water sediments. It is
proposed that the ILolotoi Complex came-from Sundaland, and the overlying
Tertiary shallow water sediments were deposited in the arc trench gap,
possibly as an upper slope deposit (in the sense of Karig, i977).

The overlying sheet is the Aileu-Maubisse Unit. There is a pro-
gressive increase in metamorphism and deformation to the north. The
biostratigraphy of the Maubisse Formation suggests a tropical origin
while the gradation towards clastic sediments in the north suggests a
northern continental source of sediment. This sheet was proposed as a
slice of continental crust from Sundaland.

The Oecussi pillow lavaé and the Atapupu banded serpentinite,
wifh associated gneisses, are according to the model, thrust over the
Aileu-Maubisse Unit, either separately or as part of the same sheet.
They presumably represent ocean floor material. The rocks of highest
metamorphic grade in the Aileu Formation, and the associated serpentinite,

may be part of this thrust sheet, 5
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It is arqued that the Bobonaro Scaly Clay originated as a large
scale tectonic breccia containing Aileu, Maubisse and Lolotoi
Formation clasts which mixed with volcanic ash and deep sea lutites
and was then emplaced as an olistostrome on the three lowest sheets.
It is unconformably overlain by the Viqueque Formation.

The stratigraphic interpretation has direct implications for the
tectonic histéry. The Palelo Formation (in the Lolotoi Overthrust
Unit) contains clasts from the Maubisse Formation. Therefore the modern
thrust model implies that the Aileu-Maubisse Unit was thrust over the
Lolotoi Overthrust Unit in the Mesozoic, probably in the Cretaceous.
Also the Lolotoi Complex must have been emergent in the arc trench
gap intermittently from the Cretaceous to the Miocene, with major
deformation restricted t9 the pre-Tertiary. TherKolbano Sheet entered
the subduction zone in the Early Plidécene or progressively from the
Cretaceous to the Early Pliocene. The Bobonaro Scaly Clay slumped
over all three sheets, overlying N18 (5 m.y. B.P.) sediments in the
Kolbano sheet. Kenyon (1974) has shown that parts of Bobonaro Scaly
Clay are overlain by upper N18 Viqueque Formation sediments. Thus the
model proposes that the lowest overthrust sheet was collected in the
arc-trench gap just prior to the collision.

Implicafions.

1. The Aileu, Maubisse and Lolotoi Formations originated in Sundaland.

2. The Aileﬁ, Maubisse and Lolotoi Formations were part of the
subduction zone melange from the Cretaceous to the Pliocene.

3. The Palelo Formation and the Eocene to Miocene sediments of the
Lolotoi Overthrust Unit are arc-trench gap sediments.

4. The Kolbano Unit is a continental slope deposit which emntered the

subduction zone in the late Miocene or early Pliocene or an ahyssal



" plain deposit which has been progressively collected in the arc-
trench gap from the Cretaceous to the Early Pliocene.

5. The Bobonaro Scaly Clay was an upper slope deposit which slumped
with some of the melange material across the entire arc-trench gap
in the late Miocene.

6. The arc-trench gap complex was thrust over the autochthonous
continental shelf facies in the mid Pliocene. The Kolbano Unit
was thrust at least 150 km across the continental shelf.

7. Autochthonous elements on Timor are Permian to Jurassic and Plio-
Pleistocene. No pre-Permian or Cretaceous to Miocene autochthonous
sediments have been proposed.

Discussion.

As a detailed structural stratigraphic model has been erected for
this version of Model B by its proponents, only the effect of the new
data on the model and any discrepancies are discussed below.

Stratigraphy: The stratigraphy of the Maubisse Formation has

been compared with Permian successions from Malaya, Sumatra and the
Philippines (Audley-Charles, 1976). In Central Sumatra the Permian
sedimentary rocks are dominantly pelitic with local reef limestone
around volcanié centres. The pelitic sediments were deposited con-
tinucusly in shallow to deep water while the predominantly andesitic
vulcanism was periodic and localised (Katili, 1969).

Gobbett & Hupchinson k1973) describe the Carboniferous and Permian
rocks of Central Malaya as entirely marine with rare arenites.
Limestone is frequently closely associated with pyroclastic rocks and
may have been restricted to shallower parts of the sea in the vicinity
of volcanic islands and sea mounts. Laminated and bituminous shale
is common. The volcanism was dominantly explosive wit£ acid to inter-

mediate pyroclastics the most common lithology. Subordinate lavas
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include rhyolite, tr;chyte, trachyandesite and andesites. The whole
sequence is dominated by shales and characterised by rapid facies
variations.

_Gervasio (1967, 1973) describes extensive Middle Permian clastic
sediments and limestones in northern Palawan and the Calamian Island
group. The clastic sediments (dark grey mudstones, shales, sandstones
and conglomerates) are overlain by -thick bedded fusilinid limestone.

A similar sequénce on Carabao Island has arkoses with detritus indicative
of andesitic type vulcanism. The end of the Permian in the Philippines
was marked by widespread intermediate to acid intrusions.

The Permian units which have been compared with the Maubisse
Formation on the basis of stratigraphy and fauna all have similarities
with the Aileu-Maubisse association. They have the same dominance by
shales with minor sandstones and the iimestones are often associated
with volcanic centres. However the volcanism of these areas is
typical of calc-alkaline, or island arc, magmatism which cont;asts
strongly with the "within-plate" volcanism of the Aileu and Maubisse
Formations (Sections 2.2 and 3.23). Katili (1975) commented on the lack
of Sundaland correlatives for the alkaline olivine basalts of the
Sonnebait Series. The analysis of Permian volcanic rocks from East
Timor ha;.confirmed thié contrast. The Aileu and Maubisse Formations
may have been deposited in a similar sedimentéry environment but not
in the same tectonic regime as the Permian rocks of Sundaland.

The proponents of this model (e.g. Barber et al., 1977) have
repeatedly argued that the Maubisse Formation could not have originated
on the Australian continental shelf. However the published evidence
does not support this contention (see discussion in Segtion &.23).

Thus there is neither strong evidence for correlations with the
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stratigraphy of Sundaland, nor proof that the Maubisse Formation is
not para-autochthonous. Since correlations of thus unit with the
northern Tethys margin was the major evidence for a Sundaland origin
for the Aileu Formation and the Lolotoi Complex, the whole concept
of an accumulated thrust pi}e emplaced on the autochthonous Timor
stratigraphy must be reassessed.

Jones et al. (1978) describe the fold belts of western North
America which are considered to be the best, well known examples of
arc trench gap sediments presently preserved on a continent. The rock
types can be separated into two modes. Complexly folded but coherent
sequences of greywacke and argillite, with local blueschist facies
metamorphism, occur as belts or thrust sheets. The other common unit
is a melange containing ;grge blocks of greywacke, chert, volcanic
rocks, plutonic igneous rocks, blueschist, eclogite and limestone in a
highly sheared pelitic, cherty-or sandstone matrix. The fossil ages
from the coherent unit and from the matrix of the sheared unit are
within the range of age of the associated volcanic arc intrusions. The
two modes are structurally interleaved or are separate belts with the
metamorphic ages in some belts greater than the sediment ages of
adjacent units. In the Franciscan an intermediate phase, between these
two modeé} is disrupted but lacks the exotic blocks. There may be
minor variations between different arc—~trench gap complexes. For
example Karig (1977) and More & Kafig (1976) describe the geology of
the island of Nias, an outer arc island west of Sumatra. The moderately
deformed sediments are graded foraminiferal calcilutite turbidites,
terriginous turbidites and less commonly submarine debris-flow deposits
iﬁcluding blocks of the accretionary complex. There is a lafger

carbonate component in these sediments but they are still typical of
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rapid deposition on unstable slopes. An additional feature of ancient
arc-trench gap complexes is the very rare occurrence of oceanic
pelagic rocks (Scholl et al., 1977).

The_modern thrust model proposes an arc-trench gap complex
evolving fram the Cretaceous to the Early Pliocene. However the known
age of igneous rocks from the Inner Banda Arc is much less.

Andesitic vulcanism is presently active on Flores and granodiorites
have been found which intrude early Neogene sediments (Bemmelen, 1949).
Igneous rocks from Wetar have been dated by K/Ar as 3-12 m.y. old.
(Abbott & Chamalaun, 1978). The available information frq@ the island
arc north of Timor suggests that it was active in the late Tertiary.
There are no known examples of Mesozoic or Early Tertiary andesites
in this part of the volcanic arc. Katili (1975) suggested the island
arc may be as old as Early Miocene.<'By analogy with western North
America and Nias, the arc-trerch gap sediments south of Flores and Wetar
should be late Tertiary greywackes, turbidites and debris flows. These
should be interleaved with melange whose matrix contains fossils of the
same age. The modern thrust model implies that these sediment types
extend from the Cretaceous to Early Pliocene. The actual composition of
the proposed arc-trench gap complex contrasts strongly with these
predictibns. )

The lowest unit is a Cretaceous to late Miocene pelagic carbonate
with no significant terrigenous components. The long age range of this
unit is not compatible with the known age range of the volcanic Inner
Banda afc. There is no volcanic influence and the deformation is not
as strong as in melange material, which contain most of the carbonate
rocks of the Franciscan. The lack of terrigenous componentgand of

turbidites argues against an origin as a lower slope deposit. The unit
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is not as disrupted and metamorphosed as it should be if it was sub-
ducted with the ocean plate, at least if the model of Karig & Sharman
(1975) is assumed, nor are there any associated ocean floor volcanic
rocks.

The Lolotoi Overthrust\éheet contains recognisable continental
elements which ﬁave been exposed in the Cretaceous, Eocene and Miocene.
This author has been unable to find.reference to the presence of
similar rock types as major components of established examples of sub-
duction zone complexes. The only sediments in this "sheet" which were
probably deposited during the period that the subduction zone was
active (late Tertiary) are shallow water limestones.

The third thrust sheet is the Aileu-Maubisse Formation. It
contains no sediments of 1éte Tertiary age and is demonstrably of
continental origin. It must'thgxefore be considered as an exotic block.
As the unit is continuous over an area of_greater than 1000 sq. km it
is not comparable with the isolated limestone blocks found in some
late Mesczoic melanges of North America. The Oecussi volcanic rocks
and Atapupu amphibolites are also lacking in terriginous sediments
although they have possible correlatives with some units known from
subduction.melanges. For example'the Atapupu amphibolite may be similar
to the amphibolite facies rocks of Santa Catalina Island (Platt, 1976).

The Bobonaro Scaly Clay resembles the melange material of the
subduction zone cdmﬁlex but Audley-Charles (1965a, d) has argued
convincingly that this unit is an olistostrome. It may have been
formed as a tectonic melange before emplacement in its present position
(Carter et al., 1976). The possibility that the Bobonaro Sca%y Clay
is a tectonic melange is discussed in detail, and discarded, in Section

4.4.
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The early Pliocene sédiments of the Viqueque Group are interpreted
as upper slope deposits of the arc-trench gap in this model. They are
deep water, open marine calcilutites and tuffs with subordinate marls
(Batu Pituh Formation of Kenyon, 1974). These rocks lack the
terriginous-influence expeqted in arc-trench gap environments. An N20
hiatus represents the emplaéement of the thrust pile of Timor (Carter
et al., 1976). At this time Kenyon (1974) records a transitional
change to shallow water and marginal marine skeletal calcarenites and
marls of the Sabace Limestone (Fatu Loab Uplift). This is overlain
by the Noele Marl (N21-N22); érey globigerina marls and subordinate
sandstones. The major orogenic event at this time was the development
of the Central Basin in West Timor by normal faulting on thé northern
side and gentle folding on the south side.

The overthrust assémblage interpreted in Timor is devoid of the
characteristic greywacke assemblages of subduction zone assemblages.

No high pressure metamorphism has been recorded from the folded coherent
rocks or as blocks in the olistostromic material. No definite melange
material has been recognised. The thrust sheets conﬁain either probable
or possible (Kolbano unit - see previous subsection) continental shelf
sedimentary, igneous and metamorphic rocks. There is no evidence to
suggest that any of the overthrust units evolved in a subduction zone
complex with the exception of the olistostromic Bobonaro Scaly Clay.
Finally the arc-continent collision which emplaced the thrust pile on
Timor produced a hiatus in sedimentation without significant folding.
West Timor was characterised by tensional teétonic activity causing

the formation of the Central Basin. None of these features would

appear to signify a major orogenic event which slid a several kilometre

thick sheet of rock for more than 100 kilometres acroés Timor.
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Furthermore it is significant that no Cretaceous to Miocene
sediments have been recognised in the autochthonous sequence.

Comparison with the Northwest Shelf (Section 4.2) suggests that the
autochthonous sediments of this age should be outer shelf carbonates.
This author considers it high;y anomalous that no autochthonéus sediments
of this age are recognised on Timor when there has been a basin-wide
transgression in the Cretaceous and there is a relatively complete
sequence of Permian to Jurassic sediments underlying the thrust sheets.
This anomaly does not occur in the para-—autochthonous model or the

"early models of thrusting" as units of the correct age and composition
occur in the Kolbano "Overthrust" Unit.

In addition Leme (1963, 1968) identified blocks within the
Bobonaro Scalf Clay which-are from both "allochthonous" and "autoch-
thonous" formations. Blocks include schists, crinoidal Permian limestone,
sandstone, limestones and argillaceous slates of the "autochthonous"
Permian to Jurassic, Cretaceous cherts and siliceous limestones, Eocene
foraminiferal limestones, Cablac limestone, and eruyptive rocks. A
comparison of these rock types with the stratigraphy proposed by
Barber et al. (1977) indicates that blocks originate from the Lolotoi
and Aileu-Maubisse thrust sheets as well as the autochthonous continental
shelf faéies.

In summary there is reasonable evidence that the Aileu and Maubisse
Formations were deposited on the continental shelf of Australia. The
Bobonaro Scaly Clay contains blocks of both the proposed Asian and
Australian formations, and the Kolbano Unit correlates well with the
Northwest Shelf stratigraphy. The whole thrust pile proposed in this
model contrasts strongly with well known arc-trench gap complkexes.

The evidence conclusively shows that the model for an éverthrust complex -

of Asian elements, as proposed, is not possible. However the major
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'discrepancies in this model are removed if it is assumed that the
thrust elements originated on the continental margin of Australia.

Having concluded that the thrust elements originated on Australia,
it is necessary to reassess the evidence for a mid-Pliocene collision.

As discussed above the Bobonaro Scaly Clay contains many blocks of
éontinental shelf facies. However the matrix is predominantly
bentonite suggesting a large component of weathered volcanic ash,

and the fauna in this matrix suggests open marine, deep water conditions
(Audley~Charles, 1965a, 1968).. The high volcanic ash component of such
a large body of rock suggests the matrix is derived‘near the Inner Banda
Arc.

Manganese nodules from near Niki Niki have been shown to be very
similar to abyssal manganese nodules and to contrast with noaules from
shelf depths (Margolis et al., 1978). The Seical Formation contains very
deep sea, probably abyssal, sediments, and is interpreted as a block
in the clays (Audley-Charles, 1968). These units suggest the Bobonaro
Scaly Clay includes fragments of abyssal sediments.

Thus the olistostrome material must have been developed in a
region where contributions of sediment come from the island arc and deep
sea sediments. The clay was slumped over the continental units in the
létest L;te Miocene (Carter et al., 1976). This requires the continental
shelf material to be topograpﬁically lower than the accumulated olisto-
stromic material. Since the material includes abyssal sediments it must
have accumulated in the subducting trench and could not slide onto the
continental shelf until the collision had begun and the continental shelf
was depressed by the subduction process. The collision event must have
begun by the latest Late Miocene and could not have occurred in the mid-

Pliocene.
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The structural correlations of Model A are equally applicable to
a thrusting model where the thrust units all originated on the continental
shelf. Comparison with Section 4.2 indicates that a Late Miocene
collision age is supported by the known deformation history of Timor.

Igneous Petrology: The igneous rocks of the Aileu-Maubisse

thrust sheet are characteristic of "within-plate” basalts and this has
been used in the previous subsection as evidence against an origin in
Sundaland. The comparison with continental rift enviromments is given
in Section 4.2 (Model A). The apparent similarity of the Barique
volcanic rocks to the Permian igneous rocks (Appendix 3) suggests that
the Palelo Formation (generally correlated with the Baiique rocks, e.g.
Audley-Charles & Carter, 1972) is further evidence for the continuing
evolution of these rocks'on the Australian continental margin.

Deformation History: Reassessment of the thrusting model in the

stratigraphy subsection suggests that the thrust sheets are continental
shelf material and the arc-continent collision qccurred in the Late
Miocene. This model is very similar to the model "A" in terms of the
expected deformation history. 2All the pre-late Miocene units will

have suffered the same deformation history, allowing for differences

in position at the time of deformation. The major difference between
this and the autochthonous model depends on field interpretation of the
outcrop pattern. Assuming that little rotation has taken place during
thrusting most of phe structural correlations are valid.

The Dg deformation of the Aileu Formation can be correlated with
the Mataian Folds in the Viqueque Group (Early Pleistocene) and the late
faults are also correlatable. However the Laclo Fault must be a high
angle reverse fault in order to bring the lower mater%al against the
overlying thrust sheet, and this contrasts with normal faults of the same

age and orientation in West Timor (Kenyon, 1974). The thrust sheets are
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post~folding in the Cribas Formation (Audley-Charles, 1968) and this
correlates with folds in the Aileu Formation which are of Late Miocene
age. The Bobonaro Scaly Clay was emplaced in late Late Miocene and is
interpreted as draping over all the thrust sheets (Carter et al., 1976),
implying that the thrusting~mus£ have occurred before the late Late
Miocene.

The marine seismic records across the Timor Trough suégest thrust
faults are active at present on this margin. The interpretation of the
Timor Trough structure given in Section 4.2 is equally valid for a
‘thrust model for Timor. As the trough has probably migrated southward
during the Pliocene, thrusts similar to those in the present Timor
Trough may have developed across Timor. These thrusts are probably
restricted to easily deformed unconsolidated sediments and those which
overlie potential decollément surfaces. The thrusting recognised within
the Kolbano Unit and in some of the Tertiary basins of southern East
Timor may be due to the evolution of the Timor Trough. This correlation
implies they are post—-orogenic thrusts restricted to the Pliocene, rather
than the pre- and syn-orogenic thrusting (partially in the Pliocene)
fundamental to the models of Audley-Charles and co-workers.

Summary and Conclusions.

1. The stratigraphic, petrological and palaeomagnetic evidence

indicates that fhe Aileu and Maubisse Formations originated on the north-
west margin of Australia.

2. Comparison of the postulated thrust sheets with known subduction
zone complexes strongly suggest that they did not accumulate in the arc-
trench gap and by implication they are all probably derived from the
continental shelf of Australia with the exception of the Bobonaro Scaly
Clay.

3. Structural and stratigraphic evidence indicates the collision age was

not mid-Pliocene, but the Late Miocene.
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4. Comparisons with the present structure of the Timor Trough suggest
thrusting in poorly consolidated, especially Tertiary, sediments may
have occurred on the northern slopes of a southward moving crustal wave.
This implies that thrusting on Timor occurred in the Pliocene and is

post-orogenic.

These conclusions effectively remove the major differences between

the "modern thrusting model" and the "early models of thrusting”.

4.33 Early Models of Thrusting

The earliest models of thrusting were based on very scanty data
(Wénner, 1913; Molengraaff, 1913a,1914, 1915) and it was only after the
geological expeditions to West Timor led by Brouwer and Waard that
tectonic models had a sufficient factual basis for the systematic
evolution of the model to begin. ‘Waard (1957a) summarised the tectonic
models of earlier workers and provided a new interpretation which
essentially rearranged the overthrust units of Brouwer (1942) and deleted
the Fatu Complex as a separate element. Lemoine (1959) considered the
Ofu Unit (Kolbano Unit) to be part of the para-autochthonous complex but
recognised an Overthrust Complex throughout the whole of Timor which
includes the Sonnebait (Maubisse) and Mutis (Lolotoi Complex) Overthrust
Elements found by Waard in West Timor. Leme (1968) could find no
evidence that any rocks, other than the Aileu and Maubisse Formations
(equivalent to the Sonnebait Overthrust), were allochthonous in East
Timor. The three later authors all agreed on a Miocene emplacement of
the thrust sheets.

An important element in the development of the 1ater‘models (Leme,
1968; and the papers of Audley-Charles and co-workers) was.the recognition
of the Bobonaro Scaly Clay by Freytag (1959) which simplified the inter-

pretation of many of the isolated blocks. The definition of this unit was
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the principal conceptual development between the Dutch, French and

German workers before 1959 and the later results.

Implications.

l. It is proposed that Timor is composed of a series of complex thrust
sheets, which include most of the formations recognised on the island.
Only the Aileu and Maubisse Formations are allochthonous in all versions
of this model. However the Lolotoi Formation and overlying Palelo
Formation is most commonly interpreted as a thrust sheet, while the
Kekneno Unit (= Cribas, Atahoc, Aituto and Wai Luli Formations) is most
commonly interpreted as autochthonous or para-autochthonous. The
Kolbano Unit is interpreted as both a thrust sheet (e.g. Brouwer, 1942;
Molengraaff, 1913b, 1914, 1915) and as a para-autochthon (Waard, 1957a;
Lemoine, 1959; Leme, 1968).

. 2. Of the aufhors included here oniy Leme (1963, 1968) recognises the
gobonaro Scaly Clay ("Complex'argiloso"). He considered that this unit
Qgs developed as valley fill on an irregular late Miocene topographic
surface.

3. The thrust sheets were emplaced in the Miocene.

Discussion.

The early models of tﬁrusting have minimal overall implications
due to variability between authors. Also the large scale interpretations
of tectonics of the early authors are not considered here as they appear
to be no longer valid, due to recent improvements in understanding large
scale geological processes. Some of the authors proposed strongly
allochthonous elements; for example the Sonnebait Formation has been
compared with. Sundaland on the basis of Molengraaff's palaeontological

<

work. However, as all such evidence was considered, and discounted, in

Section 4.32, the following discussion assumes a model where all the
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thrust sheets, with the possible exception of a Late Miocene olisto-
strome, originated on the Australian margin.

Stratigraphy: Since all the rocks are interpreted as having a

similar origin to the para-autochthonous model most of the stratigraphic
correlations of Model A (Section 4.23) are valid. The major difference
is that, as thrust sheets may have been transported some distance from
their place of origin, the interpretations based on the relative
positions of units are not valid. Especially it is not necessary to
suggest a complex horst and graben structure from the Cretaceous to the
‘Miocene. The discrepancy between the enviromments of the XKolbano and
the Palelo Formations near Mollo and Same can be overcome by proposing
that they were previously separated by a more substantial distance and
thrusting has brought them to within 10 km.

Igneous Petrology: As formations containing igneous rocks in

Timor are aséumed to have been derived on the Australian margin they
have the same implications as in the para-autochthonous model. The
igneous rocks of the Aileu and Maubisse Formations merely provide
confirmatory evidence for this origin. However the Tertiary calc-
alkaline volcanic rocks of northern West Timor which are potentially

a discrepancy in the para-autochthonous model for Timor, may be a
thrust unit which has not originated on the Australian margin. Palaeont;—
logical information indicates a minimum age for these rocks as N18

(5 m.y. B.P.) (Carter et al., 1976). K/Ar dating of a dolerite dyke in
the Oecussi volcanics indicates an intrusive age of 6 m.y. B.P. and

this is considered a minimum age for the Unit (Abbott & Chamalaun, 1978}.
These ages suggest the rocks were erupted very close in time to the
major orogenic event and may be indicative of syn-orogenic %olcanism

rather than a thrust sheet of material formed far from its present

position.
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Deformation History: The deformation history of Timor has two

aspects according to this model. The penetrative deformation phases

of all the unité have the same implications as in the para-autochthonous
model of Timor. That is, since they have been on or near Timor through-
out their development, all the units should show evidence of all
penetrative deformations occurring since their deposition. Thus the
major penetrative deformations (D, D3, Dy in Aileu Formation;

Timorean folds in Permian and Mesozoic formations) occurred in the Late
Miocene. A second, less important folding episode occurred in the Early
Pleistocene (Section 4.2).

. A second aspect of the model is the thrusting history. The
evidence for thrusting is somewhat confused. Early workers (e.q.
Brouwer, 1942) considered_that the topographic eminence of limestone and
crystalline schists was sufficient evidence of thrust faulting. They
also used evidénce such as younger beds dipping towards the contact
with the older units as evidence of thrust contacts where the contact
was not exposed (e.g. Roever, 1940). Many examples are known of such

topographic and apparent structural inversions (e.g. Waard, 1954b,

1955a, b, 1957a; Tappenbeck, 1940; West, 1941; Roever, 1940; Gageonnet

& Lemoine, 1958). However where such contacts have been studied in
detail, in an attempt to indicate the thrust relation more convincingly,
the contacts ére steeply dipping faults (e.g. Tappenbeck, 1940; Grady,
1975; carter et aZ.} 1976; Barber et al., 1977; Grady & Berry, 1977;
Section 2.5) or cannot be found. Marks (1961) pointed out that limestonés
on Timor invariably formed isolated peaks regardless of structural
position because of their resistance to erosion. The crystalline schists
form ridges and peaks for similar reasons although in § less sspectacular
fashion. The strong Pleistocene block faulting has produced a very

disjoint outcrop pattern which when combined with this variable
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resistance to erosion leads to isolated peaks and ridges which are
indistinguishable from klippen unless the contact surface can be
observed. |

While the vast majority of recognised klippen must be treated
with circumspection there are a few examples where the contact has been
observed. Brouwer (1942), Waard (1957a), Crostella & Powell (1976)
and Brunnschweiler (1978) all describe thrust surfaces. These few
examples are then the primary evidence for thrusting on Timor. However
in each case the evidence is poorly documented. Leme (1963) reports
a window of Triassic material through the Maubisse Formation of
Mt. Legamau which has a similar status to the thrust surfaces above as
poorly documented but convincing evidence for thrusting.

One significént lipe of evidence against thrust faulting of the
Lolotoi Complex, is the gravity survey of Timor (Chamalaun et al.,
1976) . The ancomaly over a presumed klippen of Lolotoi Formation
indicates a downward continuation of density contrast on a steep
surface for at least several kilometres (Chamalaun & Grady, 1978). This
implies the thrust sheet was several kilometres thick and was down-
faulted by at least that amount in the Pleistocene. Such evidence does
not fit the thrust model well, as very thin sheets have been proposed,
so that‘humerous sheets are visible within the surface relief of Timor.
However it does not absolutely contradict the postulate that the Lolotoi
Formation is a thrust sheet. Alternatively as all the units are
assumed to have been derived on Timor the individual units need not bé
allochthonous everywhere but may crop out as both autochthonous and
allochthonous blocks. The latter interpretation suggests a median

r
1]

interpretation between Model A and Model B.
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The age of thrusting can be closely controlled in this model.
As the thrusting brings units of different metamorphic grade into
juxtaposition, specifically the Aileu Formation over the Mesozoic
deformed sediments, the thrust most post-date the metamorphism. Thus
it occurs after the early Late Miocene. However Leme (1968) and
Audley~Charles (1968) agree that the thrust under the Aileu Formation
pre-dates the Bobonaro Scaly Clay. Therefore it occurs before the
late Late Miocene. At least one of the proposed major thrusts occurs
in the Late Miocene and probably in the middle Late Miocene (7 m.y.
B.P.). Clearly the timing of orogenic events in this model can be
treated in the same manner as in Model A and this implies the same
early to middle Late Miocene age for the arc-continent collision. The

connotations of this age for the collision are dealt with in Section 4.2.

Summary and Conclusions.

1. The stratigraphical impliéations of a general thrusting model of
continental shelf rocks are similar to the autochthonous model, but do
not have the minor discrepancies of that model.

2. The penetrative structural correlations of the autochthonous model
are valid for this general thrust model and indicate two periods of
folding - Late Miocene and Early Pleistocene.

3. There are .a few poorly documented examples of thrust faults whic£
support this model in contrast to the autochthonous model. Gravity data
casts doubt on one of the postulated thrust sheets.

4. At least one of the thrust surfaces, if it exists, was active in
the middle Late Miocene.

5. This model implies an early to middle Late Miocene arc-continent
collision almost identical to that of Model A. !

6. At present a complete gradation of models between autochthonous and

wholly allochthonous is possible, provided the elements are from the
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Australian margin. There is insufficient evidence to determine the’

relative importance of thrusting and folding.

4.4 AN IMBRICATE TIMOR - MODEL C

4.41 The Model

A third model for the formgtion of Timor has been proposed by
Hamilton (1973, 1977) and Fitch & Hamilton (1974). The initial basis
for this model was the interpretation of the Timor Trough as a sub-
duction zone and the model is strongly influenced by the chaotic

geological succession reported by Roever (1940), West (1941) and

" Tappenbeck (1940) in central and western Timor.

» The imbricate model proposes that the majority of metamorphic
and sedimentary rocks now found on Timor are from the Australian
continental shelf. The late Cretaceous to Miocene deep water carbonates
(Ofu Series/Kolbano Unit) may be abyssal plain deposits from north of
the Australian margin. These units are, according to Model C, now
chaotically enclosed in a ubiquitous matrix of scaly clay (Bobonaro
Scaly Clay) as clasts, lenses and sheets from several millimetres to
tens of kilometres across. The deformation Which produced this melange
wedge is presumed to be due to subduction processes as typified by thé
formation of outer arc islands off Sumatra, and the formation of the
Franciscan terrain of California.

The processes active in subduction have been the subject of some
debate. Hamilton (1977) suggests the thrusting is a result of the
topographic gradient from the island arc to the trench. The gradient is
supported by the transferral of material from the trench te the base of
thrust pile by drag along the top of the subducting élate. Karig (1974),

Seely et al. (1974) and Karig & Sharman (1975) consider the growth of the
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wedge as a backward rotation of packets of newly presented material.
Thus the major deformation and metamorphism occurs during the initial’
subduction phase and the history involves a rotation with movement on
the thrust planes between packets but little internal deformation.
Karig (1977) and Moore & Karig (1976) suggest that the deformed packets
are the melange material while the gently to strongly deformed inter-
vening blocks are lower slope deposits which are folded by draping over
the continually shifting thrust blocks of melange material. The angle
of the thrust faults steepens until they are reverse faults (dip > 45°)
and in the later stages (near the trench slope break) there is normal
movement on these faults in association with the transgression of the
upper slopg deposits.

Scholl et al. (1977) have argued that the majority of sediments
in subduction melanges are lower and ﬁpper slope deposits and there is
very little ihput of ocean floor pelagic sediments. They suggest that
the pelagic sediments are not scraped off to form the melange but are
completely subducted. The turbidite wedges found in some trenches
may be included in the subduction zone melange. Kulm et al. (1977)
have recognised both accreting and subducting zones along the Andean
continental margin. This may be a function of whether the amount of
sedimentéfy material delivered to the trench both from the subducting
plate and the erosion of the island arc, exceeds the amount that can be
subducted. McKénzie (1969) has shown that for a sheet with an average
density of 2.7 gm/cc, a maximum thickness that can be subducted is
4.5 km. His analysis suggests that small amounts of low density material
may be subducted.

The imbricate model of the origin of Timor depends heavily on
analogies with the Franciscan Complex, although there are clear

differences as well as similarities. There is no evidence of large
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£ continental shelf material being subducted and incorporated

volumes O

into the Franciscan orogenic belt, but this is the dominant component
of Timor. The extrapolation from the comparatively well known arc-trench

gap geology to the effects of possible collision depend on the model
which is followed.

Hamilton (1977) suggests that the continental material is dragged
beneath the arc-trench gap complex and is incorporated in it by addition
from below over the whole width of the complex. He apparently
envisages this as occurring by a multitude of small scale thrusting
and -brecciation processes ("shingling”) (Fig. 6). The shelf sediments
then appear on the surface to be uplift due to further addition of
continental material being delivered to the base of the melange
wedge with continuing subduction. The material is removedrfrom above by
thrusting towards the trench (following the model of Elliot, 1976) and
by erosion. ‘The standing wave analogy of Hamilton (1977), suggests
material reaching the trench can be recirculated.

The model of Karig & Sharman (1975) implies that all the continental
material will be on the trench side of the complex and the pre-collision
arc-trench gap roéks will be above and to the north of these rocks.
However the effect of the continental shelf impinging on the subduction
is not ﬁhown, and the extrapolation using either of the models is fraught
with uncertainty. Thelvery great increase in rate of arrival of low
density material should increase the rate of evolution of the melange
pile and potentially all the continental crustal material should be
very strongly deformed. The less deformed lower slope deposits (Moore

& Karig, 1976) would have only a very short time to develop.

r
<
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4,42 Implications

1. All pre-collision shelf sediments originate from the Australian
continent.

2. The present structure involves clasts, lenses and sheets in a
melange matrix (Bobonaro ééaly Clay) .

3. A major deformation of the shelf sediments of Australia should occur
from the time they enter the subduction zone.

4, Metamorphism associated with the deformation event should be of
high pressure type.

5. Hamilton Model of Arc-Trench Gap - all rocks appearing on the
northern edge of the melange pile arrived there by a solid state

circulation to the base of the pre-existing sediment wedge.

All material on the southern'edge of the melange pile has been
thrust from the north and may include rocks which have entered the
base of the sediment wedge at a variety of depths and sediments
deposited on top of the wedge by erosion from the arc-trench break.

The arc-trench break should overlie, or be just trenchward of,
the edge of the oveflying plate.
6. Karig (1977), Kar;g & Sharman (1975) Model of Arc-Trench Gap -
deep water pelagic amd hemipelagic sediments slould occupy the northern-
most and highest thrust sheets and should be overlain by strongly folded
lower slope deposits. The melange should be composed of material |
entering the subduction zone. Therefore the continental shelf strata
will be very strongly deformed.

The Australian continental shelf material should be strongly meta-
morphosed and deformed on entry into the subduction zone anrd thrusts
should subsequently rotate into steeper dips. Some gormal faulting is

proposed on these surfaces to the north of the arc-trench break.



The age of metamorphism and deformation should increase towards
the north.

The original thrust planes should dip steeply to the nofth in
the more northern units and there should be a detectable systematic
increase in dips from south to north across Timor.

7. Since not more than 5 km of continental crust can be subducted
(McKenzie, 1969) the maximum length of time for which the continental
shelf was subducted can be calculated fraom the amount of sedimentary

material present in the arc-trench wedge.

4.43 Discussion

Stratigraphy.

The nature of the Bobonaro Scaly Clay is critical to the model of
Timor as a subduction zéne melange.. Audley-Charles (1965a, 1968) has
argued that it is an olistostrcame but Hamilton (1977) eguates this
unit with the melanges in the Franciscan. Page (1978) lists eleven
features of olistostromes useful in distinguishing them from tectonic
melanges:

"(1) Chaotic material is underlain, overlain and laterally bounded by
normal marine sediments of nearly the éame age."

Audley-Charles (1968), Kenyon (1974) and Leme (1968) all describe
the upper surface of the chaotic material as an irregular surface on
which the slightly younger Viqueque Group is deposited. The chaotic
material containé Late Miocene faunas and is overlain by earliest
Pliocene sediments. The lower boundary of the clay is an unconformity
and includes sediments of lLower Miocene age. Thus the conditions of
criteria (1) are met. .

"(2) The underlying formation exhibits soft sediment folds or other

signs of disturbance of the sea floor by downslope movement."
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Barber 2zt al. (1§77) report some slumping within the Kolbano-
overthrust but it is not clear if these are in the younger part of
the succession.

"(3) The chaotic material contains fragments or blocks of the under-
.lying.unit but not of the overlying unit."”

Blocks of pre-Permian to Lower Miocene age are reported by
Audley-Charles (1965a) and Leme (1968). These blocks appear to be
predominantly from the underlying lithologies. No post-Middle Miocene .
blocks have been reported. |
"(4) The matrix of the chaotic material is largely argillaceous
marine sediment."

Audley—-Charles (1965) states that the clay matrix is predom-
inantly montmorillonite (bentonite) with minor sepiolite, “palygorskite?",
quartz and calcite. The fauna suggééts a moderate water depth and open
marine conditions.

The presence of montmorillonite as the dominant component in
the matrix contrasts strongly with the Franciscan melange matrix.
Montmorillonite is rapidly and irreversibly dehydrated by burial to
depths between 1 and.3 km and can not occur even in the lowest
-recognised zones of metamorphism. At a normal burial geothermal
gradientA.the transitioﬂito mixed layer illite/montmorillonite occurs
at 7559O°C (Dunoyer de Segonzac, 1970). 1In coﬁtrast the lowest grade of
metamorphism recognised in the Franciscan Complex is zeolite facies
(Jones et al., 1978).

The remaining six features have not been described from the
Bobonaro Scaly Clay but Page (1978) states that even in the most
favourable cases not all the idealised features are present ;nd the

absence of individual features is not indicative of either origin.
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The Bobonaro Scaly Clay does not contain blocks of blueschist
or eclogite. This contrasts with the melanges of the Franciscan
camplex (Jones et al., 1978). The lack of evidence of even zeolite
facies metamorphism is a very strong argument against the melange
hypothesis. It is difficult to imagine the development of a melange
by any of the models suggested for the Franciscan Complex which does
not involve a depth of burial in excess of 3 km. In contrast the
outstanding feature of the subduction zone complexes is the presence
of high pressure metamorphism suggesting burial to 20 or 30 km.

The presence of a thin sequence ofksediments unconformably over
the chaotic material, the lack of metamorphism of the matrix, the
lack of exotic blocks especially with regard to metamorphic grade,
the absence of blocks younger than the matrix are all strong evidence
for an olistostromic origin of the Bobonaro Scaly Clay. This author
has been unable to find evidence contradictory to the interpretations
of this chaotic material made by Audley-Charles (1965a).

The situation in Timor is not directly analogous to the
Franciscan Complex as there is an arc-continent collision overprinting
the normal subduction zone complex. However the model proposed by
Hamilton implies that the collision is a continuation of the previously
existinqiprocesses with a more rapid evolution of the sediment wedge
due to the higher rate of delivery. This continuation suggests that
the pre—collision'arcftrench gap camplex should be recognisable on
Timor. The model of Karig & Sharman (1975) suggests this material should
be at or near the north coast of Timor. The circulatory model
(Hamilton, '1977) suggests that material representative of
the pre-collision arc-trench gap complex may be found anywhére in

Timor.
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igneous activity of the Inner Banda Arc was from Mid-Miocene to present

on Flores and from Mid-Miocene to Mid-Pliocene on Wetar (Bemmelen,
1949; Abbott & Chamalaun, 1978). Thus a normal Franciscan style
margin should have developed fram the Mid Miocene to the collision age
The collision age was probably middle to late Late Miocene (see below)
Thus, only a short period of normal development is well documented.
However Katili (1975) suggests the volcanic arc was established as far
west as Alor by the Aquitanian and that volcanism began in Wetar in
the Burdigalian. Thus West Timor collided with an arc that had been
established more than 10 million years. East Timor collided with a
section of the arc which was possibly established for slightly less
than 10 million years.

Greywackes are the dominant rock type in the Franciscan
assemblage (Jones et al., 1978). Clastic and hemipelagic carbonate
turbidites are the dominant moderately deformed sediments of Nias
(Karig, 1977; Moore & Karig, 1976). However there are no reports of
ILower or Middle Miocene greywackes or turbidites anywhere on Timor.
This author can find no reference to units which might represent pre-
collision equivalents of the more coherent units found in accepted
accretiéhary island-arc sediment wedges. )

Tﬁe other stratigraphic connotations of the Model C are very
similar to those éf Model A. All continental shelf and slope
sediments presently found on Timor are considered to be derived from
the northwest margin of Australia. However, as in the general version
of Model B, there is no requirement that the individual blocks are in
their correct relative positions. Thus deep water sediment§ from the
continental slope can be juxtaposed with shallow shelf sediments of
the same age, and older blocks may be structurally higher than younger

blocks.
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Metamorphism.

High pressure metamorphism is an important characteristic of arc-
trench gap material. The model proposed by Hamilton (1977) for the
collision states that the pile evolves by circulation where northern
transport occurs at the base of the pile. Thus all continental
material on the north coast of Timor must have travelled down the
subduction zone to near the bottom of the complex. At the present
time this implies a depth of 20 km (compare Fig. 6 with gravity model
of Chamalaun et al., 1976). However as the wedge would evolve very
quickly once the collision began (see volume considerations below)
the present north coast rocks may not have cycled through such a
great depth. Certainly there is no indication of high pressure
metamorphism in the Perm}én rocks. The Aileu Formation was meta-
morphosed at medium pressure (Section 2.4). No lawsonite, aragonite,
glaucophane or jadeite was found in the altered basalts of the
Maubisse and Cribas Formations (Section 3.2). The one reported
occurrence of glaucophane (Tappenbeck, 1940) has been disproved
(Barber & Audley-Charles, 1976) although some crossitic amphiboles
have been found (Roever, 1940). Miyashiro (1973, p.85, 398) suggests
that medium pressure metamorphism not associated with granite intrusions
may occﬁi in subduction zones with a slow approach rate. Thé approach
rates calculated for this margin have a component normal to the margin
of 6 cm/year (Le Pichon et al.,1973, 12 plate model, p.85) which is
probably high enough fo exclude a medium pressure due to slow approach
rates. Other considerations suggest microplate movements north of
Timor may reduce the approach rate at this margin (Section 4.2).

A second consideration which limits the relation of the meta-
morphism of the Aileu Formation to plate tectonics is>the radiometric

age. The K/Ar data on hormnblende and biotite indicates that these rocks
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were cooling over the period of 11 to 6 million years ago. According
to the Hamilton model this should occur during upward circulation

of the melange. Thus the rocks must have been subducted before

11 m.y. ago. Other limitations on the models (see below) suggest
that subduction was not started until 8 m.y. B.P. In combination the
age and pressure characteristics of the metamorphism strongly suggest
that it did not occur in the subdgction zone. An alternative is that
this metamorphism occurred on the continental margin due to the
gradual increase in depth of burial until some cooling occurred as a
precursor to the collision event. An implication of this suggestion
is that no metamorphic event has been recognised which is directly
related to the burial of rocks due to the circulatory pattern
suggested by Hamilton (1977), or of the deformed sediment packets

which are implied by a Karig & Sharman (1975) style model.

Deformation History.

Few detailed studies have been made of Pacific margin orogenic
belts. The best known examples are in western North America. In the
Franciscan Complex, California, the poor outcrop and complex disrupted
deformation style has prevented a complete structural analysis such as
has been described for the Aileu Formation in Section 2.3. This
contrasgibetween the multiply deformed but coherent deformation in
Timor and the disrupted deformation style in California may be significant.
However same of the Permian and Mesozoic sediments of the Laclo and
Summasse Valleys have moderately disrupted structures especially near
major faults.

The greenschist facies rocks from Santa Catalina Island have been
deformed in a more coherent style and are possibly cogparabie with the
Aileu Formation. These rocks, described by Platt (1976); have tight

to isoclinal first phase folds and open to tight second phase folds.
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Both are approximately symmetamorphic, have rodding lineations
parallel to the fold axis, and predate the thrust boundaries of the
unit. The third and fourth phase folds have associated crenulation
cleavages andbpostdate the metamorphism. The fou;th phase, axial
plane vertical and striking north-south, may postdate the thrusting.
The third phase axial plane dips moderately to the NNE. The second
phase axial plane has a low dip and the earliest foliation has a
widely variable orientation. There is a period of strong post-
orogenic faulting on steep surfaces.

Wood (1971) described the mesoscopic structures of some schists
from northwest California and southwest Oregon. There are early tight
folds with an axial plane foliation. The second fold phase forms a
crenulation cleavage and both the early phases are synmetamorphic.
The third fold phase is angular and éssymmetric. The axial planes of
early folds dip to the east. "The fold axis of all folds in the
northern area lie in or near the orientation of the major shears
(dipping 30° to 0300). In the southern area the major faults are
steeper and are not related to the deformation and metamorphism. The
metamorphism has a simple inverted zonation and the axial planes are
not always parallel to the isograds. Suppe (1973) indicated that
units téithe west of the Coast Range thrust in northern California )
have been deformed into post-thrusting upright folds plunging to the
northeast.

Clearly the greenschist facies rocks from the Catalina Schist
terrain are most like the Aileu Formation. Both have early syn-
metamorphic deformation phases producing metamorphic foliations. The
third phase in southern California cuts across the tr?nd of ‘the
orogenic belt at a significant angle (cf. Sy and S, of the Aileu
Formation) and the last phase is upright, strikes nearly parallel to

the strike of the orogenic belt, and is essentially post-orogenic in
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both domains (post-thrusting in California and probably post-arc-
continent collision in Timor). However this deformation sequence

is common in multiply deformed terrains of low and medium grade
(Hobbs et al., 1976, p.407). There is some suggestion of an inverted
zonation in metamorphié grade at the north coast of Timor (Section
2.32, 2.44) but that is not proven.

The structural history of northern California is less precisely
known but some important differences with Timor can be detected.

Early axial surfaces in California dip eastward, towards the island
arc, while early axial surfaces in Timor mainly dip southward, away
from the island arc (Section 2.3, 3.2; Barber et al., 1977). An
exception is the recumbent folds of the Kolbano Unit (Barber et al.,
1977).

Comparisons of structure between distant regions are always
speculative as many different tectonic enviromments apparently produce
similar deformation styles (Hobbs et al., 1976). The deformation
history in Timor has similarities and differences with the western
North America. Neither of these are compelling evidence for or against
a subduction zone melange in Timor. However of the penetrative
deformation events on Timor, only the major Dy to Dy orogenic phase in
the Aileu Formation has a style in any degree comparable with fhe
deformation style of the Franciscan Complex. The D5 event or the
Mataian Folding in iater sediments is in no way comparable to fhe major
isoclinal folds of the latter group of rocks. This correlation suggests
that if any fold phase in Timor is due to subduction, it is the Late
Miocene orogenic event.

As imbrication is both possible and predicted by Model ¢,
correlations of structure between units cannot safely be based on

orientation. However throughout Timor the major fold phase has a trace
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parallel to the lenéth of the island (e.g. Waard, 1957a; Audley-
Charles, 1968; Barber et al., 1977; Grady & Berry, 1977; Section 2.3;
Section 3.2). This suggests that rotations have been limited. The
palaeomagnetic pole results from the Maubisse and Cribas Formations
suggeét that rotations around a vertical axis are small at least for
these units (Chamalaun, 1977a, b). Finally early axial surfaces
generally have moderate to steep qips to the south (Barber et al.,
1977; Section 2.3; Section 3.22).which suggest body rotations around
a horizontal east-west axis are also limited. Correlations baéed on
orientation are made in Section 4.23. This interpretation provides
a consistent picture of the deformation history which can only apply
to an imbricate model for Timor if there has not been large body
rotations of individual blocks or if all blocks have suffered the
same rotations.

The predominantly south-dipping axial planes of major folds may
be explained by the backward rotation of thrust wedges of Karig &
Sharman (1975). This would account for their difference from the
south coast folds (Kolbano Unit) which dip shallowly north. Also many
of the steep faults found on the island may be rotated original thrust
faults and towards the north may have normal motion late in their
history‘(Karig, 1977) . However there is no evidence, at this time,
that the major east-west striking faults have a consistently shallower '
dip as the south coast is approached or‘even.that they dip consistently
to the north. While this model may explain a few major steep faults it

cannot be directly related to most of the Pleistocene faulting.

The Age of Arc-Continent Collision.

Hamilton (1977) suggests the collision started in the® Pliocene

and may continue to the present. He considered a Miocene collision as
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an uﬁlikely alternative. However more detailed constraints are
poséible. As only a small proportion of continental material can

be subducted (approximately 5 km; McKenzie, 1969) most of the
continental shelf material entering the subduction zone must still

be present. Chamalaun et ail. (1976) have modelled the lithosphere
under Timorvfrom gravity data. Between the Timor Trough and the
north coast of East Timor is 140 km of continental material about

30 km thick. The pre-collision thickness of the continental shelf is
25 km and assuming that 5 km of this is removed down the subduction
zone, suggests that 200 km of Australian continental shelf has been
subducted into the arc-~trench complex. However this estimate implies
that a 5 km sheet has been removed across the entire length of subducted
material whereas this sheet still underlies the wedge for the 140 km
of its width and thus the total subdﬁcted crust can only be 180 km.
This is a maximum estimate as it assumes no other additions and no
previously existing melange. At an approach rate normal to the
subduction zone of 6 cm/year (see above) the complex would reach its
present stage in 3 million years. Again this is a maximum estimate

as it assumes no migration of the trench away from the island arc
during a period when the melange wedge increased from O to 140 km wide.
A more-réasonable estimate comes from assuming that half the growth of
the melange wedge is taken up:in migration of the trench to the south.
Thus the trench migrated 70 km and the melange reaches its present
stage in less than 2 million years.

The Timor Trough is considered to be the present site of sub-
duction in the imbricate model. Material now in the axis of the
trough moved there from the south by northward movement of éhe
Australian Plate and by migration of the trench axis as the melange pile

accumulated (Karig & Sharman, 1975; Hamilton, 1977). Veevers et al.
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(1978) showed that the sediments in DSDP 262 change from shallow shelf
to trough flank facies at 3 m.y. B.P. and from flanks to trough axis
facies at 1.8 m.y. B.P. They calculated that this was equivalent

to a horizontal motion of 5.8 cm/year (to the north) from 3 to 1.8

m.y. B.P. and a motion of Q.55 cm/year from 1.8 m.y. B.P. to the
pPresent. As Model C states that the Timor Trough is a subduction zone,
these facies changes must be related to the entry of DSDP 262 into

the subduction zone as a combination of the two effects discussed above.
Allowing for migration of the trough as in the previous calculation

a relative plate motion of 3.5 cm/year would cause a southward
migration with respect to the Australian plate of 5.8 cm/year. The
northern coast of West Timor is 160 km due north of site 262. Assuming
a crustal shortening similar.to that calculated for East Timor this
implies the north coast of West Timor entered the subduction zone

3.5 m.y. before site 262, that is at about 5.5 m.y. B.P.

The data from Veevers et al. (1978) suggests that in West Timor
the arc-continent collision occurred throughout the Pliocene. If the
more precise, but perhaps not applicable, estimates of Le Pichon et al.
(1973) are used the collision only proceeded for 2 million years
(4 to 2 m.y. B.P.). Only if very low collision rates apply can the
collision have extended as far back as the Late Miocene and still be
compatible with thé stratigraphic evidence for the development of the
Timor Trough. Fo; example, if the metamorphism of the Aileu Formation
is due to collision (11 m.y. B.P.) then the approach rate to the volcanic
arc is less than 2 cm/vear. This can only be accomplished if the
remaining 4 cm/year has been taken up further to the north, as implied
in the other models, and if the estimate of Veevers et al. {1978) is

high by a factor of three. (The calculations used in the preceding

discussion are shown in Appendix 6.)
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If the subduction continued from the early Late Miocene to the
latest Pliocene there should be a continuing increase in deformation
strength in sediments deposited during this period. Kenyon (1974)
recognised no such progressive deformation. All sediments of Pliocene
and earliest Pleistocene age were deformed together. In fact the
mid-Pliocene was a period of tension, normal faulting, fo;ming the
Central Basin of West Timor. Also Pliocene faunas should be incor-
porated in those parts of the melange matrix (Bobonaro Scaly Clay?)
which formed in the later part of the period of subduction. However |
this author has seen no reports‘of such faunas, nor is any expected

since the considerations above strongly suggest this material is an

‘olistostrome.

Structural, metamorphic and stratigraphic considerations all
suggest that the collision occurred during a short period in the early
Late Miocene. This short orogeny fits the imbricate model provided
the faster subduction rates are applied. However a Late Miocene
collision lasting 2 to 3 m.y. implies the Timor Trough is not a
subduction zone as it reached its present development several million

years later.

4.44 sSummary and Conclusions

1. There is no evidence to suggest the Bobonaro Scaly Clay is a
melange matrix. It has many of the properties characteristic of an
olistostrame.

2. No greywackes or turbidites characteristic of a pre-existing arc-
trench complex (Early or Middle Miocene) have been recorded froT Timor.
3. There is no evidence of high pressure metamorphism on’ Timor

either as blueschist and eclogite blocks in the clays or within the

larger blocks.
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4. There are close similarities between the deformation segquence of
the Rileu Formation and a greenschist facies sequence of Santa
Catalina Island, California.

5. There is no evidence of pervasive variable body rotations of
blocks in the melange pile.

6. The structural, stratigraphic and metamorphic relationships on
Timor indicate a major orogenic event in the early Late Miocene.
However the development of the Timor Trough indicates a Pliocene arc-
continent collision, or possibly Late Miocene to latest Pliocene.
Either the Timor Trough is not a subduction zone or the major orogenic
event recorded in Timor is not directly related to this plate boundary
interaction. Since the recognition of the Timor Trough as a
subduction zone is a primary line of evidence for the recognition of

Timor as a melange pile this anomaly is difficult to resolve.

4.5 COMPARISON OF TIMOR AND PAPUA NEW GUINEA

Northern Papua New Guinea has been widely cited as an example of
arc-continent collision (e.g Dewey & Bird, 1970; Johnson & Molnar,
1972; Karig, 1972; Hamilton, 1973; bickinson, 1973; Ryburn, 1977;
Jaques & Robinson, 1977). There is a substantial body of information
available to support this hypothesis but it is spread over a wide
literature and there are substantial discrepancies. As in Timor, there
are a number of models for the structure and a wide variation in
suggested age of collision (Eocene to Mid Miocene). A detailed
consideration of the relative merits of these models lies outside
the scope of this thesis, but a comparison between the‘geolo;y of

Papua New Guinea and Timor has potential value in the recognition of

older arc-continent collision zones. To avoid ambiguities in



309

interpretation the two provinces.are compared on the basis of observed
geology rather than conceptual models of the tectonics. The following
discussion depends heavily on the summary of the geology of Papua New
Guinea in Dow (1977). The Timor geology is mainly dependent on
Sections 4.2, 4.3 and 4.4 which are in turn a summary of a large body
of literature.

Dow (1977) separates Papua New Guinea into three geological
provinces. The "Oceanic crust and island arcs" form the northern
province which includes .the Bismarck Volcanic Province and Papuan
Ophiolite Belt on the northern margin of mainland New Guinea. These
two areas are predominantly composed of caléalkaline volcanism and are
presumably fossil island arcs. To the south is a 200 km wide "Mobile
Belt" which forms the central highlands. Further south is the
"Platform" which is continuous with'énd closely similar to the northern
Australian margin.

A very similar set of provinces can be drawn in the region of
Timor (Fig. 77). The Inner Banda Arc is similar to the Bismarck
Volcanic Province. Although separated by 50 km of deep water from the
volcanic arc, Timor must presently be considered the equivalent of the
"Mobile Belt". The Northwest Shelf, north as far as the Timor Trough,
is simiiér to the Papuan "Platforﬁh. It is this pattern of a dual
margin on a continental shelf where the inner fringe is é continental
orogenic belt and -the outer fringe is an island arc complex, which has
been used to infer continent-arc collision as a process (e.g. Dewey &
Bird, 1970).

The Bismarck Volcanic Province contains igneous rocks of Eocene
and Oligocene age but volcanism ceased abruptly at foxaminiferal stage
N4 ( 22 m.y. B.P.), except in the Huon Peninsula where volcanism

continued through to the middle Miocene. The Papuan Ophiolite Belt
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contains late Cretaceous and Eocene volcanic rocks with Oligocene
inliers on Cape Vogel Peninsula (Dow, 1977). By comparison, the
Inner Banda Arc is still active nofth of West Timor and was active as
recently as 3 m.y. B.P. north of East Timor (Abbott & Chamalaun, 1978).
The oldest rocks cropping put in this area were formed in.the Miocene
(see discussion Section 4.3). The difference between the ages of the
island arcs implies that subduction ceased about 20 million years
earlier in western Papua New Guinea than in Timor.

The "Mobile Zone" consists of geosynclinal or continental slope
deposits of Cretaceous to Eocene age which have been deformed and
metamorphosed. On the platform to the south, Late Triassic and
Jurassic shallow water sediments overly Palaeozoic crystailine
basement aﬁd a few faulg slivers of these rocks have been found in the

"Mobile Zone" but their tectonic significance remains speculative.
The Cretaceous to Eocene metamorphosed sediments are unconformably
overlain by late Early to Mid Miocene clastic sediments including
conglomerates containing metamorphosed boulders of the Cretaceous
formations. The youngest recognisably metamorphosed rocks are Late
Eocene (45 m.y. B.P.) and the oldest post orogenic sediments in the
New Guinea Highlands are Early Miocene (23 m.y.).

Timor has sediments ranging from Early Permian to Plio-Pleistocene.
Some of these sediments are unconformably overlying pre-Permian
crystalline basemént. The majority of the sediments are continental
shelf or slope deposits. Major changes in deposition occur in the
Cretaceous, Oligocene and Miocene but most authors have suggested that
the Miocene unconformity is most significant. There is a distinct
change in structural style across this unconformity, with the later
sediments simply folded in contrast to the older sediments. On this

basis the latest Late Miocene and Pliocene sediments are post-orogenic.
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The Early Miocene sediments are multiply deformed (Section 4.23) and
were probably deposited before the main orogeny. The youngest age of
sedimehtation reported from recognisably metamorphosed rocks is
Jurassic (Brunnschweiler, 1978). Thus the major orogenic event
occurred between 130 and 5 m.y. B.P. and probably between 15 and

5 m.y. B.P.

The metamorphism within the Papua New Guinea "Mobile Belt"
ranges from slightly altered sediments to almandine-amphibolite
facies in a medium~pressure regime. The highest grades are found in
the Sepik_Valley area but greenschist facies rocks are very widespread.
In addition there are localised areas of high pressure (glaucophane-
lawsonite assemblage) metamorphic rocks. There are large outcrops
of eclogité associated w%th these areas in the south Sepik region
(Dow, 1977). Page (1976) reports radiometric age dates from several of
the metamorphic blocks. The Ambunti Metamorphics, south Sepik area,
yield K/Ar dates of 27 m.y. on muscovite (2) and hornblende (1), and
22.6 m.y. on biotite (1l). The Gwin Metamorphics, also from the Sepik
area, yielded 23.2 m.y. on one hornblende analysed. In the Wau area,
Kaindu Metamorphics, a Rb/Sr biotite-whole rock isochron yielded 21 + 4
m.y.

In‘Timor, medium pressure metamorphism reaches the highest part of
the almandine-amphibolite facies but greenschist facies is far more
widespread (Sectio# 2.4) . These metamorphic rocks have a gradational
contact with very low grade metamorphic rocks. No high pressure

rmetamorphic rocks have been unequivocally demonstrated. Radiometric
age dating on the Aileu Formation yielded 11 m.y. for K/Ar on
hornblendes (5) and 6 m.y. for K/Ar on Siotite (1). Thus Timor has a
similar metamorphiq style to the "Mobile Belt" of Papﬁa New Guinea but

the metamorphism apparently occurred 15 m.y. later.
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Dow (1977) states that the mobile belt has been multiély
deformed with the major schistosity or cleavage axial plane to small
folds. This foliation is steep in the north but shallows rapidly to
the south in less strongly deformed rocks. The variation in dip is
due to an upright set of later folds. Thé shallow dip of the early
foliation suggests large scale recumbent folds but these have not been
observed during mapping. A major thrust fault has been recognised at
the base of the Papuan Ophiolite Belt in the Mt. Suckling area, but
elsewhere steep faults predominate. Most of the latter group of
faults were initiated in the late Miocene and continue to the present.
Folding of post orogenic sediments into simple folds with horizontal
axes occurred over the same period. The very strong post orogenic
faulting has effective1¥ concealed any evidence of faulting during the
main orogeny.

The structural analysis' of the Aileu Formation given in Section
2.3 is more detailed than studies presently available from Papua New
Guinea. Timor appears to have a more complex deformation history but
this may be due to the lack of detailed structural work in Papua New
Guinea. The earliest cleavage is moderately dipping over most of
Timor but some early phase recumbent folds have been recognised on the
south ééast of West Timor (Barber et al., 1977). The earliest phase
has been transposed by the second deformation which may explain its
steeper dip. While large scale thrusting has been postulated the
thrusts are not widely observed. The present geology is dominated by
steeply dipping faults of variable orientation which were probably
most active in the Early Pleistocene although many were active earlier
and some have continued into the Late Pleistocene (Sections 2.3, 4.2).

This post-orogenic faulting may have obscured the evidence for the
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postulated thrust faults.' Simple folding of the post-orogenic
sediments also occurred in the Early Pleistocene.

No igneous rocks were intruded into the Papua New Guinea "Mobile
Belt" during the Oligocene but a major period of diorite and grano-
diorite intrusion occurred in the mid-Miocene (15 to 12 m.y.).
This was followed by the development of Pliocene andesitic and
basaltic stratavolcanoes, with associated hypabyssal intrusives, of
shoshonitic affinity. This igneous activity occurred 10 m.y. after
the major metamorphism and deformation. Dow speculates that there may
be a time delay required for magma to reach the surface after the
major orogény. The Plio-Pleistocene igneous activity is probably
related to the major strike slip faulting during the same period.

In Timor there was little volcanic activity in the Miocene. Some
tholeiitic basalts occur on the north coast of West Timor (Oecussi
6 m.y., Abbott & Chamalaun, 1978). A few presumed Miocene lavas
and tuffs are reported from other parts of northern West Timor (Waard,
1957a). The relationship of these igneous rocks to the major orogeny
is unknown. Over the rest of Timor evidence for volcanism is
restricted to a few Late Miocene or Pliocene vitric tuffs (Audley-
Charles, 1968, p.29) and some, possibly associated, trachytic plugs
near Aiﬁéro (Brunnschweiler; 1978). If a 15 m.y. time delay must
occur, as suggested by Dow for Papua New Guinea, ﬁhen the volcanism
should occur in the next few million years.

Papua New Guinea contains several examples of ophiolite bodies.
Of these the Papuan Ophiolite Belt is the largest and best known (e.q.
Davies, 1971). Also there are a large number of small ultramafic
bodies most commonly occurring in fault zones. 1In comparis&h no
ophiolite suites have yet been recognised on Timor but fault bounded

ultramafic bodies are very common.
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The data presented above are summarised in Figure 80. Several
similarities can immediately be observed. In each province the K/Ar
mineral ages cluster within 10 m.y. The cooling rate must be relatively
rapid so that biotite K/Ar ages are only a few million years less than
the hornblende and muscovite K/Ar ages. In both cases the widespread
Yolcanicity in the island arc ceases about, or slightiy after, the
K/Ar biotite age for the metamorphism, and the oldest post~orogenic
sediments are also of this same age. 1In both examples a medium
pressure type metamorphism is general without any syn-orogenic
granites although granodiorite and diorite intrusions occurring about
10 m.y. after the metamorphism in Papua New Guinea may be due to the
orogeny. The total uplift is such that only small areas of
amphibolite facies metgmorphic rocks crop out in the orogenic belt.
Minor blueschists and eclogites have been found along major faults in
Papua New Guinea but have not yet been recorded in Timor.

Both areas have suffered multiple deformation during the orogeny
and information from Timor suggests thétAthe metamorphism is pre~ and
syn-kinematic. The low and very low grade rocks may have a simpler
deformation style. On a larger scale there is now little evidence of
thrusting or of large recumbent folds although they were certainly
importéht 1ocally; and may have been widespread. In both cases post-
orogenic folding and faulting has complicated the structure but thé
post-orogenic style is entirely differen£ in the two regions, possibly
reflecting different readjustments required by individual plate margins
after collision.

Finaliy relatively complete ophiolites have been recognised in
Papua New Guinea but not in Timor, while small fault bounded ultra-

mafic bodies are very common in both provinces. There is no obvious
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Comparison of the geology of Timor and Papua New Guinea.

TIMOR NEW GUINEA
AGE
Youngest sediment 130 m.y. 45 m.y.
recognisably meta- :
morphosed.
Youngest sediment 15 m.y. 35 m.y.
deformed by the orogeny
Oldest postorogenic 5 m.y. 23 m.y.
sediment. '
Youngest volcanic rock 3 m.y. (for East 22 m.y.
in island arc. Timor
Radiometric age of
;, metamorphism -
K/Ar hornblende 11 m.y. 26 m.y.
K/Ar biotite 6 m.y. 22 m.y.

METAMORPHISM

Medium P/T 'gradient

Mainly low and very
low grade. Reaches
upper amphibolite
facies.

Highest grade in
oldest rocks.

Medium P/T gradient.
Local high P/T type.

Mainly low and very low
grade. Reaches middle
amphibolite facies.

Highest grade in
oldest rocks.

IGNEOUS ASSOCIATION

No igneous activity
during orogeny.

Ultrabasic rocks
common,

DEFORMATION

No igneous activity
during orogeny.

Large ophiolite complexes.
Smaller blocks of ultra-
basic rocks common..

Four synorogenic

deformation phases at

highest grade. At
least two phases in

very low grade and un-

metamorphosed rocks.

Localised evidence of
thrusts and recumbent

folds.

Multiple deformation
history. Simpler style in
very low grade and unmeta-
morphosed rocks.

r
L

Local thrusts. Circum-
stancial evidence of
recumbent folds.
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TIMOR
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NEW GUINEA

POST-OROGENIC DEFORMATION

Single folding
episode 4 m.y. after.

Strong block faulting
with faults in many
different orienta-
tions.

Progressive simple
folding from 5 m.y.
after till the present.

Very strong strike slip
faulting with faults
forming an anastomosing
network.
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reason why the ophiolite sequences appear in one part of a collision
zone but not in another. Even within Papua New Guinea these rocks
have a well defined and limited extent. The fault blocks of
ultramafic rocks may represent dismembered ophiolites but this has
not been demonstrated.

This comparison of two arc-continent collision zones provides
a range of parameters which may bg useful to identify this type of
orogenic belt in older rocks. The potentially useful characteristic;
common to both examples are shown in Figure 8l1. When these parameters
are compared with those of the high and low pressure orogenic belts
tabulated by Zwart (1967), it can be seen that the orogenic belts
caused by arc-continent collision are similar to the high pressure
(alpinotype) in having few granites, abundant ultfamafic bodies and
a relatively marrow orogenic belt. . However, the relatively narrow
progressive mineral zones for Timor and the limited evidence of nappes
are closer to the low pressure (Hercynotype) orogenic belts. High
pressure terrains are also noted for a complex age structure (e.g.
Suppe, 1969; Miyashiro, 1973, p.395) while, in contrast, the evidence
from Timor and Papua New Guinea suggests a short, simple orogenic

phase possibly lasting only a few million years.

4.6 ADDITIONAL WORK SUGGESTED BY THIS STUDY

The comparison of structural data from the deformed Permian-
Mesozoic sediments with the Aileu Formation is of limited significance
in this study because the structural history of the former is poorly
known. The structure of the Aileu Formation is complex_enough to

provide a good signature to the deformation history. Detailed structural
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Figure 81

The Characteristics of Arc~Continent Collision.

A paired metamorphic belt is formed where the low pressure meta-
morphic terrain lies on the oceanic side of the belt and a
medium pressure metamorphic terrain, predominantly composed of
continental shelf or slope sediments, forms the continental side
of the belt.

In the low pressure metamorphic terrain:

(a) Calc-alkaline igneous activity dominates the geology. The
volcanism was active for tens of millions of years.
(b) Subsequent uplift is only moderate so that high level
intrusive bodies are presently visible.
fc) Igneous activity ceased within a few million years after the
" radiometric age of the major metamorphic event in the
medium pressure metamorphic terrain.

In the medium pressure metamorphic terrain:

(a) The rocks are predominantly.continental shelf and slope
sediments same of which are very much older than the
orogenic event (>100 m.y.).

(b) A major orogeny occurred over a period of less than ten

: million years. The associated metamorphism was pre- and
syn-kinematic in one example.

(c) The most common metamorphic rocks produced are medium

pressure type greenschist facies. Some amphibolite facies
rocks appear locally. High pressure metamorphic rocks have
been found spatially related to major faults in Papua New
Guinea. ]

(d) There is no evidence of major synorogenic igneous activity.

(e) Both examples have postorogenic faults and simple folds but
they differ greatly in style of faulting.

(f) :-Rapid postorogenic uplift has exposed young amphibolite
facies rocks.

(g) There is little evidence of major thrust faults over the
major part of the medium pressure metamorphic terrain.
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studies on units of all ages are required in order to provide a
stronger test for the coherent model of the geology of Timor.

The metamorphic grade of the Permian-Mesozoic and younger
sediments is important. Barber et al. (1977) suggeéted that these
sediments are unmetamorphosed and contrasted theﬁ with the Aileu
Formation. However, a study of some altered basic rocks from these
sediments indicated that they have probably been mefamorphosed to very
low grade. A systematic study of the metamorphic grade of these
units is required.

Considering the diverse interpetation of the Bobonaro Scaly Clay,
the local variations in composition and age are likely to be of great
significance. Brunnschweiler (1977) has already suggested that the
present interpretation %s oversimplified and there may be several
ages of olistostrome emplacement. .In addition the degree of meta-
morphism of this formation and the presence of blueschist or eclogite
blocks is an important test of the melange model for Timor.

The metamorphic age of the Aileu Formation has greatly affected
the interpretation of the age of orogeny. 1In view of the significance
of an error of even a few million years in this age, there is great
need of confirmation from a wide variety of units. The Permian and
Mesozoié sediment should have also been heated in the Late Miocene.
Fission track dating of apatite in dolerites and arh0 dating of shales
are the techniques which are potentially useful in this regard.

The deformation history of Timor needs further work, but in order
to truly characterise this type of orogenic belt other examples must
also be studied. A detailed deformation history of the New Guinea
Highlands would double the comparative base from which to draw general-

isations about arc-continent collisions.
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Chapter 5

CONCLUSIONS

5.1 SUMMARY OF DETAILED CONCLUSIONS

5.11 Aileu Formation

The Aileu Formation is mainly composed of phyllites and quartz
phyllites grading to schists in the east. These are interpreted as
shales, siltstones and greywackes which were deposited rapidly on an
outer shelf or continental slope. Less common lithologies are marble
(partially recrystallized limestone in the west), amphibolite, altered
dolerites and calcareous séhists. The carbonate rocks are closely
associated in space with the amphibolites and may represent a facies
contrast with the clastic metasediments.

Altered dolerites occur in the southwestern part qf the mapped
area. The amphibolites from the north and east are also of igneous
origin. The& occur as sills and possibly flows although no distinction
can now be made in most cases. These basic rocks have major and
immobile trace element chemistries transitional between alkaline and
tholeiitic basalts. They were formed as a result of an early phase
of riftihg on the northwest margin of the Australian continent.

A major Late Miocene orogenic event deformed and metamorphosed
the Aileu Formation. A zoned medium pressure metamorphic province was
produced. The prograde metamorphism reached a maximum ranging from
lower greenschist facies in the southeast to upper almandine-amphibolite
facies in the east.

Four phases of deformation are associated with this ofogenic event.
The earliest foliation predates the metamorphic maximum. It is sub-

parallel to the layering but no mesoscopic folds have been recognised.
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The second phase of deformation occurs during the waning phase of the
metamorphism. This Late Miocene phase transposed the earlier
foliation and the layering. The third and fourth phases produced
crenulations in laminated phyllites and gentle to open macroscopic
folds. These late phases occurréd at a lower temperature.

A minor orogeny in the Early Pleistocene produced open macro-
scopic folds, especially along the north coast, and major faults.
The boundary faults of the metamorphic block were active during this
event. The geology of Timor has been strongly influenced by the very

strong block faulting that occurred during and after this orogenic event.

5.12 Permian-Mesozoic Deformed Sediments

The Permian-Mesozoic sediments of the Laclo and Summasse Valleys
have been multiply deformed. Compa;ison with the Aileu Formation
suggests that deformation phases Dé, D3 and D5 have affected these
sediments. The macroscopic structure was not resolved but these rocks
are tightly folded with the axial plane trace trending east-west.

In addition to the deformation, there is evidence from the altered
basalts thaf these sediments have been metamorphosed to prehnite-
pumpellyite facies.

Basalts and dolerites from the Atsabe regiqn form a marginally
potassic alkaline suite which has strong iron, titanium and phosphorous‘
enrichment trends. The associated alkali trachytes are strongly
enriched in zirconium, yttrium and niobium. The Cribas region has both
tholeiitic and alkaline basalts with some dolerites, and gabbros. The
alkali trachytes of this region are peralkaline and contain modal
sodic pyroxene. The igneous rocks analysed from these two regions and

<

a few others from near Maubisse and Manatuto are entirely compatible

with a continental rift valley setting for the volcanism. The dominance
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of shallow water, clastic sedimentation in these units excludes

the other likely tectonic evironmment - that is, ocean islands.

5.2 General Conclusions

The Aileu Formation was formed on the continental margin of
Australia as was the Maubisse Formation. These sediments were
deposited in a rift-valley enviromment with localised volcanism.

The sedimentation continued until a major Late Miocene orogenic
phase. The presently visible structure indicates strong penetrative
deformation during this orogeny which was subsequently block faulted
in the Early Pleistocene. It is not possible at present to determine
the relative importance of thrusting and penetrative deformation
during the major orogeny. No additional evidence of thrusts was
found during this work.’

The geology of the north co;st of East Timor shows no evidence
for a melange origin. The late Miocene orogenic event contrasts with
the age of the Timor Trough if this feature is interpreted as a
subduction zone. The land geology of Timor contrasts with that of arc-
trench gap complexes reported in the literature.

Comparison between Papua New Guinea and Timor brought out many
similarities which are in direct contrast with the geology of old
" subduction zoﬁé complexes. The sediments of these two arc-continent
collision zones are deposited over a long period but the metamorphism
and deformation occurs within several million years. The majority of .
metamorphic rocks have formed at medium pressure/temperature gradients.
The volcanic arc ceased activity soon after this brief metamorphic
event. The orogenic belt contains a high proportion of rocks much

<
older than the oldest volcanic rocks in the "island arc". There is
little surviving direct evidence of major thrusting during the orogeny.

These differences may aid the recognition of old arc-continent collision

zones.
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Appendix 1

ANALYTICAL TECHNIQUES

Eighty five samples were selected for analysis. Seventy six
of these analyses are reported in Sections 2.2, 3.23, 3.3 and 3.4 and
the remainder are included in Appendix 3. Hand specimen sized sampies
were cut into 1 cm thick slices using a diamond saw. The samples
were polished, to remove metallic iron abraded from the saw blade,
before washing in distilled water. Initial crushing (to less than
1 cm) was done using a tungsten carbide tipped piston. Fine crushing
was done in a chrome steel Téma mill.

Sodium and potassium were determined using atomic emission
épectroscopy (AES) . Theqsamples, excluding the lherzolites were
decomposed using hydrofluoric acid .in a teflon lined pressure vessel
and excess acid was caomplexed with boric acid (Bernas, 1968; Lee &
Guven, 1975). The lherzolites were dissolved by adding 25 ml of
concentrated hydrofluoric acid and 20 ml of concentrated perchloric

acid to 1 gm of sample and evaporating to dryness overnight. The
residuei‘excluding aluminous chrome spinel, was dissolved in 20 ml of
0.5N hydroc¢hloric acid before diluting to volume. BAnalyses were done
using aﬂ'air-acetylene flame. 1000 ug/ml of cesium was used as aﬁ
ionisation suppressant in potassium analyses and 2000 ug/ml of potassium
in the sodium anal?ses. Artificial standards were calibrated against
U.S.G.S. standards G2, GSP-1 and BCR-1l. The analyses have maximum
relative error of +5% above 1% NajyO or K;0 and an absolute error of
+0.05% NayO or K50 below this value.

All the rocks were analysed for FeO in duplicate‘by a hodified
"Wilson's method" (Jeffrey, 1970, p.270). The ferrous ammonium sulphate

was calibrated against potassium dichromate and checked against the
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U.S.G.S. standard BCR-1. H,0 was obtained by heating approximately
3 gm of sample at 105°c for 3 hours. Loss on ignition was measured
by igniting samples at 1000°c (QOOQC for the alkali trachytes) for
8 hours in silica crucibles.

Major .elements (Si, A}, Fe, Mn, Mg, Ca, K; Ti, P) were determined
on the ignited powders using the method of Norrish & Hutton (1969).
The potassium values were checked'against the AES analyses. The
reported analyses include K,0 as measured by XRF. Trace elements (Zr,>
Nb, Rb, Sr, Y) were determined on pressed powder pellets (5 gm). Mass
absorption and inter-element interferences were applied. A&all the
X-ray fluorescence analyses were done at the Department of Geology and
Mineralogy, University of Adelaide. The accuracy and precision of
fhe analytical procedures at this laboratory are discussed by

Nesbitt & Sun (1976).
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Appendix 2

SUPPLEMENTARY TABLES AND FIGURES OF PETROLOGICAIL. DATA




Table 15

C.I.P.W. normative mineralogy of "dolerites" and
amphibolites from the western portion of the Aileu Formation.
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3-1-27 3-1-28 3-1-59 3-1-61 3-1-84
QUARTZ . 0.00 0.00 0.00 0.00 0.00
CORUNIUM 1.77 0,00 0.00 0,00 0.00
ZIRCON 0.06 0.03 0,01 0.01 0.03
ORTHOC 2.01 - 0.77 0.41 0.65 0.65
ALRITE 29.44 35.28 38.93 21,66 36.29
ANORTHITE 18.82 20.13 18.92 24,80 19.30
NEFHEL INE 0.00 0.00 1.14 0.00 0.78
. TOT SALIC S2.10 56;22 99.42 47 .13 97.06
NIOFSIDE 0.00 b6.61 - 10.55 18.846 ‘13389
HYFERSTH 18.09 S5.19 0.00 11.14 0.00
OLIVINE ?.58 18.89 19.17 6.79 15.04
-MAGNETITE 3,32 3.26 2,58 6.37 3.44
ILMENITE ?.00 3.42 3.68 4,63 S.41
AFATITE - 1.40 1.33 0.45 . 0.64 0.76
TOT FEMIC 41,39 . 38.70 '36.43 48,43 | 38.53
TOT NORM 93,49 94,91 95.85 ?5.56 ?5.59

3-1-85 3-1-86 3-1-102 | 3-1-108 | 3-1-173
QUARTZ 0.00 S5.60 0.00 0.00 4,34
CORUNDUM 0.00 0.00 0.00 0.00 0.00
ZIRCON 0.03 0.03 Q.01 0.01 Q.03
ORTHOC 4.85 5.08 0.8¢9 0.77 3,66
ALRITE 21.83 22,51 28.34 36.76 26.23
ANORTHITE 22,94, 14.63 20.74 18.09 . 15.00
NEFHELINE 0.00 0,00 4,18 1.48 0.00
TOT SALIC 49,65 47 .86 94.15 97.31 49.27
OIOFSIIE 14,87 14,14 16.01 14.70 -19.38A
HYFERSTH 13,37 12.89 0,00 0.00 8.92
OLIVINE 3.66 0,00 12.920 17.31 0.00
MAGNETITE . 2,52 12,15 1.94 2.65 10.70
AFATITE 0.64 0.92 0.38 - 0,45 0.73
TOT FEMIC 39.91 48,80 34.48 39.27 46.25
TOT NORM 892.56 ?6.66 88.63 ?6.58 95,52




Table 15 cont.

94,34

3-1-191 | 3-1-293

QUARTZ 0.00 | 10.52
CORUNDUM 0.00 0400
ZIRCON 0.01 0.04
ORTHOC  1.24 2,13
ALEITE 17.35 | 29.28
ANORTHITE 31.32 | 14.84
NEFHEL INE 0.00 0.00
TOT SALIC 49.93 | 56.80
-l piorsine. | .s.38 | 13.93
| HYFERSTH 15,47 3.14
OLIVINE. 13,66 0.00
MAGNETITE 3.86 | 12,92
TLMENITE 2,70 7.98
AFATITE 0.36 0.95
TOT FEMIC 44,42 | 38,91
TOT NORM 95,72
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Table 16
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C.I.P.W. normative mineralogy of amphibolites from the eastern

portion of the Aileu Formation.

TOT NORM

3-1-4 3-1-24 | 3-1-48 | 3-1-65 | 3-1-47
ZIRCON 0.03 0.01 0.03 0.01 0.01
ORTHOC 1.36 2.42 1.24 1.77° 0.71
ALEITE 26.64 16.08 28.51 22,66 8.97
ANORTHITE 22,78 34.35 22.86 38.36 36.58
NEFHELINE 1.02 0.00 0.00 3.26 0.00
TOT SALIC 51.82 52,87 52.65 66.07 46,27
DIOFSIDE 16.57 17.68 10.09 23,71 29.83
HYFERSTH 0.00 3.63 Q.26 0.00 3.61
OLIVINE 22.13 15.91 16,77 1.64 11.53
MAGNETITE © 3.10 3.19 3.12 5.35 3.55
ILMENITE 3.19 3.00 4,35 1,99 2.07
AFATITE 0.7% 0.47 0.57 0.33 0.76
TOT FEMIC 45,76 43,89 44,16 | 33,03 51436
TOT NORM 97.58 96.75 96.81 99.10 97,63
3-1-81 | 3-1-139 | 3-1-186| 3-1-200
ZIRCON 0.01 0.03 0.01 0.03
ORTHOC 1.60 0.89 1.71 1.60
ALEITE 28.77 23.35 26.06 | 36.55
ANORTHITE 30.00 24.11 24.34 18.53
NEFHELINE 0.00 0.00 [ 0.00 0.00
TOT SALIC 60.38 | - 48.38 52.13 S56.71
DIOFSIDE 15.96 13.68 21.34 9.62
HYFERSTH 0.19 24,59 9.95 0.61
OLIVINE 13,11 3.14 7.64 19.35
MAGNETITE 5.03 3.23 3.93 5.13
ILMENITE 2.64 4,35 3.08 5,22
AFATITE 0.50 0.64 0.43 | ~ 0.71
TOT FEMIC 37.43 49,62 | 46.37 40.64
97.80 98,01 98.49 | 97.35




C.I.P.W. normative mineralogy

Atsabe region.

Table 17

of igneous rocks from the
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3-1-240 | 3-1-241 | 3-1-242| 3-1-243 | 3-1-246
QUARTZ 0.00 1 0.00 0.00 0.00 0.00
CORUNDUM 0.00 0.00 0.00 1.20 0.00
ZIRCON 0.04 0.04 0.06 0.13 0.06
ORTHOC 3,25 9.08 14.24 21 ?.28
ALRITE 33,42 27,58 33.08 S52.63 33.76
ANORTHITE 16.74 15.49 14.05 12.26 14,29
NEFHEL INE 0.00 0.00 0.00 0.00 0.00
TOT SALIC 93.46 48.20 61,43 74.44 57.39
DIOFSIDE 14.44 P67 3.89 - 0.00 19.65
HYFERSTH 3.66 4,19 8.28 1.71 3.44
OLIVINE 7.74 10.13 3.73 8.28 0.13
MAGNETITE 6,92 8.47 8,40 3.03 6.34
ILMENITE" 8.01 8.07 .9.70 3.61 . S.41
AFATITE 1.18 - S5+38 3.27 3.06 3.10
TOT FEMIC 41.96 45.90 335.21 19.68 38.07
TOT NORM ?3.42 94,10 P6.65 94.12 95.46
3~1;247 3-1-250 | 3~1-251| 3-1-252| 3-1-253
QUARTZ 0.00 0.00 1.24 3.17 S5.97
CORUNIUM 0.00 0.00 1.2 0.00 0.00
ZIRCON 0.06 - 0.06 0,06 0.01 0.12
ORTHOC 1.77 - 0.35 0.18 0.12 i8.91
" ALRITE 37.82 30.71 24,54 22.08 40.11
ANORTHITE 15.28- 18.54 19.49 27.463 74+42
NEFHELINE - 0.00 0.00 0.00 0.00 0.00
TOT SALIC 54.94 49 .66 46.78 53.01 72.52
DIOFSIDE '3;26 6457 1 0.00 27.11 10.04
HYFERSTH 2.42 16.51 26.43 2.41 4.68
OLIVINE 14.02 1.19 0.00 0.00 0.00
MAGNETITE 7.32 D+ bS S0l - 6.13 4.87
ILMENITE 7454 10.26 10,69 2,15 2.51
AFATITE 4.78 1.73 1.87 0.33 1.14
TOT FEMIC 39.34 41.91 44,51 38,13 23.23
TOT NORM ?4.28 ?1.57 91,28 ?1.14 ?5.76




Table 17 cont.
3-1-254| 3-1-255| 2-1-256
QUARTZ 0.00 0.00 0.00
CORUNIIUN 0.33 0.00 0.00
ZIRCON 0.04 0.07 0.03
ORTHOC 6.97 2.95 2.6&
ALRITE 38.43 41,80 22,95
ANDRTHITE 18.71 15,52 17.50
NEFHEL INE 2,10 0.00 1.64
TOT SALIC 66.59 64.34 44,78
DIOFSIDE 0.00 2,37 21.36
HYFERSTH 0.00 3.12 0.00
OLIVINE 14,37 10.74 6.85
MAGNETITE 5,60 1.94 8,32
ILMENITE 6.06 5,51 11,97
AFATITE 1.33 2,34 1.47
TOT FEMIC . 27,35 24.04 49.7¢&
TOT NORM 93.94 90,39 94,54
3-1-245 | 3-1-248 | 2-1-249
QUARTZ 7.44 9.27 7.02
CORUNDIUN 0.05 0.00 0.02
ZIRCON 0.33 0.28 0.28
ORTHOC 33.03 29,42 | 33.648
ALEITE S0.43 52,80 53,05
ANORTHITE 1.47 .72 0.33
TOT SALIC 92,764 92,50 94, 40
NIOPSIDE 0.00 0.27 C.00
WOLLAST G.00 G.94 G0k
YPERSTH P& G Os € &3
MAGNETITE 4,12 2,35 3,39
ILMENITE 0.32 0.34 0.32
HEMATITE 0.32 2,09 0.00
AFPATITE G.0% 0.02 0,02
TOT FEMIC 5.50 6.01 4,37
| To0T NORHM $8.26 ¢8.51 -| 9EB.74
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Table 18

C.I.P.W. normative mineralogy of igneous rocks from the Cribas
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TOT NORM

region. ‘

1-2-10 1-2-11 1-2-28 1-2-31 1-2-41
ZIRCON 0.04 0.04 0,00 0,03 0.01
ORTHOC 8.98 0.00 2.90 3+60 0.77
ALRITE 23.59 0.00 23,69 27 .24 24,28
ANORTHITE 18.33 15.23 30.54 28,22 28,53
LEUCITE 0.00 3eS7 0.00 0,00 0.00
NEFHELINE 6.11 14,90 0.00 0,00 0.00
TOT SALIC 97 .05 33.73 9713 992.10 S53.60
DIOFSIDE 10.64 15.11 25.60 8.44 19.17
WOLLAST 0.00 0.00 0.00 0,00 0.00
HYFERSTH 0.00 0.00 0.36 0.84 15.90
OLIVINE 9.06 4,11 11.15 14,78 397
DICAL SIL 0,00 16.29 0.00 0,00 0.00
MAGNETITE b6.69 6.10 1.26 Se16 2.87 -
ILMENITE 6.13 4,14 ©0.72 4,39 2.30
HEMATITE 1.93 0.31 0.00. 0,00 0.00
FEROVSK 0.00 0.00 0.00 . 0.00 0.00
AFATITE 1,56 1.04 0.09 . 0+64 0.31
TOT FEMIC 32.03 47.11 | 392.18 34,25 44,12
TOT NORM 89.08 80.85 ?6.31 ?23.39 @7 .72

1-2-42 1-2-43 1-2-4¢4 1-2-58
ZIRCON 0.00 0.01 0.04 0,01 -
ORTHOC . - 0.83 3.20 12.00 0,12
ALRITE 21,07 27 .33 20,16 3.17
ANORTHITE 34,06 24,73 11,22 23.65
LEUCITE 0.00 0.00 0.00 0,00
NEFHELINE 0.00 0.00 b6+77 8.60
TOT SALIC 95995 55.97 S0.19 3399
OIOFSIDE 21,85 . 26.64 20,35 33.99
WOLLAST 0.00 0.00 - 0,00 ?.97
HYFERSTH " 7.87 2,02 0,00 0.00
OLIVINE 7 .64 2.79 2.51 0,00
DICAL SIL 0.00 0.00 0,00 0,00
MAGNETITE 1.81 6.38 - 0.00 4,39
ILMENITE ¢35 1.88 Se67 1,79
HEMATITE 0,00 0.00 ?.31 0,00
FEROVSK 0.00 0.00 1,07 0.00
AFATITE 0,07 0.26 1.40 0.33
TOT FEMIC 39.80 39.97 40,31 90.23

99,75 ?25.24 20,50 85,78




TOT NORM

Table 18 cont.
1-2-27 |1-2-32 | 1-2-34 | 1-2-35 | 1-2-37
QUARTZ 14,42 15,94 15,36 3.16 14,21
ZIRCON 0.12 0.19 | . 0.12 0.15 0.16
ORTHOC 30.08 31,47 36.16 31.26 31,20
ALRITE 42,13 40,57 36.55 49,67 43,07
ANORTHITE 0,00 0.00 0.00 0.08 0.50
TOT SALIC 86.74 88,38 88.19 | 84,31 89.14
"ACMITE 4,33 2,72 2,17 0.00 0,00
DIOFSIDE 0.86 1.46 0.91 0.23 0.03
| WOLLAST 1.54 0.00 0.00 0.00 0.00
HYFERSTH 0,00 0.27 0.00 1,69 1,93
MAGNETITE 2,90 3,59 0.12 0.00 5,19
ILMENITE 1,06 L 0.99 1.06 0.38 1.12
HEMATITE 0.51 0.39 5,70 8,77 0.05
SFHENE 0.00 0.00 0.00 1,03 0.00
AFATITE 0.17 0.09 0,19 0.24 0.0%
TOT FEMIC 11,36 9.50 10.15 12,33 8,41
| TOT NORM 98,11 97.88 98,34 b .65 97 .55
1-2~38
QUARTZ 11,06 -
ZIRCON 0.15 .
ORTHOC 33.15
ALRITE 37.64
ANORTHITE 0.00
TOT SALIC 82,00
ACMITE 7.32
DIOFSIDE 3.92
WOLLAST 0.00
HYFERSTH 1,17
MAGNETITE 2,64
ILMENITE 1.04
HEMATITE 0.00
SFHENE 0,00
AFATITE 0.12
| ToT FEMIC 16,22
98,22




Table 19

C.I.P.W. normative mineralogy of igneous rocks from the
Maubisse region.

1-1-280 1-1-282 1-1-283 1-1-285 | 1-2-74
QUARTZ 0.00 1.66 0,00 0.00 0.00
ZIRCON 0.01 0.03 0.03 .03 0.01
ORTHOC 0.00 ?.51 10.28 S5.55 1.30
ALEBITE 0.00 | "36.13 39.17 16.52 23.27
ANORTHITE 28.09 20.09 19.75 21.78 30.83
LEUCITE | 1.62 0,00 0.00 0.00 0.00
NEFHEL INE 8.20 0.00 0.00 4.98 0.00
TOT SALIC 37 .94 b67.42 69.24 48.87 55.41
DIOFSIDE 30,70 15.88 11,63 28.80 16.21
HYFERSTH 0.00 0.923 2,56 0.00 6.+25
OLIVINE 0.50 0,00 1.69 3.21 6,93
nIcab SIL 8.97 0.00 0.00 0.00 0,00
MAGNETITE 0,51 4,21 S5.89 0.23 S.51
ILMENITE 2.36 L 2.92 2.96 3.02 3.21
HEMATITE 7.90 3.25 0.00 8.46 0,00
AFATITE 0.47 0.66 0.62 0.49 0.62
TOT FEMIC 51.41 27.85 25.34 44,41 38.73
TOT NORM 89}34 ?5.28 ?4.,58 ?3.28 ?4.14




C.I.P.W. normative mineralogy of igneous rocks from the Manatuto

Table 20

TOT NORM

region.

3-1-111 1 3-1-22 3-1-236
QUARTZ 1.86 1.09 0.00
ZIRCON 0.06 0.06 0.04
ORTHOC 1.77 S5.61 4,02
ALRITE 32.15 73.10 47 .00
CANORTHITE 17.36 65:54 12.56
NEFHELINE 0.00 0.00 2.82
TOT SALIC 53.40 86.42 66945
DIOFSINE 8.47 1.61 . 11.24
WOLLAST 0.00 4,41 0.00
HYFERSTH 7.98 0.00 0.00
OLIVINE 0.00 0.00 2.39
MAGNETITE 6.15 1.51 4,51
ILMENITE 7+46 1.06 3.74
HEMATITE 5.35 0.13 3+36
AFATITE 1.71 0.26 1.40
TOT FEMIC 37.11 8.98 26.64

490.51 95.40 ?3.08
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Table 21

C.I.P.W. normative mineralogy of the hornblende-plagioclase
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-rocks.
3-1-82 | 3-1-208| 3-1-209 |3-1-233 | 3-1-238
ZIRCON 0.03 0.04 0,04 0.04 0.06
ORTHOC 7445 3,55 2,36 3,60 1,42
ALERITE 19.85 23,27 6.95 10,73 22,76
ANORTHITE 23,66 21,90 20,15 28,17 23,26
NEFHEL INE 0.66 0,00 4,62 2,90 0.00
TOT SALIC S51.64 48,76 34,14 45,44 47,50
DIOFSIDE 17.02 22,43 44,33 27.82 19,71
WOLLAST 0.00 0400 2,58 04,00 0400
HYFERSTH 0.00 2.56 0,00 0.00 7456
OLIVINE 19,34 10,90 04,00 11,29 5.44
MAGNETITE 3,57 4,55 525 5,05 5,92
ILMENITE 5,45 6,91 7407 6.44 | 8,89
AFATITE 0.76 1,11 1,23 0.97 | 1.97
TOT FEMIC 46,14 48,47 60,45 51.57 49,48
TOT NORM 97.78 $7.23 94,58 97,01 96,98
3-1-290 | 3-1-291
ZIRCON 0,01 0.06
ORTHOC 1,48 4,02
ALRITE 22,68 27.41
ANORTHITE 31,22 19.98
NEFHEL INE 0.00 0,00
TOT SALIC 55,38 51,48
DIOFSIDE 21,21 | 14.05
WOLLAST 0.00 0400
HYFERSTH 9.52 7.19
OLIVINE . 6,28 10.75
MAGNETITE - 2,71 4,34
ILMENITE 2,96 9,14
AFATITE 0.38 1,61
TOT FEMIC 43,06 47,06
TOT NORM 98,44 98,54
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Figure 82 Variation in Al,03, FeO (total), CaO and MgO with SiO,
content of igneous rocks from the Atsabe region.
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Figure 83 Variation in TiOj, P505, Nay0 and K,0 with SiO,
content of igneous rocks from the Atsabe region.
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~ Figure 84 Variation in zirconium and niobium with Si®, content
of igneous rocks from the Atsabe region. '
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Appendix 3

THE BARIQUE FORMATION

The "Barique Volcanics" were first recognised as an informal
‘grouping by Freytag (1959);‘ Audley-Charles (1968) raised this group
to the status of a.formation. He argued that they are predominantly
Oligocene in age, although admitting that there was not adequate data
to conclusively prove such an age, even in the type area. Later
papers suggest the volcanic rocks included in this formation may have
been extruded over a time range including most of the Mesozoic and
Tertiary (Crostella & Powell, 1976; Brunnschweiler, 1978). Some of the
Barique Formation may correlate directly with volcanic rocks of the
Palelo Formation (Carter et al., 1976) .

Igneous rocks of the Barique‘Formation were made available by
Dr. F.H. Chamalaun. These rocks come from two distinct regions
(Figure 85, 86). In the Quelecai region the samples come from a group
of basic dykeé cropping out in road cuttings, and from basalt flows to
the east of the village. In the Barique region, the samples are from
a large mass of acid flows and tuffs several kilometres to the north
of Barique.

Lemé (1963) describes the geology near Quelecai as a probably
Tertiary sequence of basaltic rocks intruded into and extruded on
Triassic calcilutites producing extensive deformation and widespread
alteration. Audley-Charles (1968) mapped these basaltic rocks as
éart of the Barique Formation. Samples #1-1-223 and #1-1-226 are
from pillow basalts while samples #1-1-231, #1-1-232 and #1:1—233 are
frdm dykes intruding the limestone. Their locations are shswn in

Figure 85. Most of these samples have a moderate to fine grained matrix
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Figure 85 ' Sample locations of analysed igneous rocks in the

Quelecai region. (Geological boundaries from lLeme, )
.1963. Formation names from Audley-Charles, 1968.) !
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Figure 86 Sample. locations of analysed igneous rocks in
the Barique region. (Geology from Freytag, 1959.)
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of plagioclase, chlorite, calcite and opaque minerais. The phenocrysts
are commonly replaced by carbonate and only perthite phenocrysts
remain. In contrast sample #1-1-223 contains phendcrysts of clino-
pyroxene, altering to biotite, and rare phenocrysts of brown
hornblende. In the groundmass fhe plagioclase laths are heavily
sericitised and chlorite, actinolite and sericite form the remainder

of the matrix. The intense alteration of all these rocks is reflected

in the ignition loss of 5 to 12% (Table 22). The major element

analyses are also.notable for the very high sodium content probably

reflecting'the alteration rather than initial composition. The evidence

of metasomatism limits the usefulness of major eiement variation
diagrams (Figure 87, 88), but these are included for completeness and
as a comparison with thq Permian basalts. In these Figures the rocks
from Quelecai are apparently "within-plate" basalts of alkaline
affinity, with the exception of sample #1-1-223 which is conclusively
tholeiitic. Since the exception is also the least altered sample no
conclusions can be made. The immobile trace elements (Figure 89)
have alkaline trends indistinguishable from the trends in basalts from '
the Atsabe regién and the alkaline suite in the Cribas region (Section
3.23).

Tﬁe alkali trachytes were collected from a volcanic sequence on

the road several kilometres to the north of Barique (Figure 86).
However tﬁe most detailed available map (Freytag, 1959) does not show
any volcanic rocks in this locality. This discrepancy is possibly due
to the reconnaissance nature of previous mapping and it is assumed here
that these lavas and tuffs are also part of the Barique Formation. The
samples contain phenocrysts of perthite, clinopyroxene and,’ less
commonly, plagioclase. The groundmass is composed of microlites of

feldspar intergrown with aegerine, blue amphibole, chlorite, quartz and
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Major and trace element composition of igneous rocks

. from the Barique Formation.

A. Quelecai Region.

171-223 11-1-226 1-1-231 1-1-232 |. 1-1-233
SI02 44,48 38.82 42,21 45,96 43.58
TIO2 1.03 2,72 1.79 1.92 1.92
ALZ203 11,11 12,63 14,94 15.83 15.61
FE203 2,83 6.07 3,62 3.48 3.96
FEO 7.80 4,22 5.28 5.83 6+44
MGO 14,46 S.13 6,28 7+10 7.+20
MNO 0.16 0,18 - 0.73 0.44 0.74
Cao 8.46 12,50 8.67 5.15 S5.93
K20 0.35 0,14 0,07 0,06 0.09
F205 0.14 . 0,59 0.23 0.23 0.22
IGN LOSS 9.63 12,37 10.45 7+73 ?.08
TOTAL 100,02 100,52 - 100.25 100.18 100.41
ZR 48 265 104 109 ?9
NE 14 81 35 35 33
Y - 12 33 "4 20 21
RE 14 4 2 2
SR 122 361 418 - 222 293
B. Barigque Region
1-1-60 1-1-62 1-1-63 1-1-64"
S$102 64.62 64,58 64.64 65.921
TIO2 0.57 0.96 0,57 - 0.59
AL203 - 13.67 13,73 13,50 13.88
FE203 5.07 95.91 4,92 3+76
FEO 1.76 1,76 1.87 1.96
MGO 0,37 0.28 0.23 0.24
MND 0617 0,34 0.35 0.22
CAD -Q0.74 0.83 0,82 0.835
NAZ20 S+44 S5.20 95,958 S+56
K20 5.50 S5.38 S.47 S5.40
F2035 0,06 0.10 0,13 0.07
IGN LOSS 1,00 0.95 0,87 0.73
H20- 0.34 0,34 0,36 0,30
TOTAL ?9.30 ?2?.56 ?29.32 99.4%
. IR 733 716 730 709
NE 174 174 177 181
Y 84 a7 38 85
RE 123 104 106 ?8
SRk 16 18 16 15
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[ Na,O+K.0(wt7)
TOTAL ALKALI -
vsSILICA - . is
10} | .

(1) From Kuno (1966)
(2)From MacDonald & Katsura (1964)

i [ [
60 ’ 70 80
Sio(wt7)

DISCRIMINANT FUNC'I:ION PLOT_S (AFTER PEARCE 1976)
' FOR 127 < Ca0 < 207,

-1-2r +MgO
Fz
HOSHONITES
WITHIN
a-3F
PLATE
BASALTS
-1 4 b
CALC—ALKAL{
BASALTS
3 ISLAND ARC
1.5} HOLENTES
16} OCEAN
FLOOR
BASALTS
<
-7 A — a s % A 3
-0-2 -0-1 0 0-1 0-2 0-3 0-4 F 0-5

Fig:87 MAJOR ELEMENT VARIATION DIAGRAMS

8 Barique Area
BARIQUE o o Quelicai Area
_FORMATION ‘
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BARIQUE FORMATION

) FeO+ Fezos

Na,0+K,0 o Mgo

8 Barique Area
® Quelicai Area

A9 o o

N azo Ca0

- Fig:88 TRIANGULAR VARIATION DIAGRAMS all factors are wty

/
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opaque minerals. The chemical composition of these rocks is shown in
Table 22 and their normative mineralogy is shown in Table 23. They

are very similar in composition and mineralogy to the alkali trachytes

of the Cribas region.



Table 23

C.I.P.W. normative mineralogy of igneous rocks from
the Barique Formation: o

1-1-223

A. Quelecai-Region

1-1-232

1-1-226 1-1~231 1-1-233
ZIRCON 0.01 0.06 0.03 0.03 0.01
ORTHOC 2.9 0.95 0.47 0.41 0.59
ALRITE 16.16 10,07 25,15 44,18 36.28
ANORTHITE 23,05 15,30 18,56 19,15 20,68
NEFHEL INE 0.00 18,70 13,88 4,39 6.93
TOT SALIC 41,41 45,08 | 58.09 68,17 64,50
" DIOFSILE 16,96 41,32 22,48 5,67 8,23
HYFPERSTH 16,39 0,00 0.00 0.00 0.00
OLIVINE 17.72 - 0.51 9.74 | 15.89 16,74
MAGNETITE  5.06 5,61 5,28 5.74 5,94
ILMENITE S2.11 5,93 3.82 3,97 4,03
CAFATITE 0.36 1.59 0,62 0.59 0.57
TOT FEMIC 58,59 54,95 41,93 31.86 35,51
TOT NORM 100.00 | 100.03 | 100,02 100,03 | 100.01
VB. Barique Region
1-1-60 | . 1-1-62 | 1-1-63 | 1-1-64
QUARTZ 11,03 12,24 10.59 12,12
ZIRCON 0.15 0.15 0.15 0.15
ORTHOC 33,15 32.38 32,97 32,38
ALRITE 40,57 41,40 39.71 41,96
| TOT SALIC 84,90 86,17 83,42 86.61
ACMITE 5,63 3,04 7.43 5,07
DIOFSIDE 2,90 3,08 2,90 3,33
HYFERSTH 2,35 1.89 2,76 1,33
MAGNETITE 2,96 4,52 2,06 2,37
ILMENITE 1.12 1.08 1,12 1,12
AFATITE . 0.14 0.24 0,31 0.17
TOT FEMIC 15,11 13,85 16,58 13,39 ‘
TOT NORM 100,01 | 100,02 | 100,00 100.01

348
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Appendix 4

COMPUTER PROGRAMMES

(a) Contouring of structural data

All the contoured plots of structural data on equal area
stereographic projections have been produced by the contouring
programme shown below. This programme counts the number of data
points (lines) which lie within a fixed angle of the centre of the
counting cell in a conventional way. It has three features which
are not entirely standard. |

(i) The counting cell area (AREA) is fixed to the number of
data points by the formula:

AREA = 5/(Nﬁ + 5)
where NN is the total number ¢f data points. This is a compromise
between the very strong smoothing of Kamb contouring (AREA = 9/
(NN + 9) and.the conventional hand contouring method of Schmidt
(AREA = 0.01).
| (ii) Secéndly the programme calculates the direction cosines of
the lines represented by the print positions of the line printer and
uses théée values as the centres for each of the counting cells. This
procedure saves on computing required to interpolate between counting
centres to find the density relevant to the print positions.

(iii) PFinally the output is a four-inch radius circle formed by
.slightly more than 3000 line printer characters. Each character
indicates the density of data in the counting cell area whose centre
maps to the centre of the character on an equal area projec%ion. The
number printed is A + 1 where the counted density is between ZA_1 and

ZA% per 1% area for that cell. Thus a 2 is printed if the density lies
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between 1 and 2% per 1% area. The cdntours can be drawn by hand along
the boundaries of the domains defined by each number. The contours
are then at %, 1, 2, 4, 8'and 16% per 1% area.

The programme is listed below in DEC 10 Algol ready to use for
batch operation from a card reader. A standard input data set
follows. The data is entered in free field: any number of blanks ﬁay
separate the numbers. The first two numbers are integers. The first
integer (NN) is the total number of data points while the second
integer (DD) is 1 if the data is dip and dip direction (for surfaces)
and any other integer if the data is plunge and trend (for lines).
These are followed immediately by the list of Z*NN real numbers which
are the structural data readings. The first of these is the plunge
(or dip) of the first rggding followed by the trend (or dip direction)
of the first reading and then the plunge of the second reading.

The last real number in this sequence is the trend (or dip direction)
of the NNth measurement of the line (or surface). The final number
is a -1 if a subsequent, and immediateiy following, data set is to be
contoured or any other integer if no more data sets follow. A

standard output format is also included on the following pages.

Fig. 90

Standard format for input to the contouring
programme.

38 1

54 5 40 358 37 186 77 142 51 3 85 23
29 23 70 44 68 214 7 34 245 74 203 38 294
71 359 65 354 54 60 1 129 74 226 23 245
40 154 38 148 40 192 25 114 78 201 19. 20
39 235 10 27 '65 94 27 146 69 343 66 352
88 8 61 173‘ 57 67 45 124 36 84 63 182
58 132 80 234




351

Programme for contouring structural data on a lower hemisphere
equal area projection.

BEGIN
INTEGER NN,DD,MX,MY,RANGE,I,J,K;
REAL AREA, RAD,X,Y,CP,CT,SP,ST,ANG,LC,MC,NC,MAX,P,T;
STRING STR;
REAL ARRAY V([-40:40,-24:24];
COMMENT CONTOURING PROGRAMME FOR STRUCTURAL DATA ON AN EQUAL AREA NET;
INPUT (0, "CDR");SELECTINPUT (O);
OUTPUT (1,"LPT"); SELECTOUTPUT (1);
Ll1: READ(NN,DD);
AREA:=5/ (NN+5) ;
BEGIN
REAL ARRAY IL,M,N[1:NN];
RAD:=0.017453;
FOR I:=1 STEP 1 UNTIL NN DO
BEGIN
READ(P,T) ;
J:=P; K:=T;
PRINT (I) ; PRINT(J,5) ; PRINT(X,5) ;
SPACE(9) ;
IF DD=1 THEN BEGIN
P:=90-p; IF T<180 THEN
T:=T+180 ELSE T:=T-180 END;
P:=P*RAD; T:=T*RAD;
L{T]:=C0s (P) *COS(T) ;
M[IJ :=COS (P) *SIN(T) ;
N [I] :=SIN(P) END;
MAX:=0;
FOR I:=-40 STEP 1 UNTIL 40 DO
BEGIN '
X:=1/40;
FOR J:=-24 STEP 1 UNTIL 24 DO
BEGIN Y:=J/24;
ST :=X*X+Y*Y;
v([I,J]:=0;
IF ST>1 THEN GOTO L2;
IF ST=0 THEN
BEGIN LC:=0; MC:=0; NC:=1 END
ELSE BEGIN
SP:=1-ST;
CP:=SQRT(ST* (2-ST) ) ;
CT:=Y/SQRT (ST) ;
ST:=X/SQRT(ST) ;
LC:=CP*CT;
MC:=CP*ST;
NC:=SP;
END;
FOR K:=1 STEP 1 UNTIL NN DO
BEGIN ANG:=LC*L[K]+MC*M[K]+NC*N[K]; §
IF ABS(ANG) > (1-AREA) THEN
v[1,J]):=v[1,J]+1; END;
vi{1,J] :=v[1,J]/ (NN*ARER) ; _
IF V[I,J]>MAX THEN BEGIN MAX:=V[I,J]; MX:=I; MY:=J; END;
L2: END END;
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WRITE (" [P]CONTOURED EQUAL AREA PROJECTION: CONTOURS AT 0.5, 1, 2, 4, 8,
16% PER 1% AREA {10s]");

IF DD=1 THEN WRITE ("POLES TO PLANES")

ELSE WRITE ("LINES");

WRITE (" [c60s] N[CI");
STR:="*12345678"; ~

FOR J:=24 STEP -1 UNTIL -24 DO
BEGIN :
RANGE :=ENTIER(10*SQRT(16-J*J/36) ) ;
SPACE (60~RANGE) ; .

FOR I:=-RANGE STEP 1 UNTIL RANGE DO
OUTSYMBOL (STR. [IF V[I,J]<0.5 THEN 1 ELSE ENTIER(LN(VI[I,J])/LN(2)+3)]1);
NEWLINE; END;
WRITE (" [60S]S[CIMAXIMUM CONCENTRATION") ;
PRINT(MAX,5,2);
WRITE (" [SS]AT COORDINATES");
PRINT (MX,6) ; PRINT (MY, 6); :
WRITE (" [C] COUNTING CELL AREA[10S] ");
PRINT(AREA,5,3);
READ (NN) ;
IF NN=-1 THEN BEGIN PAGE; GOTO L1 END
END END; .
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{b) Averaging structural data

In Fiqures 13, 14, 15, 17 and 18 the structural data has been
averaged within squares 0.5' latitude by 0.5' longitude. This process
usually involvéd averaging calculations based on a maximum of 10 non-
directed lines. While the‘average orientation of a group of unit
vectors is the sum of their direction cosines divided by the length of
this sum, the average orientation‘of non-directed lines is ambiguous.
The programme used. here attempts to overcome this ambiguity by an

iterative approach. Firstly it directs all the lines into a single

hemisphere. This is done three times by changing the sign of the

direction cosines so that in turn, 1, m and n are positive. Three
estimates of the mean are then made. For each original data set an
initial mean is estimateé and. the sense of all lines is checked to see
that they make an angle of less than 90o with this mean. If not, the
sense is changed. The mean is recalculated and the procedure repeats
until no lines make an angle greater than 90° with the latest
estimate. The'measure of fit" for this estimate is the radius of the
sum of the direction cosines divided by the number of unit vectors
averaged. Thus a "measure of fit" of 1.0 indicates a perfect point
paximum-(all the vectors parallel) while a valué of about 0.7 is the
minimum at which the data have any resemblance to a point maximum.
Usually at least two of the three estimates of the mean will have the
same value, especially if the "measure of fit" is greater than 0.9.
The orientation with the highest values is always selected as the mean.
If two very different orientations provide similar values of the fit
then the distribution is more complex and a single positionsmaximum
is not realisfic.

In addition tb averaging the data, the programme calculates the

best fit great circle by least squares (Ramsay , 1967, p. 18).
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The degree of fit is estimated by the sum of the sqﬁares of the angle
between each line and the best fit plane. This is divided by the
number of lines and then the square root is taken to obtain an
estimate analogous to standard deviation. This parameter is reported
as "? Standard deviation" ‘to indicate it is not strictly this
statistical parameter.

The listing below is in Burroughs 6700 Algol. It is designed for
a data set on disc. All data is in free field and must be followed
by a comma. The first line contains two integers; the first is the
number of data points to be averaged (NN), the second is 1 if the data
is dip and dip direction or any other integer if it is plunge and
trend. The second line contains all NN plunges (or dips) and the third
line contains all the trgnds (or dip directions) in order. The fourth
line contains a negative integer if there is a following data set or a
positive integer if there is no further means to be calculated. A
negative number requires a further 4 lines of data as the programme
moves back to line 16.

The programme is listed below with an example of the input and
output formats. The present output format has both positive and
negative plunges. The positive plunges are angles below horizontal.
To convéft negative plunges to pqsitive, 180° is added to the trend.
The output is always as lines régardless of the input. Therefore if
the dip and dip direction of a set of planes forms the input, the
output is the orientation of the normal to the mean orientation of

these planes.
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BEGIN
COMMENT TO COMPUTE THE BEST FIT MEAN AND GREAT CIRCLE;
FILE IN(KIND=DISK,FILETYPE=7),0UT (KIND=PRINTER) ;
INTEGER NN,DD,I,J,K,E;
REAL LT,MT,NT,LMT,LNT,MNT,LLT,MMT,LPM, MPM, NPM, PLUNP , TRENP,A,B,C,D,
LPOLE,MPOLE ,NPOLE,RAD, R;
LABEL L1;
REAL PROCEDURE RT(X,Y);
VALUE X,Y;
REAL X,Y;
BEGIN
IF X<0 THEN RT:=1B80+ARCTAN (Y/X) /RAD
ELSE BEGIN IF X>0 THEN RT:=ARCTAN (Y/X)/RAD
ELSE BEGIN IF Y<0 THEN RT:=180 ELSE RT:=0 END END END;
RAD:=0.017453; '
L1: READ(IN,/,NN,DD);
LT:=MT:=NT :=LMT :=LNT :=MMT :=LLT :=MNT:=0;
BEGIN
ARRAY L,M,N[1:NN];
READ(IN,/,FOR I:=1 STEP 1 UNTIL NN DO NI[I]);
READ(IN,/,FOR I:=1 STEP 1 UNTIL NN DO M{Il);
IF DD=1 THEN BEGIN
FOR I:=1 STEP 1 UNTIL NN DO BEGIN
N[(IJ:=90-N(I3;
IF M[I1<180 THEN M[IJ:=MI[I]+180
“ELSE M[I1:=M[IJ-180 END END;
FOR I:=1 STEP 1 UNTIL NN DO :
BEGIN M[I1:=M{I1*RAD;N[I):=N[I1*RAD;
LLI1:=COS(N[IJ)*COS(M[I]);
MII1:=COS(N[IJ)*SIN(MLII);
N[IJ:=SIN(NL{I1) END;
FOR J:=1 STEP 1 UNTIL 3 DO
BEGIN LT:=MT:=NT:=0; FOR I:=1 STEP 1 UNTIL NN DO BEGIN
IF J=2 THEN BEGIN IF M[I1<0 THEN BEGIN
LEI3:=-LLIJ;M[IJ:=-M[I};N[I2:=-N[IJ END END;
IF J=3 THEN BEGIN IF L[IJ<0 THEN BEGIN
LL[I1:=-LLI2;M[I]1:=-M[I]1;N[I]:=-NLIJ END END;
LT :=LT+LECI];MT:=MT+M[I];NT:=NT+N[I]1 END;
R:=SQORT (LT*LT+MT*MT+NT*NT) ;
LPM:=LT/R; MPM:=MT/R; NPM:=NT/R;
FOR K:=1 STEP 1 UNTIL 5 DO
IF E=0 THEN BEGIN
LT:=MT:=NT:=0;E:=1;
FOR I:=1 STEP 1 UNTIL NN DO BEGIN
IF (LLIJ*LPM+MLI]1*MPM+NIIJ*NPM)<0 THEN
BEGIN L[I?:=-L[I1;M[I]:=-MLIJ;N{I1:=-NL[I1;E:=0 END;
LT:=LT+L[I] ; MT:=MT+M[ILNT:=NT+NLI] END;
R:=SORT (LT*LT+MT*MT+NT*NT) ;
LPM:=LT/R;MPM:=MT/R; NPM:=NT/R END;
WRITE (OUT,<"MEAN POINT MAXIMA PLUNGES",X5,F6.1,X2,"DEGREES TO",X8,F7.1,
X8,"MEASURE OF FIT",X6,F8.5>,ARCSIN (NPM)/RAD,RT(LPM,MPM) ,R/NN) END;
FOR I:=1 STEP 1 UNTIL NN DO BEGIN
LMT:=LMT+LLI1*M{IJ;
MNT:=MNT+M{I1*N[I];
INT:=INT+L[I]l*N[I];
MMT :=MMT+M[I] *M{I];
LLT:=LLT+L[{IJ*L[I] END;
IMT*MNT-LNT*MMT) / (LLT*MMT-LMT*LMT) ;
IMT*LNT-MNT*LLT) / (LLT*MMT-LMT*LMT) ;

<

Az=(
B:=(
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NPOLE:=1/ (SQRT(1+A*Aa+B*B) ) ; LPOLE :=A*NPOLE ; MPOLE : =B*NPOLE ;
WRITE (OUT,<"POLE TO BEST FIT PLANE PLUNGES",X5,F7.1,X3,"DEGREES TO",X5,
F7.1>,ARCSIN(NPOLE) /RAD,RT (LPOLE,NPOLE) ) ;
A:=B:=C:=0;
FOR I:=1 STEP 1 UNTIL NN DO BEGIN

A:=A+(ARCCOS (L[I]*LPM+M[I]*MPM+N{IJ*NPM)) **2;
B:=B+(ARCSIN(L{I]*LPOLE+M[I] *MPOLE+N[I]*NPOLE))**2 END;
A:=A/(RAD*RAD* (NN-1) ) ;
IF NN>2 THEN B:=B/(RAD*RAD*(NN—2)) ELSE B:=0;
WRITE (OUT,<"MEAN SQUARE DEVIATION PLANE",X10,F7.2,X5,"DEGREES 2">,B);
WRITE (OUTL[SPACE 3],<X10,"?STANDARD DEVIATION",X5,F8.2>,SQRT(B));
READ(INr/rNN) i
IF NN<Q THEN GO TO L1 END END.



8, 1,
66, 32, 14, 21, 43, 51, 42, 60,
142, 120, 115, 130, 131, 125, 140, 150,
-1,
7, 0,
68, 84, 83, 76, 60, 79, 28,

321, 340, 178, 330, 318, 28, 335,

Figure 92 An example of the input format for the
computer programme which averages structural
data on a hemisphere.
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Appendix 5

OBSERVED LITHOLOGY

The geological map (Figure 1) is based upon interpolation between
well spaced traverses. Air photographic interpretation was commonly
ambiguous and the reliability of the interpretation drops off rapidly

away from the traverses. This problem is further enhanced by the
complexity of the strétigraphic variation. Observed and interpreted
boundaries are differentiated in‘Figure l. However as an additional
emphasis of the data base for this map the distribution of lithologies
actually_observed during field work is shown in Figures 94 to 99.
The area has been split into six approximately equai sections for ease

of presentation at the scale used during field work.
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125°557 :
E 0

Figure 94 The distribution of lithologies and faults in the Aileu

: Formation which were observed during field traverses -
Part A. (Symbols shown on the map refer to the litho-
logies described in Sections 2.11, 3.3, 3.4. P - pelitic
phyllites and schists; @ - quartz schists; A - amphibolites
and schists; a - amphibolite lenses; M - marble; U - layered
ultrabasic rocks; S - serpentinite; D - Hili Manu
Lherzolite; H - hornblende plagioclase rock. See
Figures 1, 45 and 50 for the distribution of other litho-
logies. Dashed lines represent well established contacts
not directly observed.)
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1)

125°55°|E

Figure 95 The distribution of lithologies and faults in the &ileu
Formation which were observed during field traverses -
.Part B. (For legend see Figure 94.)
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Figure 96 The distribution of lithologies and faults in the Aileu
Formation which were observed during field traverses -
. Part C. (For legend see Figure 94.)
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Figure 97 The distribution of lithologies and faults in the Aileu
Formation which were observed during field traverses -
Part D. (For legend see Figure 94.)
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Figure 98 The distribution of lithologies and faults in the Aileu
’ . Formation which were observed during field traverses -
Part E. (For legend see Figure 94.)
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125°

Di

Figure 99 The distribution of lithologies and faults in the Aileu
Formation which were observed during field traverses -
‘Part F. (For legend see Figure 94.)
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Appendix 6

CALCULATIONS SUPPORTING SECTION 4.43

Let x

width of subducted continental crust normal to the
subduction zone.
y = thickness of continental crust before subduction.
a = width of continental material in arc-trench gap measured
normal to the subduction zone.
b = thickness of continental material in the arc-trench gap.
(i) Assuming constant volume (all continental material entering the
subduction zone remains in the arc-trench gap and no significant
phase changes)‘
- xy = ab
(ii) Assuming loss rate of 5 km thickness (a section of the base of
the continental crust is entirely removed by the subduction process)
x*(y-5) = ab
(iii) Assuming a loss rate of 5 km thickness only occurs for that
length of subducted crust which exceeds the width of the continental

material in the arc-trench gap

(x-a)*(y-5) + a*y = a*b
Fér East Timor a = 140 km )
b = 30 km
y = 25 km.

The width of subducted continental crust normal to the subduction zone is:
assumption (i) 168 km
assumption (ii) 210 km

assumption (iii) 175 km.
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Let T = time during which continental crust was being subducted
v = velocity normal to the margin between the plates
w = velocity normal to the margin of approach at the trench
u = velocity of migration of the trench away from the arc.

Then v = w - u
(iv) Assuming no migration of the trench (u = 0)
T = x/v
(v) Assuming migration of the trench at half the rate of growth of

the continental sediment wedge in the arc-trench gap

V*T + u*T = X
T*u = a/2
T = (x-a/2)/v

i.e. the time to reach the trench for a point original x km away
is time for the point to reach'fhe new position of trench
(a/2 km less). The relation between x and a depends on the
assumptions (i), (ii) or (iii).
(vi) Assuming the migration of the trench is 0.9*the growth of the
continental wedge in the arc-trench gap
T*u = 0.9*a
T = (x ~ 0.9%a) /v
For Eastffimor:
Assuming v = 6 cm/yr the length of time required to reach the
present struéture from the initial collision phase is:
assumption (iii) & (iv) 2.92 Ma

(175-70) /6 x 10 ")

assumption (iii) & (v) T

1.75 Ma

assumption (iii) & (vi) T @75 - 126/6 x 15‘5)

0.82 Ma.
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For West Tiﬁnr:
a = 160 km, assume b = 30 km and y = 25 km.

If v+ u = 5.8 em/yr and making assumptions (iii) and (v)

(x-a) *(y-5) + a*y = ab
x '= a*(b-5)/(y-5)
a/2 = T*u
X = (vHu)*T
(vHu)*T = 2%T*u*(b-5)/(y-5)
u = (v+u)*(y-5)/((b-5)*2)
= 2.3 cm/yr.
v = 3.5 cm/yr.

If v + u = 5.8 cm/yr and making assumptions (iii) and (vi)

x = a*(b=5)/(y-5)
0.9%a = T*u
(v+u) *T = -T*u*(b-5)/((y-5)*0.9)
u = 0.9%(v+u)* (y-5)/ (b-5)

= 4.2 cm/yr.
v = 1.6 cm/yr.

For West Timor:

Assuming (iii) (that is x = a*(b-5)/(y-5) = 200 km)

If v = é cm/yr and using

assumption (iv) T = 200/@*10—5) = 3.3 Ma
assumpition (v) T = (200-80)/6 %= 10°°) = 2.0 né
assumption (vi) T = (200-144)/6 % 10°°) = 0.9 Ma.
Ifv+u = 5.8 cm/yr
T*(v +u) = x

T 200/@.8 * 10'5) = 3.4 Ma.t
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If T = 9.0 Ma and using

assumption (iv) v 200%*10°/(9*10°)

2.22 cm/yxr

assumption (v) v (200—80)*105/(9*106) 1.3 em/yr

(200-144) *105/(9*105) 0.6 cm/yr.

assumption (vi) v
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