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ABSTRACT

The Ulu Rompin iron deposits are located in an area of
rugged topography in the State of Pahang, Malaya. There are several
high grade primary ore bodies and superficial sheets of lateritic

ore.

The area is underlain by sheared alkalic rhyolite lavas and
tuffs in which there are small lenses of sedimentary rocks,
carbonates being the most important. There are several small stocks
of hornblende granodiorite which probably merge into one larger

parental mass at depth.

The Bt. Ibam ore body, which is the largest, is a tabular
mass of magnetite in a highly magnesian gangue, originally chlorite
and actinolite but now largely altered to talc. Underneath the ore
there is a thin intermittent layer of caldio skarn, while massive
chlorite appears along parts of the hangingwall. A short distance
below the footwall there is gramodiorite. The Bt. Batu Puteh
deposit is magnetite associated with calcite marble, and at Bt.
Hitam magnetite is found just above granodiorite. At Bt. Pesagi and
Bt. Sanlong the primary ore is haematite with very little magnetite.
These bodies are located in shear zones in the volcanic rocks, and

are not associated with calcic or magnesian minerals.

All the ore bodies and country rocks have been pyritized,
and other sulphides and sulphosalts have impregnated the Bt. Ibam
body. These have produced zones contaminated by copper and 2zinc,

and to a lesser degree bismuth and lead.

Hypogene and supergene alteration have extensively affected
the iron ores and rocks and caused some redistribution of the

impurity elements.

The iron ores probably originated in the cboling granodiorite
magma and were transported as chlorides or chloride complexes. The
control over the loci of mineralization was partly lithological -
magnetite bodies in calcic and magnesian rocks, and partly

structural - haematite bodies in shear zones.
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I INTRODUCTION

Location of Area and Access

The iron ore déposits of Ulu Rompin are located within a belt
of country measuring gpproximately eight miles north to south and
four miles east to west, which lies 45 miles northwest of Kuala
Rompin, a small fishing village on the east coast of the State of
Pahang in Malaya - Fig. 1. The largest individual deposit, Bukit*
Ibam, is located towards the centre of the eastern edge of the
mineralized zone, and has the co-ordinates 3° 10t N; 102° 59* E -
Fig. 24. The name Ulu Rompin, which is Malay for "upper resches of
the Rompin (river)", properly refers to a very large area in central
Pahang, but when used as a locality name for the iron ore deposits
it is restricted to-the small area mentioned above., Due to the
paucity of good reference localities in deep jungle country there is
frequently considerable confusion over place names, but the names

used throughout this thesis are those adopted by the mining company.

Until the area was opened up by the Rompin Mining Co. Ltd.
access was extremely difficult, and at the time of writing there
is no road linking the mine with the coast. During the many years
of exploration and prospecting the only feasible access route was
by boat up the Sungei* Rompin as far as Kuala Keratong, and thence
overland to the deposits. This route was extremely laborious; the
river journey alone was 120 miles due to large meanders in the
lower stretches, and many shallows developed in dry weather. Soon
after the decision to develop the deposits had been taken the.
company constructed a railway from Bt. Ibam to the coast, and this
is used to supply the mine with most of its requirements and to
traﬁsport the ore to the coast. An earth landing strip suitable
for small aircraft was later constructed at Bt. Ibam, and this

greatly facilitated the movement of staff and light supplies. The

* Tn written Malay, Bukit (= hill) is usually abbreviated to Bt.
and Sungei (= river) to Sg. These abbreviations are used through-
out this thesis.
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Fig.1. Sketch map showing the location of Ulu Rompin.




inaccessibility of the iron ore deposits was for many years a
handicap to their exploitation, but it is hoped that the mining
operations may act as a catalyst in the development of the vast
hinterland which is at present uninhabited, except for a few

tribes of aborigines.

Physiography

The iron ore deposits are found scattered along a north

to south trending ridge which rises to a peak at Bt. Sembilan

1642 ft, one mile west of Bt. Ibam. The ridge extends over a
distance of nine miles with an average width of two miles, but
becomes somewhat wider towards the north. There is a strongly
marked creat line along much of its length, but it divides into
several subsidiary ridges at the northern end as the elevation
drops - Fig. 2. The ridge forms a marked barrier to east-west
movement in the region, and the lowest pass is situated half a
mile northwest of Bt. Ibam, at a height of 750 ft. There are

a number-of minor peaks within the main ridge mass, and many of
. the iron ore deposits are located on such peaks and take their
names from them. The ridge has very steep sides, and is dissected
‘by numerous small, fast-flowing'streams, which run almost due

east or due west until they meet the main drainage valleys running

from north to south.

The streams on the western flanks of the ridge drain

into the Sg. Jeram, which follows a meandering course along the
western edge of the Ulu Rompin area and then joins the Sg. Keratong,
the two together forming the Sg. Rompin. The confluence of these
rivers is 120 miles upstream from the mouth of-the Rompin river

but at an elevation of only 19 ft above sea level. The streams
flowing off the eastern flanks of the Bt. Sembilan ridge drain

into the Sg. Tepisoh, which runs from north to south in a narrow,
flat-bottomed valley, and eventually joins the Sg. Jeram. Flanking
the middle reaches of the Tepisoh valley on the east is the mountain
mass of Bt. Permandan 1856 ft, but elsewhere the valley is bordered

by low, rolling country. The main rivers and streams are shown

in Fig. 24.






As the Ulu Rompin area lies close to the east coast the
most marked seasonal influence on the climate is the northeast
monsoon, which blows from November to March, During this period
torrential rain can severely limit, and on occasions prohibit,
mining operations, largely due to the fact that the haulage roads
become unusable, For the rest of the year there is fairly regular
rainfall in the form of short heavy showers, and hot sunshine.
The average annual rainfall is 150 inches, and the relative
humidity is extremely high throughout the year. This typical
Tropical Rainforest type of climate produces extremely deep and
extensive weathering of the surface rocks, and encourages a

luxuriant vegetation.

The mineralized area was originally covered by primary
jungle or smaller growth, except for a few small areas which had
been cleared by aborigines for cultivation. The steep hill

_slopes are forested by extremely tall trees with little undergrowth,
but the lower slopes and valley floors can be covered with a dense
cover of shrubs, small trees and grasses. The centres of mining
operations have been stripped of their original cover, but much

of the area still retains its natural vegetation, and there is

some exploitation of valuable timbers.

History of the Ore Deposits

The first indication that there were large deposits of
iron ore in the Ulu Rompin area came in 1930 when Che Abdul Réhman,
a retired Pahang Forester, showéd some samples of iron ore he
had received from local aborigines to staff of a Japanese mining
com?any, Ishihara Sangyo Koshi. This firm made a reconnaissance
survey in July 1530, and on the strength of the results applied
for a prospecting licence, which was granted in January 1932.
The only deposits known at that time were at the southern end of
the Bt. Sembilan ridge near Bt. Pesagi, and the prospecting was
confined to this area. After sinking a large number of pits and
driving five adits, the Japanese company concluded that there
were about six million tons of medium grade ore, but as this was
not sufficient to justify the very large capital costs necessary

to develop the deposits the area was abandoned.



The subsequent discovery that there were further large
deposits north of Bt. Pesagi led the Japanese 1o start prospecting
once again. A comprehensive exploration extending from 1937 to
1941 located all the major deposits, and from the prospecting
results the company concluded that there were 20 million tons
of proven ore and 10 million tons described as "hidden reserves”.
The boulder ore averaged 50% Fe and the primary ore 65% Fe.
Ishihara Sangyo Koshi began preparations to open up the deposits,
but due to the unsettled conditions then prevailing in the Far
East the Malayan Government withheld the mining permit and all

operations were suspended.

At the conclusion of the war in 1945 the Malayan Government
confiscated all Japanese assets in Malaya, and the Ulu Rompin
deposits, together with several other mining properties throughout
the country, were put up for sale by tender. Broken Hill
Proprietary Ltd., the giant Australian company, showed some interest,
but after a brief examination of the property did not pursue the

matter further.

In 1951 the property was taken over by Eastern Mining &
Metals Co. Ltd., the largest iron ore miners in Malaya. This
company began prospecting on a small scale in 1952, and initiated
a diamond drilling programme to supplement the data available
from Japanese records. All the early work was centred on Bt. Ibam,
which obviously contained by far the greater part of the ore
reserves. A report prepared from this early work was used as a
basis for discussions to raise some of the capital necessary for
development, but it became apparent that a thorough survey of the
whole of the Ulu Rompin mineralized area was required. Rompin
Mining Co. Ltd. was formed in 1958 as a subsidiary of Eastern
Mining & Metals Co. Ltd., to continue and extend the prospecting

programme «

This programme consisted of a geological examination of
the mineralized zone, a check on old Japanese pits and the
ginking of new ones, the driving of some new adits and cleaning
out of old Japanese adits, interpretation from geophysical data,
and an extensive diamond drilling programme. The company's

prospecting programme had the effect of reducing the original



Japanese figures for ore reserves; the reasons for this were
firstly the discovery at Bt. Ibam of large masses of fine friable
ore, which at the time was not a saleable product, and secondly,

the delimiting of patches of copper-contaminated ore. Later work
showed that zinc and bismuth also formed impurities in some sections
of the ore bodies. The results of the prospecting programme have
not been released, but taking the Ulu Rompin deposits as a whole,
sufficient reserves were available to sustain mining operations.

A fortuitous event was the increased use made by the steelmills

of pelletized ore, for which fine ore is a necessary raw material.

~ The construction of a railway from Bt. Ibam to the coast
began in 1961, but it encountered enormous difficulties as it
had to pass over wide areas of fresh water swamp. The mine
installations and staff quarters were built at Bt. Ibam, where
the early mining operations were concentrated. Development was
later extended to Bt. Pesagi. Production began in 1962 and by
1966 had reached 3 million tons per annum, all of which was

exported to Japan.

Purpose of Present Study

Although Malaya has been an important iron ore producing
country since the early 1920's no major deposit has been the
gsubject of a detailed examination, and mineralogical studies in
particular have been very sparse. The Ulu Rompin deposits are
the most recent to be brought into production and offer an
ihteresting subject for study. Within a relatively small mineral-
ized zone there are geveral high grade deposits which have some
noticeable differences in spite of their proximity to one another.
The main deposit located at Bt. Ibam deposit is contaminated with
Cu, Zn, and to a lesser extent Bi and Pb. The writer was
conversant with the area from work cgrried out while a member
of the Malayan Geological Survey, and returned for further studies
after leaving government service. The major part of the field-
work was centred on the area from Bt. Pesagi to Bt. Ibam, the
two largest deposits and both in production at the time, but
all except one of the subsidiary deposits were also examined.

The exception was Batu Puteh, which lies some miles from the other



deposits and was not easily accessible. To supplement the surface

studies representative drill core from all the deposits was examined

and sampled.

The laboratory studies were undertaken in the University of
Durham. All the X=ray work (diffraction and fluorescence analysis)
and polished and thin section studies are the writer's own, but some
use has been made of chemical data obtained in the company's

laboratory and due acknowledgement is made in the requisite place. .

The aim of the present investigation was to study the
geology and geochemistry of the ore bodies and their immediate host
rocks, with a special emphasis on the examination of the ores in
polished section, Of particular interest was the identity of the
minerals responsible for the contamination in the Bt. Ibam ore body
as previous information was extremely limited. From the combined
results of the field and laboratory studies it was hoped that some

conslusions could be drawn regarding the genesis of the iron ores.



GEOLOGY OF ULU ROMPIN

I1 REGIONAL GEQOLOGY & STRATIGRAPHY

Regional Geological Environment

The Ulu Rompin mineralized zone lies along the eastern
edge of the only large area in southeast Pahang for which geo-
logical information is available in some.detail. The area is one
of the most inaccessible in Malaya but was mapped some years ago
by the Geological Survey. For the country east of Ulu Rompin
geological information is fragmentary, and limited to field data
of a reconnaissance nature plus photogeological interpretation.
Fig. 3 shows the outline geology of part of southeast Pahang
round Ulu Rompin. No fossils have yet been located within a
30 miles radius of Bt. Ibam and the age of the local rocks is
conjectural. The nearest fossils to the north range in age from
Permian to Upper Trias-Rhaetic, while to the south, flatlying

sandstones of Wealden age lie on a marked erosion surface.

The Ulu Rompin area lies just to the east of a major
fault zone which follows a bearing of approximately 3500. East
of the fault the major structural features trend north to south
but swing slightly west of north towards the northern end of the
area, whereas west of the fault the dominant frend is northwest.
Tourteen miles west of this fault and parallel to it there is
another large fault, the full extent of which is not known To
the west of this second fault the structural trend is again north

to south.

Between the two faults there is an elongated basin, the
axis of which can be traced over a distance of 25 miles, and
which is probably terminated at both ends by the large fault zones.
The centre of the basin exposes a monotonous sequence of purplish-
red siltstones and shales which outcrop over an area of 50 square
miles, and these are underlain by a thick series of sandstones,
greywackes, and tuffaceous sandstones. The basal member of the

rocks forming the basin is a massive sequence of purplish-red
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coarse conglomerates and grits, which only outcrop along the

" northern rim of the basin where they form a very distinct ridge,
Chini 2101 ft. The base of the conglomerate is marked by a thin
band of rhyolitic crystal tuff. The basin as a whole is a simple
open structure, with a few superimposed subsidiary folds and small
faults. Metamorphism of the rocks is minimal, being confined to

the recrystallization of clay material to chlorite and mica.

The massive basal conglomerate lies with a marked angular
unconformity over a series of black shales and sandstones, which
are shown on the published geological map as being contiguous
with the sandstones and red shales above the unconformity. The
writer mapped a large area containing the full rock sequence
and does not agree with this correlation, as the unconformity
is a major structural break and separates unrelated stratigraphical
units. There are no fossils to assist in dating the rocks above
the unconformity, but the writer suggested a Lower Jurassic age.

A group of rocks in central Pahang which have a strong lithological
similarity to the sequence above the unconformity, and appear

to occupy the same stratigraphical position, have been described
by Koopmans (1968) as "Tembeling Formation". He dates this formation
as Upper Triassic to Jurassic, which agrees with the writer's in-
terpretation of the rocks forming the basin to the northwest of
Ulu Rompin. The rock sequence found in the basin does not reappear
within the Ulu Rompin mineralized zone, which suggests that there
is a fault separating the areas. The published geological map
does not show a fault extending as far south as the Ulu Rompin
area, but evidence from photogeology suggests that the fault is

more extensive than the map depicts.

South of the basin there is the northern extremity of a
very large intrusion of hornblende granite, quartz monzonite and
granodiorite. The granitic mass occupies low swampy country, and
contact relationships with the surrounding rocks are unknown,
Purther south the same granite is unconformably overlain by sediments
of Cretaceous age, and it is probable that the granite is of Middle
to Upper Jurassic age, which is typical of many of the Malayan

granites.
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The country lying to the east of the Ulu Rompin area is
largely unexplored. There is freshwater swamp extending for
an average of 16 miles from the coast, and this is flanked inland
by a series of low rounded hills and few ridges which expose
sandstones with intercalated volcanic rocks. A belt of undulating
swampy country further west is underlain by shales, but towards
the Ulu Rompin area acid volcanic rocks become the major rock
type, and they fofm several strong ridges with a general north
to south alignment. Some of the volcanic rocks are intensely
sheared but others show no evidence of having been subjected to

gtress.

previous Geological Studies in Ulu Rompin

The earliest investigations were made by staff of Ishihara
Sangyo Koshi at Bt. Pesagi, where they concluded that the area
was made up of quartzite and shale which has been intruded by
liparite, and they linked the iron ore genetically to the intrusion.
No records of Japanese geological work on the other deposits have
been seen by the writer. Fitch (1941) examined the area and
confirmed the thoroughness of the Japanese prospecting but doubted
gsome of the ore reserve figures. He also gave a brief account
of the general geology of the area and concluded that the rock
enclosing the iron ore deposits was a sheared quartz porphyry,
possibly with tuff in places. He believed that an epidote granite
which intruded the quartz porphyry was the source of the mineral-
izing solutions, which had been injected along shear planes in
the quartz porphyry. He rejected a replacement origin for the
iron ore as he could find no specimens showing a halfway stage
between ore and country rock, but Fitch was restricted in his
observations to surface outcrops and adit dumps, the adits them—

selves having collapsed.

Macandie and Canavan (1948) examined the deposit on behalf
of Broken Hill Proprietary Ltd., and concluded that the Bt. Ibam
ore had been formed by the injection of magnetite veins along

shear zones in quartz porphyry.

MacDonald spent some time in the Ulu Rompin area in 1954

while prospecting operations were under way. He examined some of
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the surrounding country rock as well as the ore deposits, and
prépared a report which was later incorporated into an account

of the geology of a large area in Pahang mapped jointly by
gseveral members of the Geological Survey of Malaya. (This report
was eventually published in 197Q) MacDénald was strongly in-
fluenced in his interpretation of the geology of Ulu Rompin by

the work of Landergren (1948) on some of the central Swedish

ores, and suggested that the Rompin ores were originally of
sedimentary origin but had been altered when the area was sub jected
to partial granitization. He described the porphyritic acid rocks
as "metasomatic quartz porphyries® which had been formed by

granitization of sediments.

Most of the geological work in the Ulu Rompin zone has
been carried out by, or on behalf of, the Rompin Mining Co. Ltd.
Not all of this information is available to outside personnel,
but the writer has been able to consult several reports, drill
logs, assay figures etc., and discussed the geology with many
company geologists over a period of years. Two early reports,
by Hitchen and Moss (1954) and Tillia (1956), suggested that the
ore had segregated from a basic magma, and both regarded the
serpentinous and chloritié rocks associated with the iron ore
as being genetically related to the same magma. Consequent to
the accumulation of a mass of new data during prospecting and early
mining operations, ideas regarding the genesis of the ore bodies
have gradually changed, and the company now believe that the
Bt. Ibam ore body formed by replacement of calcareous rocks, and
the Bt. Pesagi tabular haematite bodies by oxidation of massive
pyrite. No detailed mineralogical studies have been made by com-
pany geologists, but a small number of polished and thin sections
were examined by Australian Mineral Development Laboratories and
the Commonwealth Scientific and Industrial Research Organization,
Melbourne, during investigations into impurities in the ore, and
the Ceological Survey of Malaya examined a very small number of

thin sections of drill core samples.

Stratigraphy of the Mineralized Zone

There are no fossils within the mineralized zone so the

stratigraphy has to be deduced by comparison and oonjecture. There



15

are only two major units involved, a thick sequence of porphyritic
acid volcanic rocks with intercalations of sediments, and hornblende
granodiorite. The porphyritic rocks are difficult to classify,

but the writer believes that they are dominantly waterlain acid

pyroclastics with subordinate lavas.

The porphyritic rocks typically have a moderately to steeply
dipping foliation, but the sediments immediately to the west in
the valley of the Sg. Jeram are only gently flexured and have no
vestige of a foliation, which suggests that the Ulu Rompin pyro-
clastics aré‘older than the Sg. Jeram sediments i.e. pre-Jurassic.
There are rhyolitic tuffs interbedded with Middle and Upper Triassic
gsediments lying about 30 miles northwest of Ulu Rompin, but again
these rocks have no foliation. There are two- extensive areas of
rocks which are virtually indentical with the foliated porphyritic
rocks of Ulu Rompin, both in the State of Perak and about 150 to
200 miles northwest of Ulu Rompin. There is obviously a long
gap between these areas and Ulu Rompin, but the siﬁilarity between
the rocks is very marked. It has been shown by Jones (1970) that
in the more northerly arca the rocks are of Lower Palaeozoic age,
but in the other area the age is uncertain. Savage (1937) stated
that the rocks were "post-Trias and pre-granite", but he believed
that the oldest associated sediments were Permo-Carboniferous
whereas recent work has shown that the rocks extend back to the
Ordovician, so the porphyritic rocks could be of Lower Palaeozoic
Aage. Up to 1964 it was believed that Lower Palaeozoic rocks did
not occur anywhere in Malaya east of the Main Range batholith, but
in that year Silurian fossils were located in west Pahang. It is
tentatively suggested that the foliated acid porphyritic volcanic
rocks in the Ulu Rompin mineralized zone may be of Lower Palaeozoic

age, and can be correlated with those in northern Perak.

The thickness of the beds cannot be determined with accuracy,
but drilling at Bt. Tbam has proved 950 f%, and this is only a
small part of the sequence. The porphyritic rocks have an outcrop
width of at least three miles in some places,and if an average dip
of 450 is taken, which is probably too low, it gives a thickness
of the order of 10,000 ft. This of course ignores any doubling
or repetition due to folding, but as discussed later under "Structure

there is no evidence that this has been a significant factor.
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The granodiorite is found as small stocks which are probably
apophyses of a larger body at depth. It intrudes the porphyritic
rocks, and there is no reason to believe that it differs greatly
in age from the main Malayan acid intrusives i.e. Middle to Upper
Jurassic. In several parts of Malaya acid intrusives have been
éroded and over lain by Lower Cretaceous sediments, and radiometric

dating confirms the Jurassic age.
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IIT ACID VOLCANIC ROCKS

Introduction

These rocks are by far the most abundant in Ulu Rompin,
and make up the greater part of the Bt. Sembilan ridge which runs
as a north to south axis through the area. Good natural exposures
are only found in stream sections where they frequently form small
waterfalls, but the mine workings, some deep road cuttings and
drill core provide additional exposures and samples. Intercalated
with the volcanic rocks are lenses of sedimentary material, which
appear to become more important towards the northwest of the
zone. The typical volcanic rock consisis of a pale to dark grey
or greenish-grey fine grained matrix, in which are set fine to
coarse quartz grains, sometimes accompanied by phenocrystic
feldspars. Although the normal rock is pale coloured, many are
iron stained to various shades of yellow, orange, brown, red or

purple - Fig. 4.

Some previous workers have used the presence or absence
of visible quartz as the main criterioﬁ for naming these rocks
in thekfield, the presence of quartz classifying the rock as a
"quartz porphyry". As a field term this is acceptable, but any
genetic implication is misleading. In many parts of the Ulu

Rompin'area the rocks have a pronounced foliation. This 1is

particularly well shown round the ore bodies at Bt. Pesagi and

Bt. Sanlong, where lensing of the minerals can occasionally be
displayed; some of the coarser rocks could almost be classed as
augen schists. Most of the earlier reports suggest that all the
acid voleanic rocks in the Ulu Rompin area are foliated, but this
is not the case, and particularly round the Bt. Ibam deposit

the country rock is largely unsheared. The reason for this is
discussed later under "Structure". Some of the finer grained
rocks contain no visible quartz grains and look like a hornfels

or a schist depending on the degree of foliation; a few of these
rocks may have been clastic sediments, but the ma jority have

been ashes and fine equigranuler tuffs. The presence of agglomerate

has been recorded by mine staff in drill core from Bt. Ibam, but
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no surface exposures have been located, and it is possible that.

the agglomeratic appearance is @eceptive. The writer has examined
specimens from Bt. Ibam, and also the iron ore mine at Sri Medan

in Johore, which superficially appear to be a breccia or agglomerate,
but close inspection shows that they are normal extrusive rocks

in a state of partial alteration and replacement. Weathering
golutions penetrate along a system of interlocking joints, leaving
isolated unaltered and unstained fragments between the joint planes,

and the whole rock develops an agglomeratic appearance - Fig. H.

It is extremely difficult to detect contacts between the
various members making up the group of acid volcanic rocks, and
it is possible that many of the contacts were originally grada-
tional. Alteration has further tended to mask contact relation-
ships. In some of the deep road cuttings in the mining areas
it is possible to observe distinct textural and mineralogical
variants within the volcanic rocks, but it is impossible to trace
any firm line of junction between them. The reverse posifion
is not uncommon, and what appears from a distance to be a sharp
contacf proves to be merely an effect of differential weathering
and staining. Where the volcanic rocks are not too deeply weathered
they often show a profusion of haphazardly orientated joints,
which can be so closely sbaced that the rock disintegrates into
small angular fragments when struck with a hammer. The presence i
of faults can be established in the country rock adjacent to the
main Bt. Ibam and Bt. Pesagi ore bodies, but elsewhere it is dif-
ficult to detect fault planes. This is partly due to the fact
that the'lithological gimilarity makes displacements difficult
to detect, and also that faults tend to encourage accelerated
weathering. No unequivocal macroscopic evidence of bedding has
been seen by the writer, but it is likely that it coincides with
the foliation planes, which strike in a general north to south
direction and dip at moderate to high angles in an easterly, and
less frequently westerly, direction. Bedding contacts have been
observed in a few thin sections, but their direction cannot be

ascertained from unorientated core,.

Classification

The volcanic rocks are a difficult group to classify with
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certainty and have been subject to several interpretations. Very
gimilar rocks occur in two areas in northern Perak, and some of
the petrographic description in Savage (1937) could be applied
verbatim to the Ulu Rompin rocks. The Perak rocks were originally
classified as quartz porphyries, but recent work in the Grik area
(Jones,1970) has proved that the rocks are pyroclastic in origin.
The main difficulties in classifying the Ulu Rompin rocks are the
absence of data on contact relationships, the high degree of
recrystallization and alteration the rocks have undergone, and
the effects of shearing in some samples. The gross textures are
often preserved, but the detail in the fine grained groundmass

has been obliterated.

The consistent characteristics of the majority of the
rocks are their porphyritic texture, their acidic composition,
and, with important exceptions, some degree of foliation. The
rocks have been classed as quartz porphyries by some previous
wérkers, and the published geological map describes them as
"metasomatic quartz porphyries". The latter classification is
susceptible to critical examination as it implies that the coarse
grained crystals are porphyroblastic. Examination of thin sections
proves that this is not the case, and in fact precisely the opposite
process has been in operation and the large crystals have often
broken down into finer-grained aggregates. The rocks are of normal
volcanic origin and the evidence from a large number of thin sections
ghows that a high proportion of the rocks are .pyroclastic, a
small number are lavas, and the balance cannot beassigned to
either group. Alteration is so advanced that it is impossible
to determine what was the precise mineralogical composition of
the original rocks beyond the fact that they were acid. Chemical
data shows that the rocks were rich in alkalies, particularly
potash. There are lenses of sedimentary rocks in the volcanic
sequence and some rocks show the intermingling of clastic and
pyroclastic debris. The rocks appear to have been deposited in

shallow water conditions.

The volcanic rocks of the Ulu Rompin area appear to be
identical with leptites, the dominant rock type in that part of

Central Sweden where iron ores are common. Hineralogically and



21

chemically the two groups of rocks show many similarities, and

the photomicrograph of a leptite shown as Fig. 27 in the compre-
hensive description of the Central Sweden area by Magnusson (1970)
could have been of a rock from Ulu Rompin - c.f. Fig. 9 in this
thesis. With regard to the original nature of the Swedish rocks
Magnusson says "The leptites .eeeee.. were, to use international
terms, rhyolitic lavas and corresponding volcanic sediments (tuffs
and agglomerates).", which is in complete agreement with the
writer's interpretation of the Ulu Rompin rocks, with the quali-
fication that here the pyroclastic group appear to be more abundant

than the lavas.,

Petrography

'The rocks are white or coloured in pale shades of grey
and green, but can be deeply iron stained. Fig. 4 shows the rapid
variation in colour the rocks can display. Quartz, accompanied
by feldspar in some specimens, is usually visible to the naked
eye. The rocks vary from massive to strongly foliated, and some
of the tuffs have a laminated texture due to the parallelism of
tabular fragments and bands of different grainsize. The near-
surface rocks weather to a clay plus quartz, or form laterite.
When fresh the rocks are hard, and have a glassy appearance on
broken surfaces. The majority of the rocks have a simple
mineraiogy, many now consisting of quartz plus clay and sericite,
but feldspars can be preserved. The ferromagnesian minerals are
largely of secondary origin, and it is unlikely that the original

rocks contained many dark minerals.

Tne bulk of the rocks are porphyritic, the ratio of pheno-
crysts to matrix varying from 5% to 50%. Some of the sparsely
porphyritic types strongly resemble recrystallized sediments, and
probably represent the intermingling of clastic and pyroclastic
material. The groundmass has completely recrystallized to a
granular mosalc and ali fine detail has been destroyed. Pyritization
has been widespread‘and calcitization can be strong, especially
near the main ore bodies. In a few thin sections it is possible
io detect sharp changes in graiﬁ size, which mark original de-

positional horizons. Many of the rocks are crystal tuffs, but



22

lithic fragments up to 2 cm across have been seen.

guartz;

Quartz is prominent as phenocrysts, and forms a large part.
of the groundmass. The phenocrysts range in size from 1 mm to
2 mm, and vary from perfect euhedra to almost spherical bodies
or rounded fragments. Euhedral crystals often show the bipyramidal
form of/ﬁ’quartz - Pig. 6, but short prismatic faces can also be
developed. The quartz has often reacted with the groundmass and
developed a crenulated edge; the reaction can be very extensive
with deep embayments into the quartz. "Veining" by the groundmass
‘has cut some quartz grains into isolated fragments - Fig. T.
Stress has produced an undulatory extinction, a good rhombohedral
fracture pattern in some quartz grains - Fig. 8, and a few boehm
lamellae. The quartz can occur as single homogeneous grains, but
some have partically or completely recrystallized to a fine grained
aggregate, with the original crystal outline clearly preserved -
Pig. 9. This process often staris with the quartz fracturing
into angular fragments controlled by the {jOT1} direction, the
fragments later recrystallizing independently in different orienta-
tion. Within one thin section it is possible to observe all stages
in this recrystallization process. The phenocrystic quartz grains
are rarely clear of inclusions, and many are crowded with them.
Some inclusions appear as curving linear bands of minute cavities
or dark bodies, some as recognizable mica crystals, particularly
near the margins, and some as dendritic coatings of iron oxides
or hydroxides following fracture planes. Reaction between the
quartz and the groundmass can produce a peripheral zone full of
minute embryonic crystals, largely micas, with a relatively clear

core - Figs. 10 & 11.

The distribution of the phenocrysts can be even or extremely
irregular, the latter being typical of the tuffs. The tuffs usually
contain a proportion of broken grains, the angular corners having

been rounded by reaction - Fig. 12.

Tn those rocks which have been subjected to strong stress
there is some lensing of the quartz grains, but much of the detail
is lost in the densely developed sericite. There is sometimes a

suggestion that one side of a grain has been more reactive than
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Fig. 8. Rhombohedral fracture pattern in a
_ quartz phenocryst as a result of stress.
Plain light x 90.

Fig. 9. Two quartz phenocrysts, one of which has
recrystallized to a fine grained quartz
aggregate, Crossed nicols x 45.
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Fig. 10. Narrow reaction zone between a quartz
phenocryst and the groundmass in an
acid volcanic rock. Crossed nicols x 35.

Fig. 11. Enlarged view of part of the reaction
gone shown in Fig. 10, Quartz is on the
left and the groundmass on the right.
Crossed nicols x 180,
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the opposite side, presumably due to a strongly directional stress,

but the phenomenon is not marked.

Feldspars
Feldspars occur as phenocrysts and in the groundmass, but

are usually difficult to identify precisely due to the high degree
of alteration they have suffered. In rare specimens the feldspars
form the sole phenocrysts, but they are usually accompanied by
quartz. The phenocrysts vary in size from 0.5 mm to 4 mm, occurring
singly and in smali aggregates., They are never fresh, and show
all stages of alteration from a cloudiness due to kaolinite to
complete pseudomorphing by sericite. The feldspars are rarely
corroded to the same extent as the quartz, but may have rounded
outlines while still preserving the general -crystal shape, broad
columar crystals or more equant grains. Twinning is not well
developed and is usually diffuse. Untwinned or carlsbad-twinned
orthoclase is the most common feldspar, but plagioclase with albite
and pericline twinning does occur. Some diffraction patterns
suggest the presence of sanidine, but it has not been identified
microscopically. The plagioclase is richly sodic, varying from
almost pure albite to oligoclase, AbBO' but one unusual specimen

contains andesine.

Several different types of alteration can be seen in the
feldspars. Some are almost opaque due to the development of brown-
igh kaolinite, through which the cleavage planes stand out as
colourless lines, while others alter to sericite or coarser flakes
of muscovite. An uncommon line of alteration shows feldspar re-
crystallizing to leave a granular quartz-feldspar mosaic, some
of the alumina and the potash having been removed; the resulting
intergrowth of quartz and unaltered feldspar can display a micro-

graphic texture.

Mica & Chlorite

Sericite is ubiquitous in the volcanic rocks and in some

specimens almost obliterates the other minerals, It partially

or completely replaces some of the phenocrystic feldspars and is
common in the groundmass, and is also found as veinlets. The sericite
forms masses of minute flakes which usually have no preferred
orientation, but in the more strongly sheared rocks it occurs in

parallel bands. There are often a few coarser flakes of muscovite
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associated with the sericite. Biotite is rare, but forms the
dominant mica in one or two specimens., It is found as fine to
medium sized flakes which usually show some alteration to chlorite.
Muscovite can also alter to chlorite. It is clear that pyrite

has been' introduced after the micas formed, as it can be seen

moulded round some of the larger muscovite crystals.

Chlorite is present in many of the rocks in small amounts,
and can be locally abundant. It has formed by alteration of micas
and feldspar, and some has been introduced by metasomatism and
in late calcite veins. Small flakes are often seen growing round
the opaque iron minerals, and chlorite forms veinlets in the

volcanic rocks round the Bt. Ibam ore body.

Clay

The groundmass of some of the rocks contains abundant very
fine grained dusty material which cannot be identified optically,
but diffractometer studies prove that this is kaoiinite. There
could also be some illite, but its diffraction pattern would be
masked by sericite. Kaolinite pseudomorphs some of the pheno-
crystic feldspars forming dense brownish dusty masses. Kaolinite
veinlets are common, and many of the joints in the volcanic rocks

round the Bt. Ibam ore body are lined with pure white kaclinite.

Accessory Minerals

Epidote is absent from the majority of the rocks but it
can be important, particularly close to the Bt. Ibam ore body
where it has formed as a result of calcium metasomatism during
the mineralization of the calcareous rocks. Some of the volcanic
rocks which lie very close to the ore body are heavily impregnated
with epidote, and as a result are pale lime green in colour.
The epidote can be disseminated, but in some rocks it 1is associated
with the opaque minerals. Kpidote is found as veinlets along

joints near the Bt. Ibam ore body.

Apatite has been identified in one or two thin sections
as minute prismatic crystals in feldspar. Sphene is present in
many of the rocks as small granules formed during the breakdown
of biotite, or associated with the opaque minerals., Haematite

is common in the rocks close to the primary ore bodies at Bt.
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Pesagi, occurring as small plates, and is obviously related to
the main haematite mineralization. Pyrite is found in the majority

of the volcanic rocks as fine disseminated grains and occasional

coarse crystals. It is normally anhedral but can develop its

crystal shape. Pyrite forms numerous thin veinlets along joints,

and small isolated lenses in the rocks near the Bt. Ibam ore

body.

Groundmass

The groundmass has invariably recrystallized to a mosaic
with the grain size varying from 0.05 mm to 0.5 mm, but within
a single thin section the rock is usually roughly equigranular.
All trace of any original texture -~ flow, glass, glass shards
etc. — has been obliterated, but in one thin section the sericite
flakes form a swirling pattern round the feldspar phenocrystis,
which may be due to the preservation of an original flow texture.
The groundmass quartz is accompanied by feldspars, clay and
sericite. One sample from close to the Bt. Ibam granodiorite
contained embryonic feldspar crystals which were growing as a

result of metasomatism.

Lithic Fragments

Some of the rocks contain rock fragments, which have
recrystallized to a very fine grained quartz mosaic. and their
margins may show signs of reaction, but they stand out clearly
from the rest of the rock — Fig. 12. These fragments are valuable

evidence for the pyroclastic origin of some of the volcanic rocks.

Quartz, calcite, kaolinite, siderite, zeolite, chlorite, epidote,
pyrite, geothite and manganese oxides have all been found in veins
in the volcanic rocks. Quartz is the most important and ranges
from microscopic veinlets to veins and lenses several feet wide.
Where there is a marked foliation the quartz usually follows it,
and it also fills some joints. Calcite is found as veins of
variable size, but often tends to impregnate irregular masses
of the rocks. Siderite and zeolite have only been identified

microscopically from one or two samples near the Bt. Ibam ore

body.
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Fig. 12. Crystallo-lithic tuff with broken quartz .
grains and recrystallized lithic frag-
ments., Crossed nicols x 5. °
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Diffraction Studies

A number of crushed volcanic rocks were examined by X-ray
diffractometer to supplement the thin section studies,and the
traces confirm that quartz and sericite are the mosi abundant
minerals and kaolinite is locally important. A number of samples
contain only quartz and sericite. Where feldspar patterns appear
they are rarely easily identifiable as a particular species, but
orthoclase and albite have been recognized, which agrees with the
microscopic determinations. One or two traces suggest that sanidine
is present, and although this mineral has not been identified
optically its presence is compatible with the general petrology.

Chlorite appears on a small number of traces.

Chemical Analyses

A number of samples of the volcanic rocks from Bt. Ibam
and Bt. Pesagi were analysed by the writer by XRF methods, and
the results are shown in Tables 1, 2 & 3 together with the normsf
The Bt. Ibam rocks are split into two groups, those from the
footwall and those from the hangingwall, and are as far as possible
listed in order of increasing depth from the surface. One or
two samples are placed out of order as specimens from a single
drill hole have been kept together. The details of the footwall

specimens are given below.

No. Depth (ft) Remarks

)
162 127 ) 400 ft from the ore body, just above granodiorite.

165 150 )

197 198 45 ft from the ore body.

51 250 Immediately below skarn.

49 270 50 ft from ore body, just below skarn.
136 250 ) 15 ft below skarn.

137 275 g 40 £t from ore body.

138 285 ) 55 £t from ore body.

142 440 ) 240 ft from ore body.
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No. Depth (ft) Remarks

278 318 North of Main ore body, below a thin ore lens.
262 430 g Between Nos. 162/165 and the ore body.

263 475 )

188 530 170 ft from ore body.

Details of the hangingwall samples are:

78 50 225 ft east of the ore body.
190 57 Close to massive chlorite rock.
145 140 235 £t from the ore body.
331 160 350 ft from the ore body.
62 230 25 ft from the hangingwall contact.
220 2712 )
221 325 g 300 ft east of the ore body.
224 480 ) '

As can be seen from the above two lists, the samples come
from a Variety of depths and locations relative to the ore body,
and they represent a good selection of the volcanic rocks round
the Bt. Ibam ore body. The original rocks vary -from those which
are very soft due to weathering to others which are hard and ring

when struck with a hammer,

Taking the analyses as they stand and without any
qualifications the general characteristics of the Bt. Ibam rocks
are gseen to be the importance of the alkalies compared to lime,

a variable iron and magnesia content, and high silica and alumina.
The excess of alumina is reflected in the presence of normative
corundum, often in appreciable amounts, in all but two of the
samples. The high alumina is due to the presence of kaolinite

in the rocks, but there is no consistent relationship between

the alumina or normative corundum content and the depth of a
sample. Much of the ferric iron is present in goethite but a little
occurs in chlorite. Ferrous iron is mainly located in the pyrite

but a little accompanies the magnesia. Chlorite is responsible
for much of the magnesia, and there is evidence that where the
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Table 1
Chemical Analyses of Foofwall Volcanio Rooks at Bt,Ibam —
162 165 | 91 ] 5 29 136 137 138 122 278 262 263 188 |
S ey
810, 65096 73456 | 69467 | T0.87 | 61.43 69.52 67,73 70,47 78,50 | 7164 66.68 73411 72.10 |
11504 16,97 14,03 | 13,58 | 13516 | 13,15 14,38 14,94 11,09 11,77 |} 13.76 | 16.26 9,57 15,41 - - )
| 1"62,03 1.83 0457 1,17 0.52 3621 1e52 2,13 0.29 0,11 0.88 T 1072 1,25 1,09 . i} .
| FeO 135 1,82 | 159 | 2,65 4457 0497 3.09 4.86 0465 1,18 1497 1,63 TR B — e ——
| w0 24,50 0.73 | 4a75 2,02 7456 0.78 2,06 2,60 1,40 2,70 324 3,33 VW25 0 0 s
| ca0 0.09 0.29 0.63 0.84 0,50 1.27 0,80 0.83 0.47 1.09 1430 3.08 1.0 { 1 e m as L= - -
| Naj0 1,76 3411 1,04 3.84 0,08 2,22 1.35 2,36 0.55 0.47 2.25 2,69 . 0.04 | |
| 5,0 5,77 3,79 2,94 | 2.25 4496 6439 1.93 2,23 4,13 | 453 .| 3.1 1,62 4.88 -
| ™0 0,50  0.33 | 0.35 | 0.68 | 0.30 0.50 0,54 0,62 0,07 | 0.05 0.45 0.31 0.12 T ST T
f Moo 0.0 0,12 0,06 { 0406 0.22 0.04 0.17 0,11 0.05 | 0,05 0.06 0,08 0.04 ) - - -
S 0.66 0.17 0.88 1,07 0.34 0,90 0.91- 2.13 0,46 | 0.88 0,40 1,30 0,51 = f‘—‘-%ii—f—f;:——f
H,0 2452 1.48 1459 2,04 3.68 1.51 4435 2,41 .84 1 2.80 2,53 2,03 2,56
1 i L
) L 4 p ¥ . " |_ . _ — — — —
la 28.4 36.5 | 42.3 | 32.6 27.3 271 46.5 38.5 54.7 | 44.0 31,8 38.9 8,0 | ¢ — — —
} or 13565 23,0 | 18,0 13.5 30.5 3845 12.0 13.5 2545 28,0 19,0 9.5 30,0 : -
‘ab 1690 28.5 1’0@0 35.5 bd . 20.0 13-0 2200 505 I 4:0 20-5 25.0 L ] o _
{1 an 5 105 3.0 4.5 205 6475 4,0 4,0 205 1 600 ‘605 10.0 7.5
e 8.8 4.9 8.6 3.0 8,0 149 10,8 3.8 6.3 | 6.9 8.2 - 8.8 | |
en 740 2,0 | 13.8 5.6 22,2 2,2 6.0 744 4.0 7.8 9.2 4.8 3.6 ! S e
fs Laad 2.46 ‘\ 06 100 408 - 2-8 4.8 kil hd 1,8 -~ -
WO - - P - - - - - - - - - 2.7 .
‘ ,
i1 - - | - 1,0 ol - 2 - - - - - - L
‘mt 2.0 b | 1.3 »6 3.4 ~9 242 3 o2 .6 2,0 142 3 _ o o o
hm - - | - - - o4, - - - .3 - 2 S
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Tablg 2

Chemical Analyses of Hangingwall Volcanic Rocks at Bt. Ibam

78 190 145 331 62 220 221 224
3102 69,67 58.00 72.79 73.06 74,03 77,34 73.82 75,18
1,0, 21,37 15.96 15.20 17,85 | 14,71 1,73 13.89 13,31
Fe2o3 0.56 2.18 0.92 0.40 .75 £.73 1,53 0.80
FeO 0,03 2,95 C.43 0.38 C.€3 0.56 0.AR 0.78
¥g0 1,12 4,62 1.43 1.00 1.1 .69 1.43 TE"
CaO nodo r\033 n.d. nodo n.dn n.do n,d. n.d.
Na20 0.07 2,62 0,16 0.1% 3.75 £.09 C.15 0,12
xzo 2.53 2,52 7,03 .19 2,78 »,81 5,70 4,49
Ti0, 0.09 | 0.80 0.08 C.4 0.C7 0.04 0.05 €.0%
Mn0 ned. 0.15 0.0% .01 0.01 0.02 0.02 .0}
s 0.05 2,25 0.08 0.04 0,51 0,08 0.09 C.29
H20 4451 2a72 1286 3.78 .65 3.94 2.64 3.23
a 57.9 151 41,7 57.4 37.9 61,3 48.0C 5442
ab 05 2?05 1‘.5 105 3-400 1&0 1‘5 105
an - 2545 - - - - - -
[ o4 21«:7 - 8:5 16-!’1 603 1104 906 9.5
en 3.4 13,0 4.2 | 0 3.2 2.0 4.2 4.6
fs - o2 - : +6 - - - -
WO - 04 - ‘ - - - - -
il - - - o= - - - -
mt 03 2.4 o6 | o6 o3 1,2 1.5 o0
hm 02 - -3 ! - 03 ‘194 - -
r - 5.9 o2 i - 105 22 .2 08
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magnesia is significantly high some has been added by metasomatism.
A little talc is present in some of the rocks. Lime is usually
very low and frequently absent; the rocks wnich are rich in lime
contain epidote, and a little lime is present in plagioclase.

Some lime has undoubtedly been added to a small number of the

rocks, ﬁrobably at the time of the main iron mineralization. The
alkalies are important constituents with potash usually predominating
over soda, but the latter exceeds or equals potash in a few rocks.
Potash is present in sericite and orthoclase while the soda is
contained in sodic plagioclase. The sulphur content is a reflection
of the degree of pyritization the rocks have undergone. The min-
eralogy of the rocks has undergone a distinct change due to alter-
ation, but it is thought that the gquoted analyses give a reasonable
indication of the original composition. The excess of alumina

shows that some other components have been removed, and petrographic
evidence suggests that it is part of the alkalies vwhich has been

taken out during the breakdown of the feldspars.

The one rock which is significantly different from the
rest is No. 190, with its high lime and low silica. The mineralogy
of this specimen is unlike any of the other volcanic rocks examined
by the writer in that it contains amphibole; it is rich in epidote
and pyrite. An X-ray diffractometer trace showed that the feldspar
is andesine, and there is no doubt that this rock is much more
basic than the usual type, although some of the lime and magnesia
are metasomatic in origin. The rock is a porphyritic lava and

probably represents an original andesite.

All the rocks save Wo. 190 are clearly acidic in composition
and are alkali rhyolites, dominantly of the potassic variety.
The alkalinity is emphasized in Fig. 13 which shows the normative
feldspar components plotted onto a triangular diagram. There
is a cluster of samples near the or pole (with one exception these
are hangingwall rocks) while the remainder show a reasonable
spread between or and up to 70% ab; the an is usually low. The
positions of the samples would have been the same if cationic
proportions instead of normative minerals had been plotted, except

for the two samples with the highest an content, and even these

would -have moved little.
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Triangular diagram showing the normative
the volcanic rocks at Bt Ibam.

H = hangingwall rocks .
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The analysis of a sheared rhyolitic tuff from the Grik
area of northern Malaya quoied in Jones (1970) is similar to those
fo the typical Ulu Rompin rocks, with high potash and excess
alumina. The Grik sample shows 10% normative corundum. The
analyses of the Ulu Rompin rocks bear some strong similarities
to those of the leptites from Central Sweden quoted in Magnusson
(1970), and as a whole come into the alkali rhyolite group or

clan.

Ignoring sample No. 190, which is quite different from
the predominant rock type, there are some significant chemical
dissimilarities between the rocks from the -footwall and hangingwall
sides, which suggests thattwo groups of rocks are involved, although
their gross features are alike . and such a division cannot be
made on petrographical evidence. The main point of difference
igs the lime content; in the footwall it is present in all samples
and averages 0.97% whereas it is virtually absent from the hangingwall
rocks. The hangingwall rocks contain more silica and alumina but
less magnesia, soda and titania, the latter showing a fivefold
drop. There is a distinct difference in the degree of pyritization
in the two groups of rocks, markedly so if No. 190 is excluded.
The averages for a number of oxides in both groups of rocks are
shown below, but the figures for iron are not included as they are

greatly influenced by the development of pyrite and goethite.

Footwall Hangingwall

SiO2 70.10 73.00
A1203 13.70 15.58
Mg0 2.68 1.19
Cal 0.97 nil

NaZO 1.67 0.64
K20 3.74 4.07
TiO2 ‘ 0.38 0.07

S 0.81 0.17
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The other analysed volcanic rocks came from Bt. Pesagi

and Bt. Sanlong, and the details are given below.

No. Depth (f%) Remarks

170 - Bench at the southern end of Pesagi worki.gs.
172 - Bench at the northern end of Pesagi 6 workings.
206 81 2 Near Sanlong B ore body.

288 184

300 200 Below Pesagi 6 ore body.
304 166 Short distance east of Pesagi 6 ore body.

The analyses are shown in Table 3 from which it can be
seen that the chemistry of these rocks is extremely uniform,
two samples having reduced silica but enhanced alumina. The
rocks bear a closer resemblance to the hangingwall group at
Bt. Ibam than to those of the footwall, the most striking feature
being the complete absence of lime. The rocks are distinctly
potassic and soda is subordinate. The magnesia is low, and below
the level of the Bt. Ibam rocks, but the titania is higher. All
the rocks show a high luvel of normative corundum, which is some
indication of the alteration they have suffered. The averages

for the main components are shown below.

SiO2 70.40
A1203 18.19
Mg0 0.63
Cal nil

Na20 0.1G
TiO2 0.60
S 0.17

Fig. 14 is an interesting triangular diagram showing all
the twenty seven analyses of the volcanic rocks made by the writer.
There are three "erraitic" samples, but the rest fall into three
well defined zones, and although these are close together tney

show that on chemical evidence one can usually differentiate
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Table 3

Chemical Analyses of Volcanic Rocks at Bt. Pesagi & Bt. Sanlong

170 172 286 288 300 304

Si0 71.52  61.56 75,92  73.05  73.55  66.89

A1203 17.90 22,32 16423 17.22 14.76 20.62

FeZO3 1.65 3.88 1.15 1.29 1.72 3.64
Fel 0.51 0.75 0.47 0.55 0.81 0.51
MgO 0.68 0.99 0.49 0.43 0.64 0.57
Cal n.de. n.d. n.d. nede. n.d. n.d.
Na20 0.25 0.30 n.d. 0.12 0.25 0.23
K20 3.18 5.97 3.69 3.90 3.85 3.07
T102 0.32 0.96 0.20 0.60 0.67 0,80
MnO 0.02 0.02 0.0 0.02 0.01 0.01
S 0.05 0.02 n.d. 0.17 0.70 0.06
H20 3.92 3,23 1.84 2.65 3.04 3.60
Norms
q 5644 34.3 59.5 56.2 56.0 53.1
or 21.0 37.5 22.0 24.0 24.0 20.0
ab 2.5 3.0 - 1.0 2.5 2.0
a‘rl - - - - -— -
c 16.3 17.5 14.0 14.5 11.9 19.5
en 2.0 3.0 1.4 1.2 1.8 1.6
fS band - .4 .8 - -
il . -4 1.4 |4 100 — 08
mt .6 1.5 1.3 .9 - -
hm 8 1.8 - - 1.3 . 2.8
pr - - - 4 2.0 v
ru - - - - 5 .2
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hangingwall from footwall rocks at Bt. Ibam. It also demonstrates
that the Bt. Pesagi rocks are similar to the hangingwall rocks

at Bt. Ibam. The Bt. Ibam footwall group shows a small spread

of values, but the hangingwall and Bt. Pesagi samples have an
almost linear distribution based on an inverse relationship between

gsilica and alkalies plus alumina plus ferric iron.

Metamorphism Of the Volcanic Rocks

The acid volcanic rocks show little sign of the effects
of rising temperature, but in many areas they have been strongly
affected by stress. The main mineralogical changes have resulted
from the breakdown of some minerals to sericite and Kaolinite,
and in a few samples from the introduction of lime and magnesia.
Reaction between the original components in response to rising
temperature seems to have been slight or the evidence has been
obliterated, but there has been widespread recrystallization

of both the matrix and phenocrysts.

The banded rocks have a schistose appearance but are not
true schists as there 1s no megascopic development of mica or
other sheet silicates along the foliation planes. The rocks are
cataclasites and can be classed as semischists, using the term
as described in Williams, Turner and Gilbert (1954). The foliation
is coincident over a wide area and must have developed from
uniform stress conditions. The regularity of the foliation in
one direction suggests that the causative agent was a simple

s ——

shearing stress and not a pure stress.
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IV SEDIMENTARY ROCKS AND SKARNS

Introduction

There are minor intercalations of sandstone and siltstone,
or their metamorphic equivalents, within the acid volcanic rocks
in the area from/Bt. Pesagi to Bt. Ibam, and they become more
important towards the northwest corner of the mineralized zone.
The only rocks which show a marked contrast to the general
lithology are the calcareous lenses found at Bt. Ibam and Batu
Puteh. There may also have been some calcareous rocks a Bt. Pesagi,
Bt. Merah, Bt. Sanam and Bt. Hitam, but the evidence is not

conclusive.

Arenaceous Rocks

Apart from the skarns, the clearest example of an original
gedimentary rock came from a depth of 310 ft in the hangingwall
rocks at Bt. Ibam, along section N. 10,400. Although the sample
must come from a very small lens, as the same rock has not been
encountered in any of the adjacent drill holes, it offers some
interesting petrological evidence. The rock is an impure fine
grained metaquartzite, in which the interlocking granular texture
is clearly seen in plain light as limonite has stained the inter-
grain boundaries. When the nicols are crossed,a guartz mosaic _
which bears no relation to the texture seen in plain light becomes
vigible - Figs. 15 & 16. This thin section provides evidence of
two separate phases of recrystallization; a first phase which
is now preserved in the skeletal limonite framework, and a second
phase which produced the granular mosaic seen under crossed nicols.
The surrounding volcanic rocks must have been subjected to the
same two metamorphic phases, but the individual phases cannot be

differentiated in these rocks.
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An analysis of the metaquértzite is shown in Table 4.

Table 4

Chemical Analysis of Impure Metaquartzite
from Bt. Ibam

5102 91.16
A1203 nd
el 0.25
Mg0 2.90
Cal nd
Na20 0.04
K20 nd
T102 nd
MnO 1.39
S 0.03
H20 0.83

Except for the magnesia content the composition of the meta-
quartzite is compatible with the evidence as seen in thin section.
The iron and manganese are present in the intergranular goethitic
material; the magnesia is likely to be present in very fine dusty
talc, although none has been identified under the microscope.

An X-ray diffractometer trace revealed only a quartz pattern.

Marble

Drilling on the Bt. Batu Puteh deposit has proved the presence
of medium to coarse grained crystalline marble, which is white,
pink, grey or iron stained brown and reddish~-brown. The full
dimensions and shape of the marble are unknown, but one drill
hole was still in marble after an intersection of 360 ft, while
other drill holes indicate a much smaller thickness. No calc-
silicate or other metamorphic minerals have been detected in the
Bt. Batu Puteh deposit. The country rocks are highly decomposed

acid volcanics.
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SKARNS

Introduction

These rocks are developed along much of the footwall of

Bt. Ibam ore body - Figs. 25 & 31, and similar calc-silicate rock
has been seen in core from one drill hole at Bt. Pesagi. Skarn
was also located in drill core from a depth of 420 ft in the foot-
wall along section N. 10,400 at Bt. Ibam. The rock lies 220 f%
below the main skarn, and it must represent a very small lens as
it has not been located in other drill holes. A company geologist
has reported skarn from Bt. Hitam, but the writer is dubious about

the evidence produced to support this conlusion.

The Bt, Ibam skarns, shown in Figs. 17 & 18, have a maximum
thickness of 140 ft and are well bedded, and although slightly
folded and faulted are conformable with the ore body; their rela-
tionship to the underlying volcanic rocks is less clear. In some
parts the contact is faulted, but elsewhere there can be a transition
zoﬁe, only a few inches wide in some cases, in which the volcanic
rocks are impregnated with calcareous minerals, notably epidote,
but clearly preserve their original nature. The writer believes
that there was a normal sedimentary contact with calcareous rocks
on top of tuffs and lavas, and there has been lime metasomatism
into the volcanic rocks. The skarns are cut by numerous small
faults, most of which are narrow, but examples up to 1 £t wide
with a good fault breccia have been observed. The breccias are

usually cemented by quartz and/or goethite.

Petrography

The rocks are coloured in various shades of green and
brownish-buff, and can be banded in these colours, The green
is largely due to epidote with some chlorite, actinolite and mica,
while the brownish rocks are rich in garnet. One good specimen
showed alternating green and brown bands from 4" to " wide,
composed of almost solid epidote and garnet respectively. The

banding_follows the original bedding planes. Ta this specimen
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Pig. 17. Bedded skarns dipping east at about 45°.
The more massive bed which can be seen
at the extreme right of the photograph
at the top of the face is the lowest
part of the ore body.

Fig. 18. Bedded skarns which are slightly
flexured and dipping east at a gentle
angle. A small vertical fault runs
through the centre of the outcrop.
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there are also rare bands of megéscopic garnet crystals set at

an angle of about 450 to the main bedding, and which nrobably
represent crystallization in open spaces along small fractures.

The rocks which are immediately adjacent to the fooiwall of the

ore body contain a high proportion of chlorite and fibrous
amphibole, some bands containing only these minerals, and must
approximate closely to the original composition of the gangue in

the overlying ore body. The typical skarn is fine to medium grained,
with individual crystals often visible to the naked eye although

rarely exceeding 1 mm.

The skarns have been affected by oxide and sulphide
mineralization, but it is haphazard in its distribution. Hagnetite
is only found in the magnesian rocks close to the footwall of the

ore body as disseminations of small grains, roughly following the

- pedding directions. The main ore minerals are pyrite and micaceous

haematite, which are usually accompanied by quartz and sometimes
epidote. The mineralization with pyrite and haematite is found

in isolated and irregular pockets up to 5 ft across. It is’
interesting to note that micaceous haematite is absent in the main

ore body just above the skarns.

The most abundant minerals are epidote and garnet, but
the rocks also contain chlorite, fibrous amphibole, pyroxene,
mica, very rare olivine, quartz and calcite, together with some
talc formed by alteration. Thd texture is fine to medium

granoblastic, but garnet can form small porphyroblasts.

Epidote

Epidote is the most abundant mineral and usually occurs as
anhedral granular aggregates, but some thin sections contain very
good euhedral crystals - Fig. 19. The epidote varies from deep
pistachio green to colourless, the former being strongly pleochroic;
the colour can be irregularly or zonally distributed within a
single grain. .There is a wide variation in the interference colours
displayed, the colourless variety often showing the anomalous colours
of clinozoisite, and the zonal texture shows that there must have
been some fluctuation in composition during crystallization. The
typical epidote-rich rock consists of granular anhedral masses,

with the grains varying from O.1 mm to 0.5 mm. Coarser varieties
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show subhedral and rarer euhedral crystals up to 2 mm. The well
formed epidotes show the pseudohexagonal cross section, or occur

as columnar crystals with marked {110} terminations, and some that
appear to be {210} . The {010} face is supressed. Twinning is

not common but when observed is on the {100} direction. Zoning
rarely shows in plane light, but under crossed nicols some striking
examples of rhythmically zoned crystals can be seen - Fig. 19.

The granular aggregates usually contain a little interstitial quartz
and calcite, and patches of garnet, pyroxene and amphibole. One

sample contains a little forsterite.

Epidote can occur as a subordinate mineral in the massive
garnet rocks, and has probably formed both before and after the
garnet. Small internal relics of epidote in garnet appear to be
remnants of larger epidotes which have been largely replaced by
garnet, but some peripheral patches of epidote have formed by
alteration of earlier garnet. Epidote occupies a central position
between two ages of amphibole formation, but is roughly contemporaneous
with the pyroxene. Much of the epidote has been slightly altered,
but a few specimens show only isolated relics of the mineral in
a mass of fibrous amphibole, and it also alters to chlorite.
Epidote has clearly crystallized before some of the ore minerals,

as they can be seen moulded round euhedral crystals.

Garnet
Phere is a wide variation in the mode of occurrence of garnet,

from isolated euhedral porphyroblasts to massive granular aggregates,
and in colour from coiourless to pinkish-brown, yellow and yellowish-
green. The latter variety looks very likeepidote in plane light.

The garnet varies in size from 0.005 mm to 2 mm, and is largely
anhedral or subhedral. The crystals are all dodecahedral {110}

and can show a very strong zonal texture. Many grains are slightly
anisotropic, and rare examples show interference colours up to

first order orange-purple. In zoned crystals the paler coloured
zones show the higher anomalous birefringence. The wide variation

in colour suggests that there is some variation in composition,

‘and this is confirmed by diffraction studies. Three samples, one

from isolated porphyroblasts (No. 45), one from massive granular
garnet (No. 52), and one of yellowish-brown garnet (No. 134),
were powder photographed and their cell sized calculated. The
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cell sizes and the seven strongest lines are shown in Table 5.

Table §

Cell Size and Seven Strongest Lines

Bt. Ibam Garnets

45 52 134 134

af af af Rel. I
3.012 , 3.004 3.010 6
2.697 2.685 2.690 10
2.460  2.451 $2.457 6
1.953 1.948 1.952 3
1,672 1.668 1,669 3
1.609 1.606 “1.609 - 9
0.819 0.819 0.820 3

a | a a
12.043  12.042 12.054

The size of the cell edge shows that the mineral is an
andradite, the typical garnet found in skarns associated with
iron ores. The cell edge for synthetic andradite is given as
- 12.048% in Deer, Howie & Zugsman vol. 1" (1962). The cell edge
for No. 134 is slightly larger than this figure but coincides
with the 12.054 & 0.0038 for topazolite, a honey-yellow andradite,
quoted by Donnay and Nowacki (1954).

Some of the garnet is clear, but examples full of inclusions

are not uncommon. Particles of quartz and epidote are present

in the garnet, and one sample contained thin plates of a blood

red mineral, probably haematite. 'Much of the garnet is fresh,

but it can show alteration to chlorite, epidote and fibrous amphibole,
as well as replacement by carbonates. Alteration to amphibole

begins with the peripheral development of dense, translucent
greyish-white patches with a fine fibrous texture, which later

crystallize into coarser grains of tremolite-actinolite. This
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alteration often results in the release of fine iron ore. A number
of samples rich in garnet show evidence of fine fracturing and
impregnation by calcite and, rarely, siderite. Replacement by

calcite releases masses of dusty iron ore.

Amphibole

The amphibole is tremolite—actinolite, and 1t is:
. most abundant immediately adjacent to the footwall of the ore
body, where the rocks can have a visible fibrous texture. There
are some cross—-cutting veinlets of asbestiform amphibole with
fibres up to 5 mm long. Some of the amphibole has formed during
the early stages of metamorphism and some has formed by alteration

of epidote and garnet.

The tremolite-actinolite is typically seen as fibres,
but rather stubby prismatic crystals with a fibrous texture also
occur. It is colourless to medium green, the colour often being
patchily distributed. Iron ore is released when the amphibole
replaces garnet, and iron ore plus kaolinite when it reulaces

epidote.

Tremolite-actinolite alters to chlorite with a little
serpentine, and some thin sections show the development of talc.
The latter is usually formed when there has been impregnation
by calcite. There are a few patches of what may be anthophyllite,

but its identity has not been confirmed.

Mica

Micas are not common, but phlogopite has been identified in
a few speéimens. One unusual sample showed coarse porphyroblasts
of phlogopite, up to 1 cm across, set in a fine grained matrix
of fibrous amphibole. The porphyroblasts appear as lustrous green
crystals, the colour being due to the partial alteration to chlorite.
It is not clear why this phlogopite forms such large crystals,
as the micas do not normally develop as porphyroblasts. Phlogopite
has also been seen as ragsed-ended columnar crystals or aggregates
associated with massive granular garnet, and as masscs with a
decussate texture in which fine disseminated magnetite is found.
The phlogopite varies in colour from very pale green to pale brown

with many almost colourless. The coloured variety is weakly
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pleochroic, It is clear that the magnetite is later than the mica
as it grows round some of the columnar crystals, while the larger

magnetites are poikiloblastic towards the mica.

Ezroxene

There are occasional grains of pyroxene associated with the
granular epidote masses, but it is a very rare mineral in the Bt.
Tbam skarn. One isolated sample from Bt. Pesagi consiged of a
granular pyroxene aggregate. The pyroxené is colourless with a

distinctly high relief, and is hedenbergite or an iron-rich diopside.

Quartz & Carbonate

Quartz is found as recrystallized interstitial patches
or inclusions in the garnet and epidote-rich rocks, and is present
as veins and irregular patches. The latter, which reach 5 £+ 1in
size, are often associated with pyrite aﬁd micaceous haematite.
Calcite occurs as veinlets and impregnations, and represents a
very late stage in the hydrothermal activity. It has sometimes
followed along quartz veins, replacing the original quartz, and
it has also impregnated patches within the skarns, replacing all
the silicate minerals., Siderite is fourid as small veinlets and

impregnations, but is uncommon.

Chlorite

WMuch of the chlorite has formed by alteration of other minerals,
but it has also crystallized during the eariy stages of metamorphism,
only to be replaced by other silicates as the temperature increased.
Chlorite is‘usually a subordinate mineral, but it is abundant in

some patches close to the footwall of the ore body.

Chemical Composition & Origin

Two samples from Bt. Ibam and one from Bt. Pesagi were

analysed, the results being shown in Table 6.

The Bt. Ibam rocks largely consist of calcium-iron silicates,
but in the Bt. Pesagi sample magnesia is more important, replacing
ferfic iron and lime. There are no unaltered relics of the rocks
which originally filled the space now occupied by the Bt. Ibam
skarns and the ore body, but they were obviously carbonates.

They were highly reactive compared with the enclosing volcanic

rocks, and as lime (in the skarns) and magnesia (in the ore body)
are both abundant, the rock must have been a dolomite or dolomitic



Table 6

Chemical Analyses of Skarns

Bt. Ibam Bt. Pesagi

52 141 308
8102 46,01 52.50 46.83
A1203 5.21 3.69 8.33
Fb203 15.83 12.30 5.74
FeO 3.26 0.93 5.52
MgO 5.18 1.71 14.02
Ca0 20.42 23.24 12.04
Na20 n.d. 0.04 0.17
K20 n.d. n.d. 0.02
TiO2 0.13 0.05 0.13
MnO 1.17 0.97 1.46
002 1.30 3.20 2.38
S 0.11 0.45 1.02
H20 1.38 0.92 2.34

52 is from a bench in the main Bt. Ibam pit.
141 is drill core from a depth of 493 ft.
308 is drill core from a depth of 156 ft.
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limestone. The skarns have formed from a calcareous horizon low in
magnesia, or the magnesia could have been expelled during the meta~
morphism of a dolomite. There is no evidenceof the latter, and it is
more probable that there was a limestone horizon in an otherwise
dolomitic body. The only major metasomatic additions to the skarns

have been silica and iron.

The Bt., Pesagi skarn is found over a short interval in one
drill hole only, which passes downwards through a magnesia~rich
hybrid into quartz diorite. There-is no lateral extension to the skarn
and it may represent a calcareous inclusion which was caught up in
the quartz diorite magma, although it is possible that there was an
extremely small calcareous body which has been largely digested by
the ihtrusive rock. What is certain is that there was no large body

of calcareous rock in the Bt. Pesagi area.
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V INTRUSIVE IGNEOUS ROCKS

Introduction

There are several small stocks of granodiorite in the inbbu.A
Ulu Rompin area, and it is probable that in depth they merge hg
into one larger parental mass. Fig. 3 shows the location of these
small bodies. The plutonic rocks are very poorly exposed, and
some which do not reach the surface are known only from drill core
or adits. As the information regarding the boundaries of the
bodies is often poor their precise shapes and dimensions are
unknown, but the overall increase in size from south to north, which
is cleady seen on Fig. 3, suggests that any underlying parental mass
becomes deeper towards the south. In addition to those stocks
known in outcrop or from subsurface data, there are several localities
throughout the Bt. Sembilan ridge where accumulations of boulders
prove that plutonic rocks must occur, although they have no in
situ surface expression. From south to north the important plutonic

bodies are:

Bt. Pesagi. Two small bodies have been located in drill holes;
one is immediately south of the main primary ore
body, and the other along the eastern margin of
thé mining area. In both bodies the maximum

dimension is under half a mile.

Bt. Sanlong. Just to the north of the primary ore body there
are accumulations of boulders and rare outcrops

in the headwaters of the Sg. Sanlong.

Bt. Ibam & Adits and drill holes have proved the presence of
Bt. Mungus. . .
plutonic rocks below the ore body in the northern
half of the mine, while in the Sg. Mungus just
~ to the west of the ore body there were rare outcrops
of granitic rocks in an area which is now flooded.
There are also a few granitic dykes in the sheared
country rock. The full dimensions of the Bt. Ibam

intrusive body are unknown.
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Bt. Sanam. Accumulations of boulders, and evidence from drill
core, prove the presence of a stock, which appears
to trend in a northeasterly direction into the low
ground in the Sg. Tepisoh, where one drill hole

encountered plutonic rock.

Bt. Hitam. Drilling has proved the existence of a body which
is almost certainly continuous subsurface with that
at Bt. Sanam, and also with the larger body of
Bt. Chepemak 664 ft, which lies just outside the
northeast corner of the mineralized zone proper.
The Bt. Chepemak body covers an area of approximately
three square miles, and is the largest of the

stocks.

The granodiorite is intrusive into the acid volcanic and
agsociated rocks, but the nature of the contact is known only in
the Bt. Ibam — Bt. Mungus area. In the stretch of the S5g. Mungus
which is now flooded there were exposures which showed granodiorite
intrusive into sheared volcanic.rocks. The contact was extremely
sharp. and followed the general direction of the foliation in the
volcanic rock, but as the contact was exposed over a distance of
a few feet only it is impossible to say whether this was a general
feature or merely of local significance. The small intrusive bodies
found along the Bt. Sembilan ridge could be interpreted as following
two parallel lines aligned roughly with the foliation, but the
larger masses between Bt. Sanam and Bt. Chepemak cut across the
regional trend. The regional foliation was developed before the
emplacement of the intrusive rocks and could have exerted some
control, but there is no evidence that the bodies are 1in any way
tabular in form. One drill hole into the footwall at Bt. Ibam
shows granodiorite in contact with porphyritic volcanic rock.

There is a sharp change from one rock type to the other, and what
appears to be the whole of the contact zone is contained within

one thin section. There 1is evidence of intermingling of material,
and there has been some felspathization of the volcanic rock.

Where the granodiorite has encountered calcareous rocks there hag
been mobilization of calcite, which now impregnates the surrounding
rocks, and calc-silicate minerals have formed. The granodiorite

encountered in Adit 12 is noteworthy for the presence of patches
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of solid epidote, probably derived from calcareous fragments

caught up in the magma.

The smaller intrusive bodies tend to form slightly lower
ground than the surrounding country rock, which suggests that
there has been some hardening of the rocks adjacent to the intrusions
by baking or silicification or both, which has increased their

resistance to erosion.

There is a strong spatial relationship between the presence
of intrusive stocks and the primary ore deposits, which the writer

believes is also a genetic association.

Most of the acid plutonic masses in Malaya appear to be
fairly high level intrusions, and in this respect the Ulu Rompin
granodiorites are typical. Buddington (1959) defined three levels
of granite emplacement (Epizone, Mesozone and Catazone) and gave
depth estimates for them. He also listed a number of factors which
he believes are indicative of a particular level of emplacement,
and the U1u'Rompin rocks fit into the Epizone with a few Mesozone
features, There are no features of Catazone bodies. Buddington
states that the Epizone extends from surface to about six miles,

but the intrusions are typically emplaced at about four miles.

Petrography

In colour the rocks vary from greyish-white to dark greyish-
green, sometimes with a tinge of pink, and the grain size varies
from fine-medium to medium-~coarse. The average grain size is about
1 to 2 mm, but some rare grains reach 1 cm. -The texture varies
from equigranular to inequigranular, but is never porphyritic.

In the coarser grained rocks the ferromagnesian minerals stand

out clearly against the pale background to produce a mottled
appearance, but the finer grained varieties have a more homogeneous
colour. One drill hole in the Bt. Ibam area revealed a highly

leucocratic “ariety.

Most of the rocks are hornblende granodiorites, but some

of the Bt. Pesagi samples contain less quartz and verge towards
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quartz diorites, while one sample from Bt. Ibam is an adamellite.
The rocks have suffered extensive alteration, and the feldspars
in particular are never fresh. Thin veinlets cut some of the rocks,
quartz and calcite being predominant, but siderite with barytes,
and prehnite have been detected in the Bt. Ibam granodiorite.
Texturally the rocks show considerable variation, from hypidio-
morphic equigranular to some specimens which are extremely in-
equigranular, the latter showing a continuous range of grain size,
The essential minerals are sodic plagioclase, orthoclase which

is slightly perthitic, biotite, sericite, hornblende, chlorite
which has formed from other ferromagnesian minerals, and quartz.
Also present are epidote, apatite, sphene, magnetite, pyrite and
tourmaline, the magnetite occasionally reaching the proportions

of an essential mineral.

Plagioclase

Plagioclase is the most abundant constituent and occurs
as euhedral and subhedral crystals, which vary from rectangular
columnar grains to equidimensional grains with a square or slightly
rhombic outline. In some of the coarser grained rocks there is
a tendency towards anhedral crystals, but it is not common. When
developed as columnar crystals there is little or no parallelism
of the individual grains. The plagioclase is invariably twinned
and frequently zoned; albite twinning is ubiquitous, but combined
carlsbad-albite twins occur rarely, while pericline twinning is
slightly more common. Determinations on sections normal to {010}
show a w:ide range in composition, from Ab95 to Abéo, but the
majority appear to lie close to the oligoclase-andesine boundary
at Ab?O‘ Zoning, whichcan be very strongly developed, is of the
normal progressive type, and the zonal texture can be accentuated
by selective alteration. There is often a wide variation in grain
-gize, from 4 mm down to a fraction of a millimetre, but some specimens

e.g. from Bt. Hitam, tepd to0 be equigranular.

Many of the plagioclase crystals have an overgrowth of
potassic feldspar; the junction between the two is often indistinct,
but it can sometimes be determined by the termination of the plagio-

clase twin lamellae.
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Alteration is never absent but is variable in intensity.
The most common alteration product is sericite, which typically
occurs as scattered small flakes, with or without orientation.
There are also small parallel veinlets of sericite which cut across
the albite twin lamellae, probably following the (001) cleavage.
The zonal texture has played an important role in controlling the
loci of alteration, and beautiful examples of selective gzonal
replacement or replaced cores with unaltered rims can be seen.
The zones of alteration usually show diffuse outlines, but some
have very sharp edges with perfect crystal outline, ihen sericitization
is advanced  there can be complete pseudomorphing of the plagioclase.
Epidote is common as an alteration product, usually oceurring as
scattered anhedral grains, but rectilinear networks controlled by
the cleavages and twin planes have been seen. BSome epidote has
been introduced into the rocks by veining, but it has also formed
by alteration in situ. Chlorite is found as an alteration product,
and on rare occasions forms complete pseudomorphs. Where calcitization
has been an important process the plagioclase can be completely
replaced by calcite. There is little doubt that calcitization can
play an important role in the overall processes of alteration, as
there appears to be a sympathetic relationship between the presence
of abundant calcite and the intensity of alteration. The writer
has noticed the same correlation in an adamellite on Pulau Tioman,

an island off the east coast of Malaya (Bean,1966).

Plagioclase was one of the earliest minerals, probably
the first, to form. It is clearly much earlier than quartz and
_orthoclase, and in some specimens it is earlier than the ferro-

magnesian minerals, which are moulded onto it.

Potash Feldspar
In the Ulu Rompin rocks potash feldspar is a late-stage

mineral which has crystallized with quartz during the last phases

of solidification. This is clearly shown in samples from the

Bt. Pesagi area, in which guartz and perthitic orthoclase in micro-
graphic intergrowth fill the interstices between the earlier minerals -
Fig. 20. The potash feldspar is orthoclase, with some development

of fine vein and patch perthite. It is never twinned, and is most
frequently seen as anhedral grains or forming rims on plagioclase.

It wries in size from 3 mm grains which can be poikilitic Vowards
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Fig. -20. Quartz and orthoclase in micrographic
intergrowth filling the spaces between
plagioclase crystals. Crossed nicols
x 90.
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small plagioclase crystals, to a fraction of a millimetre. It

is extensively altered, and can be distinguished from plagioclase
by its alteration products. In plane light the orthoclase has

a dusty reddish-brown colour (it can be almost opaque ) through
which the cleavages show as clear lines. The alteration product

is largely kaolinite in an extremely finely divided state, but
there can be sericite in addition. Some of the orthoclase exhibits
a slightly wavy extinction, as seen in strained quartz., One sample
from Bt. Ibam which appears to be derived from a small offshoot
of the main granodiorite body is enriched in orthoclase, which

is probably the result of potassium enrichment during the final

stages of solidification.

Quartz
Quartz forms from 10% to 40% of the rock, and is a late

mineral. In the 3g. Tepisoh granodiorite the quartz occurs as
large grains, up to 3mm, surrounding the plagioclase crystals,

and in some sections the texture is almost ophitic. The quartz

is always anhedral and can be seen enclosing all the other minerals
poikilitically, and it also forms micrographic intergrowths with
orthoclase. It is typically clear, but in the Bt. Ibam granodiorite
can contain ﬁumerous small dark inclusions. In all the bodies

the quartz shows a slightly undulatory extinction, and in the

Bt. Hitam mass many grains display a rectilinear fracture pattern,

probably following the {1011} direction.

Biotite

_ Fresh biotite is rare, but sufficient remains to determine
its original properties. It occurs as ragged or cleanly terminated
laths up to 3 mm long, irregular flakes or aggregates of flakes,
and rare euhedral basal sections. It must have had at least iwo
phases of crystallization as it is both pre- and post-quartz.
Biotite is later than the plagioclase and hornblende, as it can

be seen moulded round the former and growing peripherally on horn-
blende. Tae biotite frequently grows round, or adjacent to, iron
ore. When it develops on hornblende the (001) cleavage of the mica
and the (110) cleavage of the amphibole coincide. Most of the
biotite is earliér than quartz, as spindle-shaped bodies of quarts
are frequently observed along (001) cleavage planes. These small
bodies have distorted the cleavage planes adjacent to them, and

show every sign of having grown in situ, forcibly pushing aside
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the cleavage planes. On the other hand there are very rare examples
of small biotite crystals poikilitically enclosing quartz, and

here the biotite is later.

The darkest biotite is a medium brown colour with no tinge
of red, but in the majority of the grains the colours have been
bleached by alteration. There are rare dark haloes round minute
crystals, presumably zircons. Alteration varies from a few chlorite
lamellae to complete pseudomorphs. When partially altered, the
mica is made up of alternating biotite and chlorite lamellae or
gspindles  parallel to (601), which are sometimes accompanied by
muscovite lamellae. During the alteration to chlorite there is
frequently a release of sphene and epidote, which occur as trains
of small granules along the cleavage traces. The alteration to
chlorite must involve some volume change as the cleavage traces
are gently distorted, but the sharper kink bends which are seen
on rare occasions are due to external stresses and not alteration.
Biotite, or its alteration products, is seen in all the p-utonic
rocks in Ulu Rompin, but it is more abundant in the north, being

replaced by hornblende in the rocks from the south.

Chlorite

Most of the chlorite has been derived from the biotite as
described above. - It also forms by alteration of hornblende, and
more rarely plagioclase. The chlorite is a penninite, with
straight extinction, and it usually displays anomalous purplish-
blue interference colours. In addition to the chlorite formed
by alteration there are small interstitial patches which look
primary; they show anomalous interference colours, but have a
radiating texture. In the quartz diorite at Bt. Pesagi some of
the chlorite pseudomorphs of hornblende have themselves been
replaced by calcite, with the release of iron ore granules which
are scattered through the calcite pseudomorphs or seggregated

round the periphery.

Hornblende
' Forming up to 10% of the Bt. Pesagi rocks but rarer in

the bodies further north, the hornblende is a pale green or brown
variety, pleochroic from green or brown to almost colourless.
It occurs as irregular grains up to i mm, with a few euhedral

basal sections. It is untwinned. It is usually later than plagio-
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clase and earlier than biotite, but can enclose quartz and ortho-
clase poikilitically, which suggests either that a little hornblende
is extremely late, or some quartz and orthoclase crystallize before

their main period, which is obviously late stage.

In the Bt. Pesagi rocks nornblende usually grows round
iron ore granuies. It alters to chlorite and epidote, and can
be replaced by calcite. It is difficult to tell whether some
chlorite grains have been derived from miéa or amphibole, and
hornblende may have been slightly more abundant than thin section

evidence suggests.

Accessory Minerals

Sphene is present as discrete grains, and has also been
produced during the chloritization of biotite. It frequeﬁtly
grows round iron ore granules as shapeless masses up to 2 mm
across, and more rarely as subhedral crystals. It is pinkish-
brown in colour and shows a slight pleochroism. Apatite is present
in all the rocks, in very small quantites, as stubby prisms or
hexagonal basal sections. It is often seen in close association
with the iron ore grains. Epidote is found as an alteration
product of feldspar and biotite, and also as small veinlets. In
the Bt. Ibam granodiorite there are small solid patches of epidote,
thought to have formed from small calcareous inclusions. Rare
grains of brown tourmaline have been seen in the Bt. Pesagi and

Bt. Ibam rocks.

Magnetite occurs as minute granﬁles released when chlorite
is replaced by calcite, and as larger (up to 0.25 mm) euhedral
to anhedral grains. There has been some oxidation to haematite
at the edges. Magnetite is usually an accessory mineral, but
mine reports state that granodiorite samples with as much as 10%

magnetite have been located.

Minor Intrusion

The only minor intrusions are found in the valley and
tributaries of the Sg. Mungus, which drains along the western
edge of the Bt. Ibam-Bt. Mungus ridge. There are a numer of small

microgranodiorite dykes intruded into the volcanic rocks; some




63

of the dykes follow the foliation but others are cross cutting.

Chemical Composition

Seven samples taken from four of the Ulu Rompin stocks
were chemically analysed bythewriter using XRF methods, and the
results are shown in Table 7. Samples which were as fresh as
possible were chosen, and although all the rocks had suffered

some degree of alteration, it is thought that the analyses closely

'approximate to the original compositions.

With the exception of the Bt. Pesagi sample the rocks
are similar in composifion, and agree closely with some published
analyses of typical granodiorites, e.g. in Hatch, Wells & Wells
(1961). The similarity in composition supports the suggestion
that the stocks are derived from one parental magma. Sample
No. 198 from Bt. Tbam is richer in potash relative to the others,
and is an adamellite. This rock, which is distinctly pink in
hand specimen, has only been encountered in one drill hole, and
may fepresent a late stage apophysis, as it is located a short
distance from the main granodiorite mass. Sampie No. 164 is
slightly low in lime, but this appears to be of local significance

as sample No. 167 from the same drill hole has a higher lime

content.

The Bt. Pesagi sample represents a more basic variety
and the analysis points to a diorite, but thin sections reveal

the presence of free quartz.

Stocks and Aeromagnetic Maps

The aeromagnetic map of the Ulu Rompin mineralized zone
is highly complex with numerous anomalies, the contributory
elements being the magnetic iron ores and the intrusive rocks.
The acid volcanic rocks have w¥irtually no magnetic effect. The
magnetic iron ore bodies, except for Batu Puteh, are located
close to the intrusive rocks, so it is difficult to separate
the contribution from each source. The writer has only examined

the published aeromagnetic map on the scale of 4 miles to 1 inch,
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but from a study of a more detailed aeromagnetic map prepared
privately for Rompin Mining Co. Ltd., the company geologists con-—
cluded that the significant anomalies were caused by the intrusive
rocks, the contribution from the iron’ ores being masked. It
would_be difficult to deduce this solely from the published map,
although it conforms with such an interpretation. The suggestion
that the anomalies are related to the stocks and not the iron
ores is supported by the evidence from Bt. Batu Puteh. The pub-
lished map shows no anomaly over this body, which contains
magnetite but is not close to any known intrusive stock. YExtensive
fieldwork by the Geological Survey of Malaya elsewhere in the
country- has shown that most of the significant magnetic anomalies
are assdciatedeith igneous rocks containing magnetite, and not

with iron ore concentrations.

The stocks within the Ulu Rompin zone have small outcrops,
so the fact that much of the zone is magnetically disturbed supports

the suggestion that there is a larger intrusive mass at depth.
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- VI STRUCTURAL GEOLOGY

Introduction

In areas which have suffered deep tropical weathering,
and in addition have a thick vegetation cover, it is difficult
to obtain sufficient detailed primary data on which to base a
structural synthesis. Bxcept for foliation, which can be pre-
served in weathered rocks, all the structural data have bgen

collected in, or close to, the main workings at Bt. Ibam and

Bt. Pesagi.

Primary Bedding

Aﬁy original bedding structures in the pyroclastic rocks
have been lost following dynamic metamorphism and alteration.
Even at Bt. Ibam, where the rocks are well exposed, the writer
nas seen no clear evidence of sedimentary structures, although
s few thin sections from drill core contain evidence of bedding
planes. The only place where bedding planes can be observed
is in the skarns below the ore body at Bt. Ibam, When they are
well bedded the rocks strike between 3450Aand 40O and dip in
an easterly direction at angles ranging from 40o to 60° - Fig. 17.
There are local variations in the dip due to folding and faulting,
but the general attitude is clear, and information from drill core
which intersects the beds at depth confirms the easterly dip.

The rocks have completely recrystallized and lost any fine sed-
imentary structures which they may have contained, but occasional
banding of the metamorphic minerals represents original comﬁosi-
tional variations. Individual beds typically range in thickness
from two to six inches, but more massive members up to two feet
are present. The maximum thickness of the rocks is 140 ft, but
part of the original calcareous lens is now occupied by the ore
body, and the original thickness must have been in the order of
350 ft. The strike length is approximately 4,000 ft, but the

full extension down dip is unknown.

The only other locality where the presence of sedimentary

rocks has been proved is Bt. Batu Puteh, but the drilling infor-
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mation is not sufficient to determine any structural details.

Foliation

Many of the volcanic rocks forming the Bt. Sembilan ridge
display a distinct banded texture, which in some cases is a true (/7
foliation i.e. the rocks split along a preferred direction. The
intensity of the development of foliation is very variable; round
the Bt. Pesagi and the Bt. Sanlong ore bodies the country rocks
are strongly foliated, whereas round the Bt. Tbam body the rocks
show little evidence of having been subjected to shearing stress.

The development of the foliation took place before the intrusion
of the plutonic stocks and the mineralization, as the intrusive

rocks and the ore bodies show no evidence of having been sheared.

The texture in the volcanic rocks varies from extremely
Gelicate lamellae to coarse bands with large gquartz augen, although
the latter are rare. Differential iron staining, quartz lenses
and veinlets, and thin greyish-white siringers of clay and mica
developed from the breakdown of feldspars, can all help to accen-
tuate the banded appearance. There is a slight, but marked, swing
in the strike of the foliation from south to north along the
Bt. Sembilan ridge. Round Bt. Pesagi and Bt. Sanlong the foliation
usually trends north to south, and has either very steep dips
to the east and west or is vertical. Immediately ad jacent to
the Bt. Pesagi ore body the foliation is vertical, but there
is some foliation trending just west of north and dipping west-
southwest. Fig. 21 shows a contoured diagram of the poles of
the foliation planes in the Bt. Pesagi area. Further north,
round Bt, Sembilan and west of Bt; Tbam, the foliation strikes
north to south and has a consistent steep easterly dip. At the
" northern end of the ridge the foliation swings to the west and
srends between 330° and 360°, with steep dips in an easterly,

and less frequently westerly, direction.

Rupture along the foliation planes has usually been
insignificant, but in the Bt. Pesagi and Bt. Sanlong areas it
may have been the most important factor in localizing the

mineralization. There is a marked increase in the intensity
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of foliation towards the ore bodies, and as the iron ore is later
than the foliation it is possible than the mineralization followed
zones of weakness formed as a result of shearing. The iron ore
bodies are parallel with the strike of the foliation, but there
may be a slight discordance in dip. Supporting evidence for the
existence of a zone of weakness is the fact that two phases of

mineralization have followed the same channel, iron oxides first -

followed by pyrite.

In complete contrast to the rocks surrounding the Bt.
Pesagi and Bt. Sanlong ore bodies, the country rock at Bt. Ibam
shows little evidence of having been sheared. There is obviously
some facfor which is unique to the Bt. Ibam area, because outside
the immediate environs of the ore body the effects of shearing
again become apparent. The writer believes that the large lens
of calcareous rocks was the important factor in the structural
development of the Bt. Ibam area. It is suggested that the regional
stresses were_transmitted by the hard volcanic rocks to the cal-
careoué lens, which absorbed the stresses by intergranular and
intragranular movement, and possibly some plastic flow. Any sign
of deformation in the calcareous rocks has been destroyed during
the formation of the skarns. It may be significant that some of
the road cuttings between Bt. Pesagi and Bt. Ibam expose volcanic
rocks which are largely unsheared, and it has been suggested by
some company geologists that calcareous rocks may occur in the
Bt. Merah area, which adjoins the road to the west. It is inter-
esting that in describing a contact metasomatic magnetite deposit
ot Iron Hill on Vancouver Island, Canada, Black (1952) suggests
that during deformation a greenstohe became closely fractured but

the associated limestone merely flowed and recrystallized.

Folding

' Tt is impossible to come to any firm conclusions regarding
the regional fold pattern in the_Ulu Rompin area owing to the lack
of data and marker horizons. There is no evidence that the area
has been tightly folded, and at Bt. Ibam it is clear that the folding
is a subordinate feature superimposed on the regional easterly

dip. The skarn below the ore body can be traced downdip through
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several hundred feet with no major fold structures affecting it,
although there are some flexures., There are a few tight folds,

but they are localized and do not materially affect the distribution
pattern of the rocks. The dimensions of the folds rarely exceed

10 ft. There has been a gentle warping of the regional dip, as

in plan view the ore body has a shallow inverted "S" shape.

Jointing

Natural surface exposures do not usually show good jointing,
but some of the fresher rocks in the main pit at Bt. Ibam are
heavily jointed. There appears to be an increase in the development
of jointing adjacent to the ore body. Pig. 22 is a contoured
diagram of the poles of the major joints in the Bt. Ibam pit.

This shows that there are four dominant trends;

north to south dipping east

east to west dipping south
northwest to  southeast dipping northeast
northeast to  southwest dipping northwest

but the first two are the most important. Some of the rocks are
cut by myriads of haphazardly orientated joints. Where this type
of jointing is profuse there has invariably been a development

of kaolinite along the joints, and in many exposures it is clear
that there has been late-stage movement, as the kaolinite is full
of slickensided surfaces. The joints are often so closely spaced
that it is difficult to obtain specimens larger than a half inch
diameter, as the rock breaks down to small, angular, kaolinite-
coated fragments when struck with a hammer. It is probable that
this profuse, small-scale jointing is associated with the process
of mineralization and not regional stresses. The volume changes
which probably accompanied the mineralization of the calcareous
rocks must have produced fluctuating stresses in tae surrounding
volcanic rocks, which were released by the development of closely
spaced and randomly orientated joints. Following the cessation
of all hydrothermal activity there was intermittant slumping within
the ore body, producing stresses in the country rock. and in part-
jcular the hanging wall, which were released by slip along the

kaolinite-lined joints, as is shown by the slickensided surfaces.

The joints have proved to be easy access ciiannels for

mineralizing and weafhering solutions, and kaolin, pyrite, quartz,
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calcite, epidote, chlorite, goethite and manganese oxides, or
mixtures of them, have been seen as joint fillings. 4 convincing
proof of the mobility of quartz in weathering solutions is seen
in the presence of small, perfect- stalactites of opaline quartz
along a few joints. These stalactites are hanging vertically and

are obviously of very recent ‘origin,

Joints are rare in the skarns underlying the ore body,
possibly due to their incompetent nature, and the ore body itself
displays little jointing. The softer gangue minerals would absorb
any stresses befofe they affected the harder ore, and any joiﬁts

which did form would be ideal channels for goethite formation.

Faulting

The Ulu Rompin mineralized zone is probably separated from
the structural basin of the Sg. Jeram valley to the west by a
normal fault trending approximately 3500, and which has a length
of over 25 miles. The age of this fault is uncertain, but if
the sediments forming the basin are accepted as being of Upper
Trias to Lower Jurassic, then the fault can be dated as late
Lower Jurassic, as it does not appear to affect a large granite
mass which is found towards its southern end. There are certainly
no faults of this size or importance cutting through the Ulu

Rompin mineralized zone.

There are very clearly exposed faults in the main primary
haematite ore body at Bt. Pesagi. The body, which is an-elongated
ellipse in plan view, has been cut'by a number of small normal
cross faults, which have given the body a distinctive stepped
appearance - Fig.113 . There are at least nine of these faults,
which strike at 300o and have a vertical dip, with downthrow to
the north. The throw is variable, the maximum recorded being
40 ft. BSome of these faults can be traced into the country rock
for distances up to 150 ft, but others are not discernible in the
nighly weathered material. Immediately south of the ore body
the volcanic rocks are relatively hard due to silicification, and
a number of faults following the same general trend are exposed.,

Some of these show 2 narrow central band, up to an inch wide,
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of mylonite along the fault zone, and some have been filled with
quartz-pyrite veins, and quartz masses occur along some of the
cross faults in the ore body. The faults are clearly later than
the primary haematite mineralization, but earlier than the quartz-
pyrite veins. The Bt. Sanlong ore bedy, which lies just under a
mile north of Bt. Pesagi and is of the same type, has not yet been
mined, but exploration has proved that it too is cut by a number

of cross faults similar to those at Bt. Pesagi.

There is abundant evidence of post-mineralization faulting
in the main pit at Bt. Ibam, especially in the northern half where
exposures are good. Slumping movements within the ore body have
produced zones in which small, hard blocks are separated by
slickensided surfaces in random orientation, but these zones are
not persistent. Some parts of the hanging wall rocks have been
broken by collapse due to slumping movements in the underlying

ore body.

The most important fault in the Bt. Ibam area cuts through
the ore body towards its northern end, and is the only one to
cause any marked offset to the ore. This fault can be traced over
a distance of 1,500 ft, but it probably has northerly and southerly
extensions, and it has been proved from the original ground surface
at nearly 700 ft to sea level. The fault follows a bearing of
50 in the south, but swings north in the northern half - Fig. 31.
‘The fault varies from a single plane of movement to a zone of
intensely crumpled rocks up to 10 ft wide. The dip is vertical
to very steep in an easterly direction. At the southern end the
fault forms a single zone, but further north it splits into two
parallel faults. In the hangingwall volcanic rocks the fault can
be located in two benches, where it forms a 10 ft wide zone of
shattered rocks, impregnated by manganiferous limonite and quartz.

Quartz is also found along the fault in other localities.

The nature of the crushed material in the fault zone is
unusual where the fault cuts through massive chlorite rock. Parallel
with the fault the chlorite has been compressed into polished and
slickensided layers in which are set polished rounded pebbles of

chlorite, giving the rock a distinctive texture. The rock is made
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up of bulbous, spindle-shaped units with sharply pointed ends,

which interlock together as shown in Fig. 23.

Where the fault cuts iron ore it grinds it to a granular
mass, but in the lower grade ore the gangue absorbs the movement,
and small polished balls of talc have been seen in the fault zone.
Chalcopyrite surrounds some of the shattered magnetite so it is

obviously later than the faulting.

There is a small fault ein hard volcanic rock just to the
east of the ore body, and the material in the fault is a strongly
banded mylonite, which shows some similarity to the country rock
developed at Bt. Pesagi. The rock has been crushed, with fine
mica and chlorite accentuating the banding which is parallel with
the fault. Tt is interesting that a smooth surface cut across the
banding shows fine joints which are inclined to the direction of
the banding. These are probably tension cracks formed in a rotational

strain, the direction of the banding being a shear plane (Hills,

.1963).

The major fault has experienced more than one phase of
movement, as a single phase would not account for the relative
disposition of the ore body on either side of the fault.
Slickensides and ridges on some of the fault surfaces show that
the last movement was a dextral wrench, with a dip slip inclined
at 150 to 20o to the horizontal. The overall translation of the
ore body is sinistral, so there must have been an earlier nhase
of sinistral wrenching, probably with a fairly large dip slip

component.

Immediately east of the junction between the hangingwall
and the main fault at 310 ft elevation, there are a number of small
en echelon faults, and where the direction of movement can be
determined they seem to be strike slips. In one fault the direction
is clearly dextral, but in the others indeterminate. These faults
are of limited vértical extent, and have an arcuate shape when
viewed along the strike. The small faults make an angle of approx-
imately 150 with the main fault direction, and appear to have formed

by drag movements accompanying the dextral phase of wrenching. The



15

fact that there is only one major direction of wrench faulting
suggests that the causative stress contained a rotational element,

and was not purely compressive.

Small normal faults are not uncommon in the footwall rocks,
being easily seen in the skarns, but more difficult to detect in
the volcanic rocks. The movements are very small and the faults
are of short lateral extent. Some of the faults contain a narrow
band of breccia cemented by limonite and/or quartz. The faults
do not appear to follow any definite trend, and are probably due
to locally developed stresses.

The footwall contact is an important plane of movement,
although possibly not a fault in the true sense. The contact shows
very good examples of polishing, slickensides and gouges, and without
exception the movement has been downdip. There 1is no doubt that
this has been due to slumping within the ore body, causing it to

slowly slip down the footwall contact.

Although the evidence is indirect and far from conclusive,
it is possible that there is a fault cutting through the ore body
near to section N 10,400. This locality marks the topographical
low on the ridge between Bt. Mungus and Bt. Ibam, and the ore body
here reaches its thinnest dimension. The geology is unique in this
area in that siderite is fairly common in the footwall and hang-
ingwall country rocks, and the only known megascopic sphalerite
in Ulu Rompin was found here, deep below the ore body. thile the
witer was on the mine there were no exposures as the area was covered
by bulldozed material, and none of the reports written by mine
staff during the period of intensive prospecting or early mining
refer to a fault, nor do any plans examined by the writer show
one. Two early reports however, compiled some time before the
precise c0nfiguration of the ore body was know, refer to faulting
in the area. Tillia (1956) says that there are no positive signs -
of faulting within the ore deposit, but certain evidence "indicates
the presence of shearing or a small displacement favlt in the
neighbourhood of Section N 10,400", while MacDonald (1970) says
"Phere is evidence of faulting in the ore body, in the section

between Bukit Mungus and Bukit Ibam", and mentions slickensides
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in a pit. There is no offset of the ore body and any fault is
probably a pre-mineralization feature. Although the evidence is
slight, a fault could help to explain some of the unusual aspects

of the geology around N 10,400.

Fig. 23. Structure developed where massive chlorite.
rock is cut by a fault.
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IRON ORE DEPOSTITS

VII GiNERAL DESCRIPTION

Distribution of the Deposits

Scattered throughout the Ulu Rompin area there are several
deposits of iron ore, which can be grouped under nine localities.
It is possible that ore will eventually be extracted from all the
deposits, but the development of the peripheral ones will
necessitate the construction of long haulage roads, as all treat-
ment will have to be undertaken in the plant at Bt. Ibam, The
nine deposits are listed below, and their locations are shown

on Fig. 24.

1) Bt. Ibam. The largest deposit and the mainstay of the
whole mining operation. This primary ore
body is located on two hills, Bt. Ibam and
Bt. fungus, but it is always referred to by

the one name. The primary ore is magnetite.

2) Bt. Pesagi. Iron ore occurs over a wide area round Bt.
Pesagi, largely as a thin superfical layer
of detrital ore and ore formed by secondary

. encrichment, but there are some primary

magnetite-haematite bodies.

3) Bt. Sanlong. A small primary magnetite-haematite body with
an associated scree of detrital ore, and some

ore formed by secondary enrichment.

4) Bt. Hitam. A small primary magnetite body near a grano-

diorite stock, with some detrital ore.

5) Bt. Sanam. A small primary magnetite body near a grano-

diorite sock. The primary ore has been ex-
tensively altered, and there is associated

detrital ore.
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6) Bt. Batu Puteh. A small primary magnetite body associated

with marble.

7) Bt. Merchong. Small deposits of surface ore formed by

secondary enrichment.

8) Bt. Holong. (Also known as Ulu Chepai or Bt. Pajaid)
A small deposit of surface ore formed by

secondary enrichment.

9) Bt. Gantong Raga. A small deposit of surface ore formed by

secondary enrichment.

The granodiorite stock associated with the Bt. Hitam deposit
extends eastwards out of the Ulu Rompin zone and forms the small
hill mass of Bt. Chepemak 664 ft, on which there is some iron

mineralization.

In addition to the nine deposits described above there
are other small occurrences of iron ore, mahy of which contain
only superficial lateritic material, but there are some patches
of primary ore. The latter are found as quartz-rich véins with
haematite or magnetite or both, which have been injected parallel
to the foliation planes in sheared acid volcanic rocks. The veins
are normally of small dimensions, up to 5 ft wide, and are not
of commercial value. There are also a few scattered accumulations
of boulders of a highly quartzose iron ore, which have obviously

been derived from the complete disintegration of primary veins.

Although the main primary deposits lie relatively close
together, there are some noticeable differences between them,
with thelexception of those at Bt. Pesagi and Bt. Sanlong which
are identical. Apart from Bt. Batu Puteh which lies isolated three
and a half miles to the west, the primary ore bodies are located
in a narrow zone just over a half mile wide, which follows a bearing
of 150 from Bt. Pesagi in the south to Bt. Hitam in the north,
a distance of seven miles — Fig. 24. Tnis zone is not concordant
with the regional strike of the foliation, and it does not appear

to be a recognizable structural unit, but it does contain many
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of the intrusive stocks which occur throughout the Ulu Rompin
area.' There are no known intrusive rocks near the Bt. Batu Puteh

deposit.

The primary ore is located ih a regional environment of
highly altered acid volcanic rocks, but at Bt. Ibam and Bt. Batu
Puteh there is evidence that calcareous rocks have been of paramount
importance in localizing the mineralization. In the Bt. Pesagi
and Bt. Sanlong deposits the control was structural, but at Bt.

Sanam and Bt. Hitam the evidence is poor and inconclusive.

Regional Pattern of Mineralization

Although the Ulu Rovpin deposits form a fairly well defined
group, they are only the southernmost group in a line of deposits
developed on a regional scale. Within a narrow belt of country
running just west of north from Ulu Rompin for a distance of 40
miles, there are several indications of iron ore, some of which
are commercially important, although they are all smaller than
the Ulu Rompin deposits. There is a gap in the mineralization
immediately south of Ulu Rompin, but 22 miles away, and on a
continuation of the line mentioned above, there is a small deposit
of iron ore, although it does not appear to be of commercial
value. It is possible that the Ulu Rompin-deposits and those
to the north are related, but it is not known if there is any con-
nection with the deposit further south. All these iron ore deposits
lie within a much larger zone which passes roughly north to south
through much of central Malaya, in which tin mineralization is
virtually absent, but iron, gold, and scattered occurrences of base

metals are found.

Immediately west of Ulu Rompin there is a large tract of
country which appears to be devoid of significant mineral deposits,
but eastwards towards the coast there are scattered deposits of
cassiterite, a little tungsten and some poor iron mineralization.
These deposits fall within the eastern tin belt of Malaya. A
compréhensive explanation for the mineral distribution throughout
Malaya is not yet available, but it is quite clear that the presence

of hornblende in an intrusive mass virtually precludes the presence
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of tin mineralization, but such rocks can be associated with iron
and gold deposits. All the plutonic rocks in Ulu Rompin are
hornblende bearing. Stanniferous granites, which in HMalaya
usually means a richly potassic variety, can be associated with
iron ore deposits, and several which are located in the eastern
tin belt are contaminated with cassiterite e.g. Bt. Besi, Bt.

Bangkong and Pelepah Kanan.

Note.
When Rompin Mining Co. granted the writer permission to study the

Ulu Rompin deposits their one stipulation was that no figures for ore
reserves should be quoted; this has been respected. Published figures
(MacDonald, 1970) vary from 30 million tons estimated by the original
Japanese prospectors to 8 million tons by Fitch (1941).
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VIIT BUKIT IBAM ORE BODY

Surface Features

This important ore body originally formed an impressive
outcrop following the crest: of the ridge which runs from Bt.
Mungus in the north to Bt. Ibam in the south; with an associated
deposit of boulder ore scattered over the eastern and western
flanks of the ridge. The ore formed an almost continuous outcrop
along its strike length of just over 3,000 ft, and in places formed
vertical cliffs which projected as much as 40 ft above ground level.
The width of the outcrop varied from approximately 50 ft on Bt.
Ibam to just over 350 ft and Bt. Mungus, although the maximum true
thickness is about 200 ft. The general strike of the ore body
was north to south, but the outcrop was curved into a very shallow
inverted "S" shape, convex towards the east in the northern half
and the opposite in the south. The original elevation varied from
460 ft on Bt. Ibam to 710 ft on Bt. Mungus, with the lowest point
on the col between them at 410 ft. The boulders shed from the
main outcrop were more abundant on the eastern hill slopes, where
they extended nearly 600 ft downhill. Some of the boulders were

of enormous dimensions and easily mistaken for outcrops.

The in sifu ore consisted of a hard mass of finely crystalline
to'earthy, somewhat porous and vughy mixture of haematite and
goethite, with some patches of finely crystalline magnetite. Host
of the haematite—goethite ore had a clearly detectable remnant
magnetism, and had obviously been derived from primary magnetite
by alteration., The ore was largely free from visible impurities,
but there were patches and veinlets of a highly iron stained clay
and quartz, and some parts showed blue and green staining due to
copper minerals. The boulder ore on the ridge slopes was of similar

composition, but there was also secondary limonitic material formed

by lateritization.

Fig. 25 is taken from a company report and shows the surface
geology. The map has not been compiled solely from what could

be observed on the surface, and some details have been extrapolated
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from subsurface data. For example, the thin limestone band shown
on the map was certainly not discernible in outcrop, and the large
faults were not readily apparent. The map must have been compiled
when the nature of the ore body and its surroundings was known

in some detail, and it gives a clear idea of the overall geological

picture prior to mining.

Prospecting

The Bt. Ibam deposit has been subjected to several phases
of prospecting, starting in the late 1930's with the Japanese,
who relied on pitting to test the boulder ore and aditting to
explore the main ore body. They sank 80 pits, and drove 10 =2dits
with a total length of 3150 ft. The present owners checked and
expanded this work, but have relied largely on extensive diamond
drilling to the explore the area. Up to the end of 1966 the
company had sunk over 200 drill holes, the deepest being just under
675 ft. The close driliing pattern was necessary to accurately
delineate the chemical characteristics of the ore body, which were
complex due to the presence of several impurity elements. The shape
of the ore body is fairly simple and was known at an early date,
but the chemical complexity only became apparent as prospecting
advanced. As the full extent of the contamination became apparent
it was imperative to accurately locate the zones of poor ore, plus
some areas of high grade but friable ore, which at one time was
not acceptable to the buyers. The latter problem was solved when
fine ore was required for pelletizing. Various geophysical methods
of exploration have been tried, but do not appear to have con-

tributed much to the detailed prospecting.

In order to facilitate their prospecting activities the
Rompin MiningiCo,laid down their own survey grid over the area,
and this is always used to define locations. From the starting
point the grid is measured northwards and westwards in feet. This
system of reference is used where necessary in this thesis, so,
for example, Section N. 10,800 refers to a particular east to west

section through the ore body which is 200 ft north of Section
N. 10,600.




85

Shape of the Ore Body

“The iron ore forms a tabular body which tapers in depth,
strikes north to south, and has an average dip to the east of 450,
although individual dips vary from 250 to 900. The dip is usually
fairly constant throughout the depth of the ore body, but it can
show an abrupt change, either steepening as at N 12,000, or becoming
shallower as from N 10,800 to N 11,200. At N 10,600 there is a
short section in which the hangingwall is overturned, and dips
ver& steeply westwards. Fig. 26 shows a series of cross sections

shich reveal the variation in shape and attitude of the ore body.

In horizontal section the ore body is in the form of a

| very shallow inverted "S", as can be seen in Fig. 25. In the
higher levels of the body there is a thickening in the Bt. Hungus
area, but lower down the thickness is more or less constant

throughout the strike length on a particular level,

in longitudinal projection the upper surface coincides
with the original ground level, while the lower limits of
mineralization are known fairly accurately from diamond drilling.
From a point just south of Bt. Ibam the base of the ore body dips
northwards to reach 30 ft below 0.D. at N 10,800, and then rises
again to about 100 ft above 0.D. at N 11,600. Around N 11,800
there is a sharp rise, probably caused by the main fault through
the ore body, but at N 12,000 the base of the ore body is down
to 50 ft above 0.D. It rises to 100 ft at N 12,200, and at this
line the surface outcrop dies out. FToh N 12,200 the ore body
gradually diminishes into small lenses, and by N 13,200 the
mineralization has virtually disappeared. Fig. 27 shows a pro-
jection, on a north to south plane, of the outline of the ore
body. The maximum extension of mineralizztion in a vertical plane

is found below Bt. Mungus, where it reaches 670 ft.

Dimensions of the Mineralized Body

The essential dimensions of the limits of the mineralization,

not all of which can be commercially exploited, are:
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Maximum length 3,600 ft
Maximum true thickness 200 £t
Maximum thickness in horizontal section 360 £t
Maximum continuous vertical extension 670 £+
Highest elevation 710 % above 0.D.
Lowest elevation 30 £t below 0.D.

Pypes of Iron Ore and their Distribution

The iron ore is found in a country rock of altered acid
volcanics, with skarn immediately below the footwall from N. 10,400
northwards. Granodiorite has been proved 200 ft below the mineral-
ization along N. 12,600, and 250 ft below along N. 12,000, When the
ore body is viewed as a whole the contacts are very sharp, but they
can be complicated in detail. Figs. 28 and 29:show general views of
the ore body in September, 1966, one looking north and the other
looking south. Fig. 30 is a distant view taken from the town, and
shows the mining area in relation to the main Bt. Sembilan ridge.
The iron ore'is found in one compact body, which facilitates mining

operations, but it contains patches of low grade ore and gangue.

The writer's map of the ore body north of section N. 10,600
as exposed in September 1966 is shown in Fig. 31. South of N. 10,600
there had only been surface stripping, and no exposures could be
gseen due to a layer of dirt and bulldozed material. The iron ore is
much more variable than a distant view indicates, and it is possible
to recognize three main types of ore — massive, friable and dissemin-
ated. The massive ore and the disseminated ore can be further sub-
divided to give a total of six groups. The change from one type to
another can be gradual or abrupt, and the map of the ore body shows
the overall distribution of the iron ore types. Table 8 shows the

characteristics of the ore types recognized by the writer.

The sixth type is a mixture, partly of type 3 gnd partly of
type 4, which has been silicified, but it is distinctive in the ore
body because of its extreme hardness, and the fact that the gangue
has retained its original dark green colour; most of the gangue

has been altered and bleached to pale green or white.
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Table 8

Iron Ore Types in the Bt. Ibam Ore Body

Massive

Priable

Disseminated

PN FTNSTNSTN TN
[WS) [N TN
® L d

o~
.

)]
.

FINSTN TN TN STNTNSTN TN STN TN TN TN N
[e)}
.

Hard, blocky magnetite-martite.
Hard, massive ore which has been cemented

or replaced by goethite.

Dense, finely granular, highly friable
magnetite,

Fine grained magnetite, which typically shous
a relatively even distribution throughout

the gangue.

Low to medium grade disseminated ore, which

contains medium to large crystals of magnetite
unevenly distributed throughout the gangue,

in addition to fine grained magnetite. This
type of ore often contains subhedral or
euhedral pyrite crystals.

Dense, fine grained magnetite, which has been

cemented into very hard masses by silicification.
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The map of the ore body at Fig. 31 shows that in spite
of some measure of irregularity the distribution of the various
types of ore is linear and parallel with the elongation of the
ore body. The linear distribution suggests the possibility that
some form of lithological control was exerted by banding in the
calcareous rocks which filled the space now occupied by the ore
body, but the writer can find no contributory evidence that such
a control did operate. The gangue is very similar throughout the
ore body, so there cannot have been much variation in the chemical
composition of the original rocks., In the rare ores which are

banded on a fine scale there was no control from the sedimentary

rocks - page 100.

The blocky magnetite—martite ore is well developed north
of N 11,600 . in a band towards the centre of the ore body. The
ore is massive, and divided into large blocks by small joints and
fractures. It usually has a reddish external surface, but contains
a high percentage of relics of magnetite and is usuvally of high
grade., South of W 11,600 the massive ore tends to be concentrated
along the footwall and hangingwall contacts. It still contains
patches of high grade magnetite-martite, but owes its massiveness
more to the cementing effect of goethite. The grade of this ore
is very variable, as all types of material have been cemented to-
gether, including goethitized gangue.  The massive ore along the
footwall forms a more or less solid sheet parallel with the contact,
and contains stretches of high grade ore. Along the hangingwall
the grade is much more variable. Between N 11,600 and N 10,600
the ore is in contact with the acid volcanic rocks, and kaolinite
is much more common in this sction of the ore body. Some of the
heavily iron stained gangue patches appear to be replaced volcanic
rocks. At the southern end of the ore body goethite forms most

of the ore, and high grade material is sparse.

The highly friable ore is best seen at the northern end
of the ore body in a band close to the hanging wall. The ore
is distinctive as it forms screes in the mine benches, and is
intensely black in colour, in spite of the fact that it has guffered
some martitization. There is a small development of friable ore
along the footwall north of N 12,100 where it adjoins the main
fault, but in the southern half of the ore body tle friable ore
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is less important. The friable magnetite is usually of very high

grade.

The disseminated ore - type 4 - is well developed at the
northern end of the mirg, but it extends as far as N 11,200 as a
band towards the centre of the ore body. From N 11,000 to N 10,600
it is found as a narrow band along the hangingwall. This ore consists
of fine grained magnetite set in a soft gangue. The grade varies
from high to low as the proportion of gangue increases. The ore
has little cohesion due to the soft gangue matrix, but it does
not "flow" like the friable magnetite. Type 5 is distinctive
in the field as it contains good crystals of magnetite, and is
frequently rich in large pyrite crystals. The grade varies from
very low to medium. Most of this ore was being stockpiled at the
time of the writer's fieldwork, pending the completion of a magnetic
separation plant, as the existing plant could not deal with richly
pyritic ores. This type of ore is well developed towards the
footwall side of the ore body between N 12,400 and N 11,600,
although small patches are found elsewhere. The silicified ore -
type 6 - was only located in a mass at the northern end of the mine,
with a much gmaller patch just south of the main faurt. This ore
is extremely hard, and has a glassy appearance due to the silica
impregnation., It is dark green to black in colour, the cuarts

having nreserved much of the gangue and magnetite from alteration.

The distribution of the various types of iron ore . _
below the working levels is not so clear, as the information has
to be derived from drill core. The iron ore is not easy to drill
effectively, and core recovery was poor in much of the early drilling.
The use of more modern techniques, particularly wireline and drilling
muds, has increased the core recovery several hundred percent in

the recent drilling.

There is a rough vertical zonation from surface to depth
of goethite » martite - magnetite, but only the goethite zone
is reasonably clearly demarcated. Within approximately 100 ft%
of the surface the ore was largely massive goethite with relics
of martite and magnetite. Some of the goethite was in colloform
masses which had obviously been deposited from colloidal solutions

flowing within a near-surface supergene environment. Goethite
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does persist in depth, it has been identified in samples 450 ft
from the surface, but colloform structures become less important,
and most of the goethite has replaced martite or magnetite in

situ.

There is no clear demarcation between heavily martitized
magnetite and fresh, or relatively fresh, magnetite, and a series
of samples through the ore body can show a haphazard pattern of
martitization. The writer has encountered only one vertical
sequence of samples, taken from section N 11,000, which shows
a progressive change with depth. The top 80 ft consists of messive
goethite with relics of martite. Below this comes 120 ft of
martitized magnetite with some maghemite and goethite, although
there is no systemafic relation between depth and the degree of
martitization., Below the martite the magnetite is fresh, but
has been veined and partially replaced by primary haematite.
However, in the same section of the ore body but further east,
martite and goethite occur 450 ft below surface. Some cross sections
through the ore body constructed by the mine staff show a line
called the "base of oxidation", above which the ore is reported
to be mainly martite-goethite, and below it magnetite. This line
was constructed largely on chemical data, particularly sulphur
values, and visual examination of core samples, but the evidence
from numerous polished sections is not in good agreement with
the position of this boundary. Perfectly fresh magnetite can
be found well within the zone of oxidation e.g. fresh maznetite
associated with copper and cuprite near the footwall on section
¥ 11,900. The writer can see no consistent relationship between
the degree of oxidation and depth, except that magnetite 1is nreserved
in only small quantities and colloform goethite is abundant in
the near-surface ore. Local controls appear to have been important
and have probably extensively modified any evidence of an overall

depth control.
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IX MINERALOGY OF BUKIT IBAM. (1) IRON MINERALS

Introduction

The Bt. Ibam ore body is a mixture of several oxide and

| hydrozide minerals, and within a single species it is possible

to recognize distinct varieties which have resulted from different
methods of formation. The minerals and their characteristic features
are shown in Table 9. It is important to clearly distinguish
between the two varieties of haematite which have formed from
magnetite. One of them, No. 2 in Table 9, has formed by a process
of metasomatic replacement under the action of solutions capable

* of depositing crystalline haematite, but the other, No. 5 in

Table 9, has resulted from simple oxidation. The observed reactions
between magnetite and the other iron minerals in the Bt. Ibam

ore body are shown diagrammatically in Fig. 32.

Magnetite

Macroscopic Features

Magnetite was the only primary ore mineral of economic
importance in the Bt. Tbam deposit, but much of it has been altered
to martite and goethite. In one locality there is evidence that
magnetite has formed from haematite by reduction, but although
it is an interesting example of an unusual mineralogical reaction

the quantity formed is minute.

The magnetite varies from extremely hard, fine grained,
dense metallic masses, to isolated crystals of considerable size.
The fresh ore has a metallic steel-blue colour on broken surfaces,
but becomes duller and takes on a reddish tinge with oxidation
to martite. Really high grade massive magnetite is not abundant,
and it is more typical to find patches of gangue minerals through-
out the ore. Within the ore body as a vhole it is possible to
find every gradation from solid ore to isolated crystals of magnetite

in a mass of gangue. In hand specimens of the massive ore it is




Iron Ore Minerals

9

Table 9

found in Bt. Ibam Ore Body

PRIMARY

SECONDARY
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Magnetite -

Haematite -

Haematite -

Magnetite -

Haematite -
(Martite)

Haematite -
Maghemite -

Goethite -

Goethite

'Limonite '~

Coarsely to finely crystalline. It
is usually dodecahedral but does form
octahedra. An abundant mineral.

Finely granular; it veins and replaces
magnetite. Rare.

Micaceous type which is only found in
the footwall skarns. Uncommon.

Formed by reduction of micaceous
haematite. Found only in the footwall
skarns in minute quantities.

Formed by oxidation of magnetite and
clearly shows a lattice texture.
Very common.

Deposited from colloidal solutions.
Rare.

Formed by alteration of magnetite.
Widespread, but in small amounts.

Colloform masses deposited from colloidal

solutions. Abundant.

Granular and crystalline, formed by
alteration of magnetite and haematite.
Common.

Mixtures of various iron oxides and
hydroxides formed from colloidal
solutions. Common.
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impossible to detect individual grains, but its crystalline nature
is well seen in polished section. As the individual grains become
more widely dispersed.in the gangue their crystal shape tends to
improve, but really well shaped crystals are rare. The best snecimens
are found in low grade ore, particularly in the Bt. llungus area,
along ¥ 12,300 close to the footwall, where the writer found
individual crystals up to three inches across, but most of the
euhedral crystals lie in the quarter to three—guarter inch size
range. The majority of the crystals are dodecahedral 110 ,

rare examples being virtually verfect, and octahedra 111 are
uncommon. There are also patches of coarse, well shaned crystals
in mutually interferiﬁg aggregates. HMany of the crystals have
dull faces due to pitting and/or striations parallel to the long
axis on the rhombic faces, and tend to be brittle, some of them
shattering with the slightest pressure. The brittleness appears
to be due partially to the presence of minute, clay-lined micro-

fractures.

One distinctive type of magnetite ore is finely granular
and extremely friable. The cohesion of this material is so low
that a cut face immediately collapses, the magnetite flowing like
dry sand until it reaches its angle of rest. This friable ore
occurs in several localities, but is best developed north of

N 12,000 . towards the hangingwall contact.

Most of the disseminated magnetite is found either regularly
distributed throughout the gangue or in pockets, but there are
examples of beautifully banded ore, with numerous repetitions of
thin layers of ore and gangue. The best examples were seen near
the hangingwall along N 11,100, where the banding revedled some
highly complicated patterns. In the zones with less contorted
structures it is possible to imagine that the banding has been
controlled by sedimentary microstructures, but the complex zones
precluded this explanation. Some of the structures are too complicated
to have been formed by folding, and occasionally completely closed
gtructures are seen. A very good example of the latter is shown
in Fig. 33. The texture displayed in this specimen cannot have
been controlled by microbedding, except in the highly unlikely
event that the magnetite has replaced a banded nodule. Although

it is of no economic importance, there is a little magnetite in

v
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Fig. 33. Photograph of extremely delicate banding
in magnetite-talc ore. Completely closed
structures as shown here are extremely
rare., The scale is in centimetres.,
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the skarns, and here the bedding has exerted some control over
the mineralization. The fine, disseminated magnetite is prefer-
entially concentrated into certain horigons, but the banding is
more diffuse, and on a much coarser scale than that descrited

above.

An unusual type of ore, which combines coarse magnetite
crystals with a tabular variety, was seen in section N 12,200.
The ore occurs in small masses which have a gently curved, almost
botryoidal, external surface, and a definite structure. In the
centre there is an aggregate of mutually interfering dodecahedral
crystals, which is‘surrounded by a layer of greenish-white gangue’
(talc) up to two inches wide, and at the outside a zone about a
half inch wide with masses of thin, elongated crystals of magnetite.
The latter are small, uv to a quarter inch long, but clearly visible
to the naked eye, and tend to occur in sheaves of radiating crystals.

The microscopic features are described later.

Microscopic Fegtures

1, Polish

There seems to be a rough correlation between grain size
and the perfection of the polish; the smaller grains usually polish
well, but the larger crystals are often full of pits. Some of
the pite are due to plucking during polishing, but others are
original microcavities, and some show good crystal outlines i.e.
they are negative crystals. The irregular pits are largely due
to the former presence of unreplaced fragments of gangue. Fig. 34
shows the typical pitted surface on a large single crystal; it
can be seen that many of the pits are irregular, but others show
the development of straight edges parallel to the parting direction
{111} . In extremely rare specimens- small triangular pits are

plucked out where the {111} planes intersect.

The parting is rarely seen in fresh magnetite, and Fig. 34
shows the clearest example encountered in the Bt. Ibam ore. The
parting always shows the typical octahedral pattern, and in oxidized

specimens it becomes readily apparent due to selective alteration.
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3., Colour

The colour of fresh magnetite is grey with a marked brownish
tint, while occasional specimens display a faint violet tinge. The
colour appears to be affected to some extent by the polishing
procedure, as it was noticeable that some repolished specimens
took on a perceptibly different tint. The observed change was
from a colour with a violet tint to the more normal brownish-grey,

which suggests that the .violet colour is not an inherent property.

In the majority of the specimens of fresh magnetite the
colour is uniform throughout a single grain, and only two exceptions
were noted. In a few samples there is a patchiness of colour,
which is difficult to photograph but is clearly seen under the
microscope. It is thought that this is due to incipient oxidation,
as it strongly resembles bluiéh patches of maghemite - Fig. 39,
although the contrast in colour from the magnetite is much less
marked; The other exception is found in specimens in which extremely

delicate differences in colour reveal a well developed zonal texture.

A, Crystal Shape

There is every variation in the development of crystal
shape, as would be expected in a large ore body, but the majority
of the magnetite crystals are anhedral. The preferred crystal
shape is dodecahedral, and octahedra are much rarer. In the fresh
massive ore it is sometimes difficult to detect the crystal outlines,
but peripheral alteration usually outlines the texture. The tynical
fine grained ore shows an interlocking mass of roughly equant
grains which are largely anhedral, bui scme grains show two or
three faces, and rare ones are euhedral - Pig. 36, The latter
show the hexasonal shape of dodecahedra. Where there has been
a development of goethite along intergrain borders the crystal
faces can become rounded, although the granular nature is still
apparent. In the highly friable ore approximately 90% of the
grains are anhedral, while the rest show rhombs, square sections
and hexagons of octahedra and dodecahedra. In the disseminated
ore the magnetite is irregular in shape and size, even within
a single polished section, but some good euvhedral crystals are

found - Fig. 37.

The most unusual magnetite was found in one locality only,
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N 12,200: W 10,800, where it occurs as distinctly bladed crystals
up to a quarter inch long - Fig. 38. The ratio of the length

to width varies from two to approximately twenty. Much of the
magnetite is fresh, but it shows some alteration to goethite and
rare peripheral specks of haematite. Tt is most unlikely that
magnetite could develop in this form under its own force of
crystallization, and some external control must have been operative.
Platy magnetite has been described from the contact metamorphic
deposit at Cornwall, Pennsylvania, by Cooke (1936) and Davidson

& Wyllie (1965), and from Concepion del Oro, Mexico, by Buseck
(1966). The magnetite from Cornwall has a similar form to that
seen at Bt. Ibam —"Radially arranged aggregates of platy magnetite’ .
according to Cooke- and all the authors attribute the shape of

the magnetite to the fact that it has replaced primary haematite.
Davidson & Wyllie also suggest that there has been some overgrowth

of primary magnetite . which has retained the platy habit.

The Bt. Ibam magnetite has a uniform colour throughout,
and contains no relics of unreplaced haematite, in which it differs
from the Cornwall magnetite. Many of the crystals are not perfectly
formed, but contain patches of gangue, some of which cut the crystals
into detached fragments — Pig. 38. The writer has found no sign
of specularite or micaceous haematite anywhere within the main
ore body, and it is unlikely that the bladed magnetite has pseu-
domorphed haematite. Furthermore, except for the evidence from
one thin section of a sample from the footwall skarns, where special
conditions were probably overative - page 112, the haematite in
the Bt. Ibam deposit is always later than magnetite. It is sug-
gested that the masnetite has not pseudomorphed haematite, but
has replaced the original amphibole gangue, assuming its elongated
form. The gangue is now a mass of flaky talc, but actinolite was
the dominant silicate mineral. Palache, Berman & Frondel vol. 1
(1944) mention that magnetite pseudomorphs of asbestiform minerals
have been found, It is not known why the magnetite in this one
locality has assumed an elongated habit, as elsewhere in the deposit

magnetite has replaced amphibole and still developed its own crystal

shape .
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Where high grade magnetite ore has been cut by a fault
it is broken into irregular and angular fragments, which show a
very wide variation in size. The appearance of this broken ore
is shown in Fig. 39. In some samples the magnetite has been ground

to extfemely fine particles which are strung out in linear bands.

De__Zoning

Zoning is extremely rare in the Bt. Ibam magnetite, and
it usually requires etching with HBr to develop it, but in two
samples from one drill core the texture is visible in v.e unetched
magnetite. The texture is apparent in bands with just percentible
different tints of brownish-grey, and some with a pinkish tinge.
In some maghetite samples a crude zonal pattern is revealed by
the oxidation products, but in those specimens which were tested
with HBr no texture was developed. The only strongly zoned magnetite
was found in two specimens from section N 11,900 at depths of
400 ft and 430 ft. The zoning was present in a relatively fine
grained, compact ore, and none of the larger euhedral crystals
found elsewhere in the ore body which were tested with HBr revealéd
any texture. In the ores which contain sirongly zoned magnetite
there are invariably some grains which are completely structureless,
even after prolonged etching. Although it is not possible to
be certain, it is probable that the ore containing very strongly
zoned magnetite comes not from the ore body proper, but from the

magnesian skarn immediately below the footwall.

A study of the zoning provides some interesting information
on the growth pattern of masnetite. It is noticeable that the
zones are rarely of equal width from core to rim, and that there
has often been a marked change in the shape of a single crystal
at different stages of its crystallization - Fig. 40. There is
a marked variation in the growth rate of different faces at different
times, producing variable widths for contemporaneous zones throughout
a crystal - Fig. 40. Some faces have grown at a fairly constant
rate, but others have developed in pulses. It is noticeable that
even in crystals which show well developed crystal faces, there
have been periods when the growing crystal lost its external form.
This is shown in Fig. 41, where an intermediate zone shous a rounded
pattern, which is gquite different from the core and the rim. In

some crystals this sequence is repeated several times. Fig. 41
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also shows that growth ceased on a face which was present during
the early stages of crystallization, with the result that the face
is supressed. Fig. 40 shows that the core of the zoned magnetite
is octahedral, but its ultimate form is dodecahedral. If this

is a general trend, it could be at least a partial explanation

for the preponderance of dodecahedral crystals.

In those samples in which a zonal texture is developed
as a result of etching, it can be clearly seen that many of the
individual anhedral grains are in fact part of a much larger crystal.
Before etching, the specimen shown in Fig. 40 appeared to contain
numerous discrete grains of magnetite, and it is only the zonal

texture which revealed their true relationship.

fThe development of the zoned ores proves that there have
been rhythmic pulses in the mineralization, and also indicates
that there have been at least two phases of magnetite mineralizetion.
Among the zoned meonetites there are many which are completely
unzoned, the latter looking like inclusions in the zoned material,

as if they belong to an earlier phase of mineralization - Fig. 40.

In a few specimens a zonal texture is revealed by the
alteration products of magnetite as they preferentially attack
certain bands. The texture always shows a hexagonal patiern.
Fig. 42 shows goethite replacing magnetite along {110} nlanes.
Tt is interesting that the magnetites which showed this tyge of
alteration did not develop any zonal texture when etched with 4

HBr.

A third type of zonal texture can be seen in some of the
magnetite grains which contain unreplaced fragments of gangue,
where the latter are distributed in a clear, but crude, zonal

arrangement - Fig. 43.
Texture

The typical texture of the massive magnetite ores is an
interlocking mosaic of roughly equant grains, which are usually

anhedral of subhedral and more rarely euhedral - Fig. 36. The
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friable magnetite had a similar texture before the grains lost their
cohesion as a result of peripheral martitization - page 129. The
disseminated magnetite ores usually show a random distribution of
the ore grains in gangue, and the only ones with a distinctive tex=
ture are those which are banded. The banding is on a delicate scale,
with alternating magnetite and gangue bands from less than 1 mm to

1 cm wide. These strongly banded ores are uncommon.

The crystallographic form of the gangue minerals has usually
exerted little control over the growing magnetite, but rare examples
of such a control have been observed. In one sample the magnetite
had probably pseudomorphed actinolite producing bladed crystals of
magnetite — page 106. The magnetite has normally grown under its own
force of crystallization and developed its typical equant shape
irrespective of the gangue, but in a few polished sections the ore
can be seen to have grown round the periphery of some of the gangue

minerals. This is well shown in Fig. 44.

Age

Magnetite was the first of all the ore minerals to crystallize. It
has been veined and replaced by haematite, and replaced by martite
and goethite., Pyrite, chalcopyrite, sphalerite, bismuthinite and
tetradymite have all been observed veining and/or replacing magnetite,
and those sulphides which have not been seen in contact with magnetite
are demonstrably later than pyrite. There is no evidence that

magnetite crystallized contemporaneously with any other mineral.

Magnetite after Haematite

One sample of micaceous haematite-pyrite ore which occurs in
the footwall skarns shows the development of magnetite after primary
haematite, which is unique in the Ulu Rompin deposits. The haematite
ig seen in polished section as parallel and radiating sheaves of
long thin blades, and Fig. 45 shows elongated blades of haematite
parallel to a {100} face of a euhedral pyrite crystal. When the
haematite-pyrite contact area is examined under high magnification

it can be seen that the haematite blade immediately
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adjacent to the pyrite has been gértially altersd to masnetite,

as shown in Fig. 46. There is no magnetite further away from the
pyrite, and there must be a 7enetic relatiovship between the prrite
and the development of the magnetite. It is suggested that along

the edge of the pyrite crystal a microenvironment developed, in

which the haematite was reduced to magnetite. The conditions under
which the reaction took place were obviously most unusual, as the
ohenomenon has been observed in only one polished section, and

it is the sole example in all the Ulu Rompin ore deposits of magnetite

forming after haematite.

Diffraction Pattern of Magnetite

iable 10 shows the diffraction patterns obtained by the
writer for two magnetite samples. The cell size of No. 35 was
calculated to be 8.3972 and th~t of No. 34 to be 8.3953; these
figures asree closely with that given for pure magnetite in Desr,
Howie & Zussman vol. 5 (1962), which is 8.3963, and the value of
8.3963% given by Basta (1957) and | ‘used on ASTM card 11-614.
The latter figure has a high degree of precision. The fact that
the values for the Bt. Ibam samples are so close to those for pure
material strongly indicates that there are few elements in sub-
stitution in the lattice, because it is known that such substitutions

have a considerable effect on the size of the lattice (Gross,

1965).

Oxidation and Hydration of HMagmetite

In spite of the apparently simple chemical reactions which
are involved, the oxidation and hydration of magnetite is a complex
process{_which appears to be sensitive to slight changes in physico-
chemical conditions. The oxidation reactions in particular have
peen studied in detail by numerous workers, e.g. Gruner (1526),
Gheith (1952) and Lepp (1957), but the precise nature of the process
and the operative controls are still uncertain. Within the relatively
small dimensions of the Bt. Ibam ore body the pattern of altératipn
has varied both in space and time, and the rates of reaction have
shown a similar variation. The important alteration products are
martite, maghemite and goethite, plus undifferentiated mixtures

of secondary oxides and hydroxides classified as 'limonite', which
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Table 10

Diffraction Patterns For Magnetite

al Rel.

4.84
2,967
2.530
2.421
2.099
1.713
1.615
1.483
1.418
1,327
1.280
1.266
1.212
1.122
1.093
1.049
0.9897
0.9693
0.9387

a = 8.397%

Co Radiation

35 is a dodecahedral crystal.

34 is an octahedral crystal.

N

34
ai Rel. I.
4.82 4
2.96 l
2.528 10
. 2.403 1
2.094 7
1.708 3
1.613 6
1,481 7
1.279 1
1.118 1
1.092 2
1.047 1
0.9695 2
0.9380
a = 8.3958

ASTM 11-614
al Rel.
4.85 40
2.966 70
24530 100
2.419 10
2.096 70
1.712 60
1.614 85
1.483 85
1.327 20
1.279 30
1.264 10
1.2112 20
1.1214 30
1.0922 60
1.0489 40
0.9890 10
0.9692 40
0.9386 30

a-= 8.3963%
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collectively show a variety of textural relationships with the
primary magnetite. Lepidocrocite, which could be expected to
occur in this environment, has not been positively identified in

any samples, but it seems unlikely that it is completely absent.

The basic reactions involved in the alteration of

magnetite are;

1) 25e304 +0 3Fe 03

2) 59304 + 0+ 30 = 3Fb203.H20

There are probably numerous minor variations of these reactions,

particularly with regard to the formation of intermediate compounds.

With reference to the second equation Cooke (1936) says
“on the face of it, such a reaction appears highly improbable",
but several examples of the Bt. Ibam ore demonstrate the simultaneous
oxidation and hydration of magnetite. The goethite which is produced
by this reaction is quantitatively much more important than that
produced by hydration of martite, which is relatively resistent.
This agrees with the statement of Gilbert (1925) that "Magnetite
is fairly resistent to limonite alteration.... Haematite is much
more resistent evon than magnetite®. There is no evidence in the
Bt. Ibam ores that martite is an essential intermediate phase in
the alteration of magnetite to goethite. The above remarks apply
to the magnetite which has been pseudomorphously altered in situ;
where there has been widespread solution of the original iron
in magnetite and subsequent redeposition, the sequence of change

cannot be followed.

The main controls over the loci and processes of alteration,
apart from the pertaining physico-chemical conditions, have been
intergrain boundaries, microfractures, crystallographic planes,
zoning and cavities. Several of these controls have usually been
operative simultaneously, but their individual influence varies
from sample to sample. The most important single control has been
intergrain boundaries, with the result that peripheral alteration
is widespread, and it is extremely rare to see alteration products
in magnetite grains which have a fresh periphery. An example of

this rare type of alteration is shown in Fig. 47. The initial
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alteration along intergrain boundaries produces martite, which
varies from thin coronas to comnlete replacements as alteration
procedes towards the centre of a grain. The develodment of meartite
rims clearly delineates the share of the individual magnetite
grains. Fig. 48 shows a very typical granular ore in which the
magnetite is outlined by martite. Peripheral martite is also shown
in Pigs. 52, 53, 61 and 63. In some of the magnetite ores which
have undergone advanced alteration to goethite the martite rims

are clearly preserved, and still reveal the original magnetite
outlines, These relics sometimes constitute the only proof that

a particular goethite ore has been derived from granular magnetite.
Fig. 49 shows the outline of a euhedral magnetite gra-n preserved

by martite in a mass of goethite.

In some samples the development of peripheral martite is
relatively uniform, but in others it is highly irregular, even
between adjacent grains. Those ores which are composed of grains
of approximately equal size and shape tend to show a uniform
martite development, while those which cohtain irregular grains
do not. Martite development also tends to be irregular in those
ores which contain fractured magnetite grains, as the fractures
provide additional loci for alteration. Fig. 50 shows the highly
irregular development of martite, while Fig. 48 shows an ore in
which all the magnetite grains are in roughly the same stage of

alteration.

Microfractures and, to a lesser extent, cavities act in
the same way as grain edges in that they provide preferred centres
" of alteration, although martite round cavities is not a common
feature, probably due to the fact that they are often effectively
sealed from the exterior of the grain. Figs. 48 and 63 show martite

developing along fractures in magnetite.

The peripheral alteration to martite is aimost always
strongly controlied by the {111} parting in the magnetite. This
control is clearly seen along the inner margin of the martite rims,
where the lamellae show the typical lattice textures ~ triangular,
Fig. 62, square, Figs. 61 and 63, rhombic - depending on the orienta~-
tion of the magnetite. Where there has been a complete replacement

of magnetite by martite the lattice texture is usually clearly
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distinguishable in polished section, particularly under partially
uncrossed nicols. Martite normally develcops evenly along all the
{111} planes, but in rare samples one plane is altered preferentially,
the resulting texture being dominantly linear, with a weak lattice
texture superimposed on it. This texture is rare, and has been
observed only in two or three grains: of which Fig. 51 is a gooa

example.

Goethite is an important constituent of many of the marmetite
ores, but this paragraph is only concerned with tae goethite
formed by alteration of masnetite in situ,; and not the more abundant
_variety deposited from colloidal solutions. HNumerous polished
sections demonstrate that magnetite readily alters to gocthite,
but martite is much more resistant. Inrne of the polished sections
is there any visible evidence of the formation of intermediate
compounds, and it is concluded that magnetite alters directly to
goethite by simultaneous oxidation and hydration. The typical ore
shows the original magnetite grains outlined by martite, with their
centres partially or completely altered to granular - never colloform -
goethite. The final texture is variable, depending on which parts
of the magnetite have been replaced. Where the whole periphery
of the relict magnetite core has been attached simultaneously the
final texture is zonal, showing magnetite »goethite-»martite from
core to periphery, or there are isolated fragments of magnetite
in goethite. In some samples only part of the magnetite has been
replaced, leaving a core composed half of magnetite and half of
goethite. Figs. 52 and 53 show examples of the replacement of
magnetite by goethite. The replacement is irregular, and not

controlled by the crystal:ographic planes in the magnetite.

In a large number of the polished sections which were
examined, the peripheral martite rims are cohplete, and although
oniy a two dimensional view is seen, it is likely that many of
the rims are intact over an individual grain. The agents which
produced the alteration to goethite must have penetrated through
the martite rimwyto preferentially attack the magnetite core.
The facility wifh which magnetite alters to goethite, and the

stability of martite under the same conditions, is convincingly -

demonstrated in those polished sections which show lattice frame-

works of martite set in solid goethite. In Fig. 54 it can be seen
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that all the martite lamellae are following the {111} planes of
one magnetite crystal, and that much of the magnetite has been
replaced by goethite, leaving the skeletal martite lattices in
their original orientation in solid goethite. Such examples prove
that magnetite can alter to goethite, and that an intermediate

martite phase is not necessary.

A number of magnstite samp.es show an interesting development
of maghemite, although the guantity formed is small. The maghemite
usually develops as minute lamellae in the centre of magnetite
grains, and although their orientation is clearly controlled by
crystallographic planes in the magnetite, they are not the {111}
planes which control the martite formation. Details of the maghemite

occurrences are discussed further under Maghemite - page 132,

Haematite

There are four recognizable varieties of haematite in the

Bt. Ibam mine, three in the ore body and one in the footwall

-

skarns. These types are:-
1. Haematite which veins and replaces magnetite (ore body).

2. Secondary haematite (martite) formed by oxidation of

magnetite (ore body).
3. Haematite associated with colloform goethite (ore body).

4. HMicaceous haematite (footwall skarns).

There appears to be a lack of unanimity in the use of

the term "martite'. Some authors, e.g. Palache, Berman & Frondel

vol. 1 (1944), use the term to describe any haematite which pseudomorphs

magnetite or osyrite, but others, e.g. Cooke (1936), restrict it to
haematite formed from magnetite by oxidation., Throushout this
thesis the writer uses the term martite to describe haematite

formed as a result of the oxidation of magnetite.

The haematites in groups 1 and 3 above are rare and have

only been observed on a microscopic scale, but martite can form
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extensive masses. Micaceofis haematite is associated with pyrite,
quartz, and occasioﬂally epiééte; in pods up to 5 ft across in
the skarns. Martite takes the physical form of the magnetite

it has replaced, i.e. it varies from massive to finely granular.
It is easily recognized in the field by its red colour or red

streak, and remanent magnetism.

1. Haematite Veinlets and Replacements

This type of haematite is rare, and has only been observed
in a few polished sections, most of which originate from the northern
half of the ore body and at depths of 200 ft and over. One drill
core showed a change from lamellar martite in the higher levels
to haematite in veinlets and granular replacements at depth, but

this clear succession has not been observed elsewhere.

The haematite has followed incipient small fractures, and
penetrated into the mass of the ore along the intergrain boundaries.
The veinlets always have irregular edges, due to replacement of
the adjoining magnetite — Fig. 55. The intergrain penetrations
have started with crystallization in open spaces, but have developed
by replacement of the magnetite - Fig. 56. The haenatite has
advanced progressively into a magnetite grain from the origzinel
grain edge or along small cracks; and it is rare to find isolated
patches of heematite within a magnetite grain., The replacement
of an individual grain is usuallv only partial, but complete
pseudomorphs with small relics of magnetite can be observed. ¥igs.
56, 57 and 58 show the sequence from initial penetration to almost
complete replacement. In some of the polished sections there is
no sign of any feeder channel, and the haematite occurs in quite

igolated patches.

It can be seen from Figs. 57 and 58 that crystallographic
control over the replacement is virtually absent, so the haematite
patches tend to be formless, although the original magnetite grain
edges are. preserved. The junction between the haematite and
unreplaced magnetite issharp and smooth in outline. The replacement
of magnetite by haematite frequently procedes from one spot on
the grain edge, and simultaneous attack of the whole periphery

is rare. All these points clearly differentiate this type of
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haematite from martite.

In polished gection it is clear that the replacement has
taken place '"point by point", and the haematite which has replaced
one magnetite grain is itself a homogeneous crystal, with consistent
optical properties throughout. On occasions the haematite is
twinned, a property never seen in martite, and it can show a
"perthitic" texture and, rarely, small exsolved plates of corundum
(?); These properties are much better displayed in the massive
haematite ore at Bt. Pesagi, and are more fully descrived later -
page 272. There is no doubt that this iype of haematite is primary
in origin, as some of it has crystallized in open spaces directly
from solution, and represents a distinct phase of iron mineralization
later than the magnetite. Thé writer has not seen this ty-e of
haematite in association with sulphide minerals. so their relative
ages are unknown, but from a study of the paragenetic sequence
throughout Ulu Rompin it is almost certain that the sulphides are

later,

2. Martite

Martite is a very common mineral. and is present in the
majority of the magnetite ores examined in polished section, varying _
from a few scattered lamellae to complete pseudomorphs of marnetite -
Fig. 50. It is easily recognized in polished section as it disnlays
lattice textures controlled by the {111} planes in the magnetite.
Where martite has completely vpseudomorphed magnetite the lattice
texture is not always visible in plain light, but it becomes apparent

with partially uncrossed nicols.

In polished section the martite is white to bluish-white,
bireflecting and distinctly anisotropic. The large patches of
martite usually have a very pitted, porous surface, which lowers
the reflectivity, and this “type of ore always shows very strong,
deep red internal reflections, which are strongly merked under
0il immersion. The pitted surface of martite can be seen in Figs.
35-and 50. Where the lamellae are in an early stage of development
there is éuch less pitting in the martite. Fig. 35 shows pitted
martite behind a "front" of lamellae .which are advancing into

magnetite with only a few, relatively large pits. The pitting
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is probably due to the fact that the change from magnetite to martite
involves a volume increase of just over 5% (Grumer, 1926), which
must cause some shattering of the material, the fragments dropping
out during polishing. The martite masses are obviously permeable,

as in some grains solutions have passed through the martite to

attack the magnetite core.

The ends of the martite lamellae are often ragged and
irregular, which contrasts with the maghemite lamellae which are
finely tapered; the difference can be clearly seen in Fig. 62.

Some of the martitized magnetite ores contain small discs of a
white material which is transparent or translucent, and reflects
light split into spectral colours; the total effect looks like
Newton Rings. These are thought to be caused by minute plates

of martite on the polished magnetite surface and parallel to it.

One of the photographs shown as Fig. 8 by Cooke (1936) is of an
artificially oxidized magnetite, and this contains discs which
obviously have refracted light into colour bands round their edges.
Even in the magnetite grains which look to have been completely
martitized, it is usually possible to find small relics of unaltered

magnetite. These cause the magnetism in the martite ores.

The writer is convinced that martitization was the main
agent which produced the highly friable granular ores. If a polished
section of this type of ore is examined, it is observed that the
grains have a rim of martite, and some have been completely replaced.
The development of martite would break the adhesion between the
magnetite grains, because, as stated earlier, the reaction involves
a volume increase, which must cause internal stresses. that
differentiaﬁes the friable from the typical granular ores 1is the
lack of goethite as a cementing medium. In the hard granular ores
the partially martitized srains have been welded into solid masses
by intergranular goethite — Fig. 48. All the fine grained magnetite
ores must have been potentially friable following martitization,

but the entry of goethite has cemented most of them info solid

masses.

3. Haematite Associated With Colloform Geothite

Tais tyone of haematite is only found in the secondary ores
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which contain well-developed colloform structures. The haematite
forms bands and spherical patches of higher reflectivity in the
goethite, and there can be alternating bands of haematite and
goethite. The colloform texture is present in both minerals -

Fig., 59 - and they nust have a common mode of origin, i.e. from
colloidal solutions. Haematite can form from goethite by dehydration,
but such an origin is rejected for the Bt. Ibam secondary ore:

for two reasons. It is most unlikely that dehydration could pre-
ferentially follow certain bands to preserve perfectly the colloform
texture, especially as some of the haematite bands are very thin,
ana there is clear evidence that haematite has replaced earlier
deposited goethite, and vice versa. This is well shown in Fig. 59,
where the youngest goethite has obviously penetrated into what

were originally continuous bands of haematite. The alternating
bands of haematite and goethite must represent fluctuations in

the environment of deposition. Both haematite and goethite can
crystallize from supergene solutions, and among the factors which
govern which particular mineral forms are pH, Eh, concentration,

other ions in solution, ageing of gels and temperature (Valeton,

1972).

4, Micaceous Haematite

This typé of haematite is only found in parts of the footwall
skarns, where it is associated with quartz, pyrite, and sometimes
epidote, in isolated pods. It is not found in the beds which immediately
underlie the ore body, but which contain some fine disseminated
magnetite. The mineralized pods are irregular in size and distribution.
The haematite forms soft masses made up of very thin scales, which

are deep purplish-red in colour.

In polished section the haematite occurs as parallel and
radiating sheaves of very thin, elongated crystals - Fig. 45. Very
few of the individual crystals are perfect, but contain unreplaced
fragments of gangue, and often have irregular edges. Among the
long blades there can be many much smaller, irregular grains.

Most of the haematite is untwinned, but some shows very good
twinning on {1011} - Fig. 60. It is interesting that in some cases
the twin lamellae can be traced across several individual haematite
blades without deviation, even though the blades themselves are

not all varallel. This suggests that the elongation of the blades
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is not always perfectly parallel to (0001). Rare examples of

the haematite show a "perthitic" texture, which is described more
fully under the Bt. Pesagi deposits - Daze 272. A haematite blzde
which had been partially altered to magnetite was seen in one

polished section and has been described previously - page 112.

The micaceous haematite is associated with pyrite, but
their relative age is not always clear, The contact shown in
Fig. 45 could indicate that the long blades of haematite have grown
parallel to a {100} face of a pre-existing pyrite crystal, but the
balance of evidence suggests that pyrite is later. Certainly,
what unequivocal evidence there is, shows pyrite later than haematite.
Pyrite has been observed penetrating between the haematite blades,
and rare pseudomorphs of pyrite after haematite have been seen.
Apart from the unique example mentioned above? micaceous haematite
has not been seen in contact with magnetite, but indirect evidence
suggests that magnetite is older than haematite. In the Bt. Pesagi
deposits it can be proved that specularite and micaceous haematite

crystallized after the magnetite.

Diffraction Patterns for Haematite

Table 11 shows the diffraction patterns for two haematite
samples, one of which was martite formed from friable, granular
magnetite, No. 39, and the other micaceous haematite, No. 50, with

an ' ASTM pattern for comparison.

_Mgghemite

Athough maghemite only occurs in minute amounts and is
always of microscopic dimensions, it shows some interesting textural
features. The mineral has been identified in 18 magnetite samples,
but in many of these it is sparsely distributed. It has been
located at depths up to 380 ft below surface, but its distribution
is irregular. The best examples were located in drill core from

N 11,000, between 90 ft and 200 ft from surface.




Table 11

Diffraction Pattern for Haematite

39
a® Rel.I
3.68 3
2.70 10
2.52 8
2.281
2.205 4
1.840 3
1.695 6
1.638 %
1,600 *#
1.487 4
1.454 4
1.350 %
1.310 1
1.256 1
1.228 %
1.181 %
1.163 %
1.148 %
1,109 1
1.081 %
1.056 1
1.035 %
+4 lines
a= 5.05R
c =13.74
8= 5f43
= 55%24°

Co Radiation

50
dg Rel,I
3.68 6
2,70 10
2.52 T
2.288 +
2,206 6
2.075 1
1.840 6
1.693 17
1.633 2
1.598 3
1.485 5
1.452 6
1.349 1
1.310 3
1.259 2
1.227 %
1.213 3
1.190 1
1.163 1
141 1
1.103 2
1,077 %
1,056 2
1.043 %
1,040 %
+7 lines
a = 5.043
c =13.75
a = 5.43
= 55°10"

ASTM 13-534
df  Rel.I
3.66 25
2.69 100
2.51 50
2,285 2
2.201 30
2.070 2
1.838 40
1.690 60
1.634 4
1.596 16
1.484 35
1.452 35
1.349 4
1.310 20
1.258 8
1.226

1.213 4
1.189 8
1.162 10
1.141 12
1.102 14
1.076 2
1,055 18
1.042

1.038

+8 lines
a= 5.0343
c =13.752

# = enhanced by other line.
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The presence of maghemite has been confirmed by X-ray
diffraction, but it is usually easy to identify by its optical
properties in polished section. It is always found in a megnetite
host  and is distinctly bluish-grey in colour, especially under
oil immersion, with a reflectivity between that of magnetite and
~ haematite ~ Fig. 66. The blue colour is much more marked than
in haematite. Much of the maghemite is too small to determine
all its optical properties accurately, but some displays a weak
anitsotropism, which suggests that a little haematite is present,
as pure maghemate should be isotropic.' No bireflectance or internal
reflections have been observed, .The most interesting feature of
the maghemite is its textural relationship to the host magnetite,

and to the martite which usually accompanies 1it.

It is surprising to find that the maghemite and martite
within a single magnetite grain are rarely in contact; martite
typically occupies a peripheral position, while maghemite is found
in the centre of the magnetite grain - Fig. 61. There are isolated
examples of maghemite in contact with martite, but in these the
maghemite is in small formless masses, itself an unusual feature -
Pig. 66. The typical maghemite is found in the unaltered centre
of magnetite crystals as thin lamellae 14 t0 20m long, and frequently
an elongated lens shape, with their orientation clearly controlled
by crystallographic planes in the magnetite. It is interesting
that these planes are not the {j11} planes which control the martite,
and that although the maghemite usually follows three crystallo-
graphic directions the resulting texture is quite distinct from
that of the martite. The latter forms geometrical lattice frameworks
which are triangular, square or rhomb-shaped, depending on the
orientation of the magnetite within the polished section. ‘'aghemite
on the other hand does not normally form regular latticeworks,
but occurs as‘isolated or parasllel srouns of lamellae,; and when
lamellae do coalesce they tend to join at one point, forming onen,
symmetrical "Y" shaped structures. The difference betueen the
martite and maghemite textures is clearly illustrated in Fig. 62.
This figure, and Figs. 61 and 64, also reveal a textiure which
martite never shows, in which the maghemite occurs in en echelon,
parallel; spindle-shaped lamellae. There is no doubt that this

texture is much more typical of exsolution than oxidation. However,
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if the point where two or more maghemite lamellae coalesce is
examined éarefully, it is usually observed that there is no marked
thinning of the lamellae, a feature which is common in true ex-—
solution lamellae (Schwartz,1942). It has not been proved con—.
clusively which crystallogfaphic planes the maghemite lamellae
follow, but the writer is convinced it is {100} . In Fig. 63

it can be seen that the peripheral martite alteration nroduces

a square-shaped pattern, which indicates that the magnetite surface
is {100} and the observer is looking directly down a crystallozraphic
axis. It can be further observed that there are only two directions,
almost at right angles, which the maghemite lamellae follow, and
these will be 100 plénes if the crystallographic axis is vertical
to the plane of the photograph. Similar reaseoning can be applied

to Fig. 61. A diagrammatic representation of the writer's inter-
pretation of the sample in Fig. 63 is shown below. It is worthy

of note that when ulvospinel (a spinel with composition Fb2T104)
exsolves from magnetite it follows {100} planes (Ramdohr,1953).

ml N L i

/ n N

In contrast to the writer's evidence for widespread

crystallographic control over the development of maghemite lamellae,

van Rensburg (1966) states that in a titanium-free magnetite deposit
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in the Transvaal, Republic of South Africa, "The alteration of
magnetite to maghemite takes place irregularly in contraét with
the very regular alteration to martite". Similar comments are
made by Mcleod (1970) on some Canadian occurrences of maghemite
(see below), and Basta (1959) says "The Oxidation of magnetite

to maghemite is generally independent of the crystallographic
directions of magnetite in contrast to the oxidation of marnetite

to haematite - the so-called martitization process'.

The development of maghemite varies from a few isolated
lamellae — Fig. 63, to zones which are crowded with small lamellae -
Fig. 65. The lamellae can be fairly regularly distributed - Fi-.
61, or confined to certain areas in the magnetite. On rare occasioms
the maghemite does not occur as lamellae, but as masses with no
detectable texture, although there can be typical lamellae elsevhere
in the same grain. Fig. 66 shows a good exemple of solid mazhemite
lyinz between some typical lamellae and laftice martite. It is
not easy to determine from the evidence in this polished section
.if maghemite is replacing the haematite (martite) or vice versa,
but on theoretical grounds it is most unlikely that maghemite can
replace haematite as an unstable phase would then be replacing
a stable thase. However, an examination of the extreme lower portion
of Fig. 66 shows martite lamellae engulfed in a mass of maghemite,
and it is not unreasonable to interpret this evidence éé showing
maftite in the process of replacement by maghemite. Mcleod (1970)
studied maghemite in a number of Canadian iron ore deposits and
shows a photomicrogranh (Fig. 3B) which is very similar to Fig. 66.
It is interesting th:t in the Canadian occurrences it is rare
for the maghemite to follow crystallographic planes in the magnetite,
and Mcleod comments on the specimen mentioned above "this section
is unusual in that some magnetite development also follows the

magnetite parting planes".

A further variety of maghemite is found in a few magnetite
samples which contain irregular patches with a faint bluish tinge,
which are thougsht to be due to the incipient formation of maghemite.
The blue colour is often so delicate that it is difficult to
to photograph; but Fig. 35 shows a good example. This type of
ore is almost certeinly the "blue magnetite' described by some

early workers in the field of reflected light studies of iron
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ores, e.g. Callahan & Newhouse (1929) for the Cornwall, Pennsylvania
deposit. The presence of irregular bluish patches in magnetite

has been reported in some Canadian iron ores (Mcleod 1970), and

the conclusion reached is the same as the vriter's, viz. "The

blue magnetite phase vnresumably represents an intermediate stage

in the oxidation of magnetite to maghemite'.

Tigs. 61 to 64 show that there is no invariable connection
between maghemite formation and cracks or pits in the magnetite,
and that much of the maghemite is found where the magnetite surface
is perfect. In a polished sectionm ofabadly pitted single marnetite
crystal however, it was observed that there was a development Qf

very delicate maghemite networks between some adjacent vpits.

Gosthite

There are itwo recognizable varieties of goethite:-
1. 1is distinctly granular and has .pseudomorphed magnetite

and haematite, and sometimes pyrite.

2. coneists of finely granular to cryptocrystalline colloform

ore, deposited from colloidal solutions.

Goethite is a common mineral which reached its most massive development

in the upper levels of the ore body. It is also common just above
the footwall contact, where it can form sheets wup to 2 ft thick,
which mark the base of the ore body, along sections of the hangingwall
betweeﬁ N 11,000 and ¥ 11,600, and it is abundant at the southern
end of the ore body. The goethite near the footwall and hangingwall
contacts has cemented the ore and gangue into solid masses. Goethite

ig widespread as a staining and impregnating mineral in the gangue.

The ore in the larger masses of goethite varies from a
hard, dense, metallic variety, to highly porous and earthy types.
The porous ore shows many botryoidal surfaces with cellular, ropy
and stalactitic masses. The external surfaces are usually a dull
yellowish-brown to rusty brown, but can be shiny, and some are

irridescent. In the upper levels of the ore body goethite has
been found as pseudomorphs of euhedral magnetite and pyrite crystals.
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Goethite has played an important role in the development
of the distribution pattern of the impurity elements in the ore
body, as due to the mobility of the solutions which deposited
the iron hydroxides it has acted as a dispersing agent, particularly

for Cu and Zn.

In polished section goethite varies from cryptocrystalline
to grains 0.3 mm across, and shows a variety of textures. It is
dark grey to medium bluish-grey in colour, and exhibits a wide
range of reflectivities, which are affected by the crystallinity,
the degree of surface pitting, and the presence of dusty inclusions.
The internal reflections are yellowish-brown to brown, and some
have a faint reddish tinge. Internal reflections are not always
visible, the dense cryptocrystalline ores in particular often
lacking them. The goethite is bireflecting and anisotropic, both
properties being more easily distinguished in the sranular ores,
and under oil immersion. Where goethite has replaced magnetite
in situ. it forms a mosaic of anhedral grains up to 0.01 mm across -
Figs. 52 and 53. Tais tyze of goeth’te is bluish-grey ir colour
and has a very ;ifteﬂ surface. Thers seems to be z relationship
between the grain size of the goethite and the pits; the coarser
grained goethite contains cavities ~hich are of the roughly the
same size as the grains themselves and irregularly distributed -
Fig. 53, whereas the finer grained ore contains numerous small
pits which are regularly distributed throughout the mass - ®ig,

49. The goethite does not appear to be controllied by crystallo-
graphic planes in the host magnetite. The goethite found in veinlets,
which are usually controlled by fractures and intersgrain boundaries,
can be finely granular, but it also develops with a fibrous texture
which is perpendicular to the axis of the vein. The sides of the
veins can be sharp, or irfegular where replacement has tsken place.
The goethite has often followed fractures which contain some martite,
the end product being a compound vein of martite with a goethite
core. The intergranular goethite can be a simple filling of open
space, but more frequently there has been a dilational force, which
has separated, and sometimes shattered, the originally interlocking
grains - Fig. 52. Many of the magnetite ores have been firmly
cemented by intergranular goethite - Fig. 36. It is not uncommon

to find an intermittent cavity along the centre of goethite veins
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and intergranular masses; conper can be found in these cavities

in the oxidized cupriferous zones - Fig. 82.

Goethite readily replaces 'magnetite, but martite is much
more resistant, and relics of martite lamellae are frequently
preserved in goethite when all, or most of, the magnetite has been

replaced - Figs. 49 and 54.

A distinctive texture is found in a number of samples from
section N 10,400, whers granular siderite has been replaced by
goethite. 1In the larger grains the goethite forms a corcna, but
the smaller grains have been completely replaced -~ Fig.95 . This
material has only been found in drill core, and in hand specimen
it looks like lumps of nodular goethite (as it is so described
in the company's drill logs), and its true nature is not apparent

until it is seen in polished section.

The goethite ores from the upper levels of the ore body
are typically non-granular, and are largely composed of colloform
masses~ in which it is possible to detect relics of martite and
magnetite. The ores vary from dense and massive +to nighly porous,
cellular and vughy. The banding in the colloform masses is delineated
by zones of slightly different colour or reflectivity, lines of
minute pits and/or inclusions, and intercalated haematite bands.
The banding can be extremely delicate with b-nds down to 1w, or
coarse with bands up to 1 cm. In the coarsely banded ores tne
~oethite has a radial fibrous texture, and shrinkage cracks =are
not uncommon. The colloform masses can contain nerfectly concordant,
parallel bands, but in some samples it is evident that there nas
been attack and replacement of the earlier deposited material
which has broken the continuity of the banding - Fig. 59. Some
of the banded colloform goethite is cut by veins of later goethite,
while other masses have been breqciated and the fragments cemented
by goethite, The fragments produced by brecciation vary from
particles of microscopic size, up to angular blocks over 1 ft
across. The brecciation is a late-stage feature, and it is thought

to be connected with slumping movements in the ore body.

Some of the porous goethite ores contain thin veinlets

and cavity fillings of an umdentified manganese oxide. There
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are minute specks of sulphide, seen to be pyrite when it is
identifiable, in cavities and along shrinkage cracks, which means

that this sulphide is of relatively recent origin.

Goethite can be intimately associated with the secondary
copper minerals and native copper, and in some samples there is
a genetic comnnection. The secondary copper sulphides and cuprite
can be earlier, contemporaneous with, or later than the goethite,
but native copper always seems to be later than any associated

goethite,

Goethite, and its associated 'limonite', is responsible
for the iron staining and impregnation in the gangue and wall rocks.
It is found as veins along joints and faults, often cementing the
fragments in the latter. In some parts of the gangue there must
have been an influx of iron carried in solution, as large masses
are stained and impregnated, but elsewhere the goethite is found
only round primary iron minerals, from which the iron has been

leached.

Table 12 shows the diffractometer pattern for three goethite
samples, one of which was granular while the other two consisted
largely of colloform ore. The three patterns ' were virtually
identical and have been averaged for the table. 1In svite of a
slight broadening, the peaks on an-X-ray diffractometer trace
are clear and pronounced, indicating that the goethite is distinctly

crystalline, even in the colloform ore.

The d.t.a. curve for goethite shows a sharp endothermic
reaction with a peak at 36400, and an inflection at about 330°C
is possibly due to a small percentaze of more amornhous '"limonite".
Theve is a break in the curve starting at 92000, which »robably

marks the commencement of the breakdown of the structure.




Diffraction Pattern for Goethite

Table 12

Co Radiation

Bt, Ibam
df  Rel.I
4.97 17
4.7 100
3.38 11
2,694 35
2.578 12
2517 9
2,488 10
2,449 45
2,254 12
2,191 25
2,095 5
1.921 5
1.802 5
1.718 20
1.691 10
a= 4.682
b= 9.96

C = 2.93

B. & T is Berry and Thompson (1962)

B. & T.
d.g Rel,I
5.02 2
4.21 10
3.37 2
2.69 8
2.5 2
2.48 2
2.44 7
2.25 2
2.18 4
2,09 &
2,00 1
1.920 1
1.803 2
1.774 %
1.719 5
1.689 2
a = 4.596%
b = 9.957
c = 3.021
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X_MINERALOGY OF BUKIT TBA. (2) PYRITE ¢ GUPRTRYROUS MTLRALS

In addition to the iron oxides and hydroxides a wide
variety of minerals have been detected in the ore body and its
immediate host rocks, but only pyrite is abundant, although copper-
bearing minerals are locally important and contaminate parts of
the iron ore. The only nrimary copper mineral is chalconyrite,

but much of the coonper is now contained in secondary products.,

Bzrite

Pyrite is widely distributed throuchout the Bt. Ibam are=,
being found in the ore body and the wall rocks. In size it varies
from grains of a few microns to individual crystals up to two
inches, and aggregates which can reach three feet across. Some
of the larger crystals are extremely well formed, a few reing almost
perfect cubes, waile smaller modified pyritohedra are not uncommon.
The euhedral crystals are found in gangue or low grade ore, in
some of the chloritic rocks along the hangingwall contact, and
in quartz veins. Some of the crysitals have a dull black surface
due to a thin coating of secondary copper sulphides, and it is
interesting that these crystals can be found in situ adjacent to
perfectly normél, untarnished pyrite. Individuél crystals are
either completely Hack or completely untarnished, and the fact
that the two types are intermingled is prima facie evidence for

a mineralization sequence,
pyrite - attack by secondary copper sulphides - pyrite.

This sequence would readily explain the occurrence of the two types
side by side, but there is no sudporting evidence for a second
phase of pyyrite mineralization in any of the polished sections
studied, and it is consluded that the black coated pyrites have

resulted from selective attack by cupriferous solutions.

Microscopic Properties

The optical properties of the pyrite in polished section
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are completely normal, and no variations from standard texthook
descriptions have been observed. A small number of grains exhibit
a weak anisotropism, but the majority are isotropic. Some of the
pyrite  grains have a perfect polished surface, but the majority
have some flaws due to cavities and/or fractures. Cavities are
not uncommén, and in the larger examples it can be seen tnat they
are lined with small, interlocking fragmentary pyrite faces. ifost
of the cavities are irregular or rounded in outline, but a few
have been controlled by crystallogravhic planes and are nesative
crystals. The cavities have scmetimes been filled by later minerals.
A distinctive type of cavity has been observed in a few samples

of pyrite in massive magnetite. The cavities are minute, elonrate
voids (some have been filled with later mineral), which form
swirling ™rains" through the pyrite - Fig. 67. The gently curved
péttern of the cavities suggests that the pyrite may have been

rotating during growth.

Few pyrites are without some sign of fracturing, which
varies from hairline cracks to completely shattered crystals.
Most of the fractures are irregular, but in some grains there
has been a strong crystallographic control - identified as {111}
in some examples - producing rectilinear networks - Fig. 74.
Occasionally two pyrite grains have impinged upon one another
producing intense comminution at the point of impact, with a series
of cracks radiating from this zone. Fractures have proved to be
favourable channels of access, and almost all the post-pyrite
minerals, and some gangue material, have been seen as fracture
fillings. The causative stresses usually appear to have been of
local origin as completely shattered rocks are rare, the brittleness
of pyrite probably making it susceptible to relatively slight

stresses.

* K% K K X H K ¥

Pyrite is found in a variety of host materials, and it
is convenient to describe it under headings which correspond to

the four main environments.
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1. Pyrite in Massive Iron Ore.

Pyrite is found as individual crystals up to half inch
across, as veinlets up to quarter inch wide, and as crystalline
aggregates up to three feet long. Polished sections show that
the pyrite is later than magnetite. The veinlets can be simple
fillings of fractures or intergranular spaces, but the larger
veinlets have developed by replacement of magnetite. The replacement
appears to start from an intergrain penetration or fracture filling
and develops laterally - Fig. 68. There are occasional relics
of magnetite, but usuvally the pyrite quickly clears itself of
inclusions. The replacement proceeds at a relatively constant
rate along the full length of both mzrgins of the vein and per-
pendicular to its long axis, which preserves the veinlet form.

The replacement tends to proceed grain by grain, so that the edge

of the oyrite veinlet can preserve the outlines of the original
magnetite grains. The replacement is nsver controlled by the 111
planes in the magnetite. Isolated grains of pyrite have crystallized

in cavities or in small gangue patches in magnetite - Fig. 69.

The solid masses of finely crystalline pyrite are fornd
in fine grained friasble magnetite,and have develoned by crystallization
in intergranular spaces and replacement of the adjacent grains.

These pyrite masses are formless in outline.

Pvrite is found in some of the massive colloform coethite
ores as relics, and as small grains in cavities. The latter are
puzzling, as their rresence in the cavities and cracks in goethite
implies that they have crystallized very late, and certainly after
the main phase of pyrite mineralization, and within the main oxidation

zone although local conditions m~y have been anomalous.

2. Pyrite in Gangue and Low Grade Ore.

The pyrite occurs as isolated grains and irregular patches,
and veinlets appear to be absent. Most of the good euhedral crystals
have grown in the silicate gangue, but much of the pyrite is anhedral
and some is highHy poikiloblastic. It is possible to find very thin
disconnected bands of pyrite which may have crystallized under some

form of lithological or structural control, the evidence of which
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is now completely destroyed. The highly‘irregular shape shown

by some of the microscopic sized pyrite grains is partly an original
feature, but it has also been accentuated in places by attack from
the gangue material. Practures filled with gangue and the jagsed
edges of some pyrite demonstrate the activity of the gangue; this
probably occurred when the original silicates were altering to

talc and associated minerals. The poikiloblastic appearance of
some of the pyrite is accentuated by the presence of replacement
bodies of sphalerite, which tend to be much larger than those in

pyrite grains in high grade iron ore.

In the low grade iron ore the pyrite can grow round the
magnetite or developbin cavities and gangue inclusions, but there
has also been some replacement. The byrite does not normally
pseudomorphously replace the magnetite but tends to develop its
own crystal shape, and this can cause some ambiguity with regard
to age relationships as it is possible to see magnetite alongside
a well developed {100} pyrite face. At-.first glance, and taken
in isolation, it appears to s.iow magnetite which has crystallized
round an earlier pyrite, but the evidence as a whole quite clearly

shows that onyrite is later than magnetite.
In some sections of the hangingwall contact there are

very good euhedral crystals of pyrite - cubes and pyritohedra -

in the massive chloritic rocks and also in quartz veins.

3. Pyrite in Skarn.

Although there is some disseminated pyrite scattered through
the skarn, it typically occurs intimately associated with micaceous
haematite and cuartz in peds of mineralization. The pyrite can
show some semblance of crvstal shape, but it is usuvally in anhedral
masses. A study of polished sections shows that the eviderce for
the relative age of the pyrite is not alwars unequivocal, and may
indicate that there have been repeated and overlapping phases of
mineralization. One specimen shows blades of micaceous haematite
parallel to a {100} face in pyrite - Fig. 45 -~ which at first sight
appears to indicate that the haematite has crystallized later than
the pyrite. Cther specimens however can show relics of haematite

in pyrite grains, and pyrite penetrating between haematite blades.
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Fig. 70 shows haematite crystal faces preserved in pyrite, and
here there is no doubt that the pyrite has replaced the haematite.
The writer believes that all the pyrite is later than the micaceous

haematite.

The age of pyrite relative to the silicate minerals, and
garnet in particular, is ambiguous. Examples of pyrite euhedral
towards garnet and vica versa have been observed in polished section,
but on a macroscopic scale pyrite appears to have replaced the
silicates. Many of the pyrite grains seen in polished seétion
have replaced the gangue, a poikiloblastic texture being common.

It is possible that a little garnet formed after the main phase

of metallization.

4. Pyrite In Wall Rock.

Pyritization is widespread in the volcanic rocks throughout
the Ulu Rompin area, and oxidation and hydration of the pyrite
is responsible for much of the reddish and purplish colouration
these rocks display. The pyrite is tynically disseminated in
small grains, up td an eighth inch, and in clusters, but thin
stringers are found along some joint planes and fractures. In
polished section the pyrite is usually anhedral or subhedral, and -
often poikiloblastic. In some specimens the pyrite is clearly
moulded round earlier silicates, particularly noticeable with

muscovite.

An interesting occurrence of pyrite is found towards the
gouthern end of the ore body, and particularly along section
N 10,400. Above and below the ore body tnere is siderite in which
there are relics of pyrite which has been partially revlaced by
sphalerite — Fig. 96. The siderite is a product of hydrothermal
activity and is not wall rock proper, but it lies outside the ore
body. Further details are given below under "sphalerite" and

giderite”.

Alteration of Pyrite.

Pyrite has played a very important role as a host for many

important mineralogical reactions, and most of the other sulphides
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in the Bt. Ibam area are closely associated with it. Tlany of

the post-pyrite sulpﬁides cccur ag fracture and cavity fillings
and/or replacement bodies in a pyrite host. Cuprite occurs as

a replacement of pyrite, and goethite is a common alterstion nroduct.
Details of the minerals which replace prrite are given later under

their respective headings.

In addition to acting as a host for replacement reactions,
pyrite has provided sulphate-bearing solutions which have played
an important part in the formation of secondary products, as ell

as some sulphate crystallization.

Pyrite has been attacked by goethite, and it is not uncommon
in polished sections to see veinlets, irregular patches, and coronas
of goethite. Some of the gangue has also attacked the pyrite, and

one can find fractures which have been filled with silicate minerals.

Diffraction Pattern of Pyrite,

A rnumber of pyrite crystals were powder photographed, and
their cell sizes calculated. The investigation was initiated to
check if pyrites from different environments and with different
crystal forms showed any variation in their cell sizes. If aﬁy
variation had been detected it was hoped to correlate the cell
size with other geological factors e.g. phases of mineralizati n,
buf the results show that all the cell sizes are virtually the

same.

The diffraction patterns for the Bt. Ibam pyrite specimené
are not with.ut some interest, as they contain several additional
lines, all extremely weak, to those listed in the standard patterns
in the ASTM index and Berry & Thompson (1962). The lines are not
due to contamination, and calcutation of their N values shows that
they are valid reflections from a primitive cubic cell. The
interprztation of these lines is complicated by the fact that they
are not present on photographs taken with Cu radiation, but are
always present when Co radiation is employed. The lines are not
/g reflections, and sample variation cannot account for the difference

between the films taken with Cu and Co radiations. as the same




Diffraction Patterns and Cell Sizes for Five Pyrite Samples

Table 13

152

3.126
2,709
2423
2.211
1.915
1.805
1.633
1.564
1.503
1.448
+ 1.354
+ 1313
+ 1.276

1.242

1.211

1.183
14154

1.106
+ 1.083
+ 1.062
1.043
1.006
0.989
0.958
+ 0.943
+ 0.929
| 0.916
0.903

342
d Rel.I

3
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-
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Co & Cu Radiation

343

af

3.127
2.708
2.422
2.212
1.915
1.802
14633
1.564
1.502
1.448
1.353
1.313
1276
1.243
1.212
1,183
1.155
1.107
1.084
1.063
1,043
1.006
0.989
0.958
0.943

det.
0.916
0.903
0.8791
0.8579

19

af
3.129
2,710
2.422
2.210
1.915

1.803

1.634
1.563
1.502
1.448
1.355
1.313
1.276
1.243
1.211
1.182
1.155
1.106

det.

dete.
1.043
1.006
0.989
0.958

det.

0.916
0.903
0.8788
0.8567

60

ak

3.129
2.709
2.423
2,212
1.915
1.803
1.633
1.565
1.503
1.448

det.

det.

1.243
1.211
1.182
1.155
1.107

1.043
1.006
0.989
0.958

det.
0.903

9

ok

3.125
2.707
2.425
2.211
1.915
1.805
1.632
1.564
1.503
1.448
1.355
1.314

det.
1.243
1,211
1.182
1.155
1.106

det.
1.043
1.006
0.989
0.958

det.
0.903

B. & T.
dR Rel.I

3.12 2
2,70 7
2.42 6
2.21 5
1917 4
1.803 %
1.632 10
1.563 1
1,504 2
1.448
1.243 1
1.212 2
1.184 2
1.156 1
1,107 3
1.065 &
1.044 8
1.007 6
0.990 5
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Table 13 contd,

* 0.8264 0.8260
* 0.8169 0.8167
* 0.8078 0.8077
* 0.7989 0.7988

+ = not recorded with Cu radiation.
# = recorded with Cu radiation.
det = line present but it cannot be measured accurately.
342 - cube of pyrite. 343 - black coated cube of pyrite.
79 = pyritohedron. 60 - pyrite separated from skarn.
9 ~ pyrite from massive magnetite ore.
B. & T, = Berry & Thompson (1962).
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samples were used. Although Berry & Thompson (1962) do not list
all the weak lines obtained by the writer they record two of them,
at 1.8033 and 1.0652. These authors used Fe radiation, and the
writer recorded the lines with Co but not with Cu radiation.

As the weak lines are consistently present on films taken with

Co radiation, and the calculated N values are nearly whole numbers,
it is concluded that they are valid pyrite reflections. The reason
for the absence of the lines on films taken with Cu radiation

is as yet unexplained.

Table 13 shows the wattern and cell size for five pyrite
samples from Bt.. Ibam; the patterns and cell sizes are virtually
identical. Deer, Howie & Zussman vol. 5 (1962) state that the
size of pure synthetic pyrite varies from 5.4163 to 5.4192, and

as can be seen, all the Bt. Ibam samples fall within this range.

Chalcopyrite

» Chalcopyrite is the onlv primary copper mineral in Bt. Ibam,
where it is widely distributed but rarely found in rich concentrations.
Although secondary corper sulphides slightly complicate the pattern,
it is usually found that samples with a significant copper content
contain .chalcopyrite, the main excention being the cupriferous
limonitic ores- which rarely contain any recognizable copper
minerals. South of section N 10,400 the ore body is low in copper,
but to the north it becomes importiant, and below Bt. ilungus there
are some rich pockets. Chalcopyrite can be seen in some hand
specimens, usually as small grains, but it can reach nearly a
nalf inch. Specimen No. 17684 in the University of Durham col-
lection is a small specimen of fairly pure chalcopyrite, but such
material is extremely rare and the writer found nothing comparable
with this specimen during his field studies. Fragments of drill
core from 50 ft below the footwall along section N 11,600 consist

of pieces of pure chalcopyrite which has a dull black or irridescent

surface.

In polished section chalcopyrite shows its normal optical

properties, although the anisotropy is very difficult to detect

unless two grains with different orientations are adjacent, or
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else it is twinned. The latter was only detected in the drill

core sample, in which the twins vary from fine to coarse par-llel
lamellae. There can be twinning along two directions at right
angles within one body of chalcopyrite. It was noticed that the
polishing process could produce anomalous surface effects. 1In one
polished section all the chalcopyrite grains had what appeared to
Le a core of a pinkish~brown mineral, which did not look entirely
natural. WNormal hand cleaning methods did not remove this material,
but on repolishing it disappeared completely. In the same polished
section pyrite was normal, but magnetite also showed anomalous

surface effects.

Chalcopyrite occurs as a primary crystallization product

and as a replacement mineral. It is frequently found in prrite
as veinlets and replacement bodies, and as small masses growing
round pyrite. The veinlets are well developed when the pyrite
has been fractured, and chalcopyrite fills the cracks with some
replacement along the vein edges. Fig. 71 shows that partial
replacement by chalcopyrite along fractures has left rounded relics
of pyrite in chalcopyrite. The veinlets are up to 3 mm long and
0.5 mm wide, grading down to a few microns. Uhere the veining

is profuse there is often a small mass of chalcopyrite developed
on the edge of the pyrite grain. A few of the chalconyrite veinlets
form complex inter-rowths with sphalerite or have sphalerite along
the centre, and in rare examples they are accompanied by zalena

or gold.

Chélcopyrite replacement bodies in nyrite are more abundant
than the veinlets, and are very variable in size and shape. The
smallest bodies are a few microms across and tend to be concentrated
towards the edge of the oyrite.: They'can be rounded blebs, or
have a sguarish outline due to crystellographic control exerted
by the pyrite. There is evidence of slight crystallographic control
in Fig. 72. Some of the larger bodies reach 0.2 mm, but the majority
lie in the 2Q/¢to 100« range. The replacement bodies may have
obvious feeder channels or be localized by cavities, but the majority
are in solid pyrite. Fig. 72 shows a body with feeder channels.

Some pyrite grains contain numerous chalcopyrite bodies, but the
latter never form more than a small fraction of the total volume.

In a few specimens the chalcopyrite occurs with sphalerite, forming
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irregular p~tches or a layer between the sphalerite and the pyrite -
Fig. 84. The relative age between sphalerite and chalcopyrite is
not always clear, but in some samples the chalcopyrite has definitely

replaced the sphalerite.

, Chalcopyrite develops inthe gangue minerals, and has been
observed in a few skarn samples, It forms subhedral and anhedral
crystals, and patches up to 1.5 cm across, which are often associated
with pyrite. At times the chalcopyrite is moulded round some of
the gangue minerals, but can itself be veined by talc. One unusual
mode of occurrence shows minute laths of chalcopyrite in parallel
growth following ‘cleavage traces in an amphibole gangue. The
chalcopyrite in gangue is occasionally veined by sphalerite or
galena, and can contain inclusions of sphalerite, galena and
tennantite. Chalcopyrite and sphalerite form grains with mutual
boundary relationships. Galena forms coronas on a small number

of chalcopyrite grains.

Chalcopyrite is found in some of the magnetite ores, having
developed in cavities and gangue patches, and at times replaced
the magnetite — Fig. 69. One sample of brecciated magnetite contains
formless masses of chalcopyrite which enclose the broken magnetite
fragments, replacing both the ore and the gangue - Fig. 39. The
latter is the only sample seen by the writer in which chalconyrite
is not accompanied by some pyrite. Chalcopyrite forms rare veinlets

in magnetite and penetrates along intergrain boundaries.

Completely fresh chalcopyrite is rare- and replacement
by secondary sulphides is widespread, bornite, covellite and
chalcocite-neodigenite being the t&pioal alteration products.
Bornite is not abundant but it is always tae first to form, and
it differs from the others in that its development is usually
controlled by crystallosranhic planes in the chalcopyrite. Covellite
and chalcocite-neodizenite normally form on grain edzes and alons
cracks, but an isolated example of centrifvzal rentacement showed
a grain with a core of secondary sulphide and a rim c¢f chalcopyrite.
Chalcopyrite has been replaced by galena and gold - Fig. 93, and

is commonly found as exsolution bodies in svhalerite - Fig. 84.
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The nosition of chalcopyrite in the paragenetic sequence
is fairly clear; it is later than the iron oxides and pyrite,
and earlier than the secondary copper sulphides, galena and gold.
It is partly contemporaneous with sphalerite, but appears to have
continued crystallizing after sphalerite ceased, Its relation
to the other sulphides is less certain as contact relationships
have not been observed, but it appears to be earlier than

bismuthinite.

ggpnite

Bornite is a rare mineral in the Bt. Ibam deposit, and
is always secondary in origin. It replaces chalcopyrite and is
- itself replaced by the other secondary copper sulphides. It
commonly occurs as broad to narrow wedges and irregular lamellae,
which project from the margin towards the centre of chalcopyrite
grains. The growth of the wedges is obviously controlled by
crystallographic planes in the chalcopyrite - Fig. 73. Bornite

also replaces chalcgpyrite along irregular cracks.

Chalcocite-Neodigenite & Djurleite

These minerals are described under one heading as they
are closely associated in the Bt. Tbam ore body, although djurleite
is very much rarer than the other two, and it is often difficult
to separate chalcocite from neodigenite by optical methods in
- polished section. There is no clearly demarcated zone of secondary
copper sulphide enrichment, and to a large extent the distribution
of the secondary minerals coincides with the distribution of
chalcopyrite from which they have formed in situ. 1In a few samples
only is there evidence that there has been a signicant increase

in the copper content.

The secondary sulphides are rarely visible in hand specimen;
on a cut surface in one altered pyritic magnetite ore they form
distinct dark coronas on the small pyrite crystals, and some of
the euhedral pyrite crystals have a dull black exterior due to a

thin superficial layer of chalcocite-neodigenite plus covellite.
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Fig. 73. Drawing taken from a polished section which
shows bornite which has followed a fracture
in chalcopyrite, and has replaced the chalco-
pyrite along a selected crystallographic
plane. Covellite has later followed the same
fracture and replaced the bornite. =x 500,

.
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In polished section chalcocite-neodigenite shows some
variation in its optical -ronerties, varticularly marked in the
range of colours displayed. This varization is probably due to
slight differences in composition, fine intergrowths, and solid
solution mixtures. The colour varies from greyish-white, through
greys with a bluish tint to a deep blue. The colour can be even
throughout an individual grain or irregularly distributed in patches
and streaks. The secondary sulphides which have not formed by
replacement of chalcopyrite or nyrite in situ tend to be oreyish-
white or vervy nale bluish-ecrey and have an even colour, replacement
of pyrite produces an evenly coloured medium blue chalcocite-
neodigenite, while renlacement of chalcopyrite gives a medium
to dark blue mineral which is often irregularly coloured. This
genetic pattern is not without exceptions, but it has a general
applicability. Colour is an unreliable guide to identification,
except that the greyish-white variety is chalcocite sensu stricto.
The anisotropism of chalcocite is only detectable with a strong
carbon arc light source, when a purplish-red colour can be seen
under nicols which have been fractionally uncrossed, and the an-
isotropy is weakly displayed. The anisotropy was detected in mineral
which was guite clearly blue in cdour and would have otherwise
been classified as neodigenite. There is no sign in the Bt. Ibam
deposit of lamellar chalcocite; in the unevenly coloured Varieties
the folour distribution is completely irregular. Djurleite was
observed in minute amounts in only two or three polished sections,
and is always intimately associated with chalcocite-neodigenite.

It is greyish-white 1in coléur, with a faint creamy-pink or very
pale brownish-violet tint. No anisotropism was detected, although

the mineral is orthorhombic.

Chalcocite-neodigenite has usually formed by replacement
in situ of chalcopyrite and pyrite and, less frequently, other
sulphides, but it also occurs as veinlets and cavity fillings.
Rare examples of replacement of magnetite have been seen. It is

associated with goethite, covellite, cuprite and malachite. The

most extensive masses of chalcocite-neodigenite have formed by
replacement of pyrite, some of which have been completely pseudo-
morphed. Replacement typically starts at the grain edge producing
coronas of secondary sulphide, which is sometimes mixed with goethite.

In some -of the large pyrite crystals alteration has hot proceded
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beyond a thin surface layer, but it is sufficient to give the crystals
a black exterior. {here a pyrite has been shattered the chalcocite-
neodigenite nenetrates along the cracks, forming networks which

can be rectilinear or haphazard or a mixture of the two. The
veinlets are partly dilational infillings and partly formed by
replacement. The dilational veinlets are extremely small, but

the replacement ore can exvand into formless masses with relics

of pyrite -~ Fig., 74. In a small number of grains a narrow band

at the periphery of the vyrite is left unaltered and replacement
follows a crude zonal pattern — Fig. T5. Tthere there are chelcopyrite
bodies in pyrite the secondary conper sulnhides tend to nreferentially

attack the chalcooyrite.

In some ores there is a symnathetic relation bet :en the
develonment of chalcocite-neodigenite and goethite., A series of
polished sections taken from a mass of pyritic maznetite along
section N 11,500 showed that chalcocite-neodigenite was much more
abundant in those ores rich in goethite. It has also been observed
that at the intersection of some goethite veinlets and small
chalcopyrite bodies in a pyrite host, there tends to be a develooment
of secondary sulphide - Fig. 76. Some of the solutions which
deposited goethite must have been cupriferous - e.g. the tuo small
replacement bodies shown in Fig. 76 contain more copper than was
originally present in the chalcopyrite - to account for the relation
between goethite and secondary sulphide development cbserved in

some ores.

_ Much of the chalcocite-neodigenite which replaces pyrite
is monomineralic, but it can also occur with goethite, cuprite
and covellite. The secondary minerals often form intimate mixtures,
but the relative ages are revealed where they form veinlets -
Fig. T77. In this example the order is clearly
pyrite -» cuprite - ohalcocite/heodigenite - goethite
and other specimens suggest that cuprite commonly forms before
the secondary sulphides. There is no consistent age relationship
between chalcocite-neodigenite and goethite, although the bulk
of the geothite is later. Covellite is earlier than, and pene-

centemporaneous with, chalcocite-neodigenite.
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Fig, 74. Pyrite with fractures which show a
rectilinear pattern. Chalcocite-neo-
digenite has filled the fractures and
partially replaced the pyrite leaving
small, isolated relics (top right).

x 125. ‘

Fig. T9. Chalcocite-neodigenite which has partly
replaced a pyrite crystal. Note that the
replacement has not always started at
the grain edge. The pyrite crystal is
-in a mass of goethite. x 45,
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Fig. 76 Drawing from a polished section which shows
chalcocite- neodigenite developed where a goethite
ve/nlet meets a chalcopyrite body in pyriie.

x 800 approx.

Fig. 77 Drawing from a polished section which shows

intersecting veinlets ol goethite, chalcocite -
neodigenite and cuprite culling pyrile.
x H00 approx.
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Chalcocite—neodigenite replaces chalcopyrite, usually
commencing round the edges or along cracks, the latter béing thin
and irregular, orobably due to the ductility of the chalcooyrite.
The secondary copper sulphides form later than bornite - Fig. T2.
In some of the chalcocite-neodigenite which has formed directly
from chalcopyrite there are minute vatches of a purplish-grey
mineral which hasnot been’ identified, but it appears to be an inter-—
mediate phase in the replacement. The only examples of djurleite
which have been observed occur as a replacement of chalcocite-
necdigenite and enargite, which have themselves replaced chalcopyrite.
The djurleite is located round the periphery of the chalcocite-

neodigenite and is a later phase - Pig. 78.

Chalcocite-neodigenite replaces sphalerite, some examples
showing a core of sphalerite with successive coro-nas of covellite
mixed with neodigenite, and bismuthinite. The secondary copper
minerals have also been observed along the contact between calena

and tenﬁantite, and also between galena and chalcopyrite.

Occasionélly one finds small, formless, poikiloblastic
masses of chalcocite-neodigenite which hsve zrown indevendently
of pyrite or chalconyrite, although the primary sulphides are
" usually present elsewhere in the same polished section. The writer
has seen no evidence that there has been widesoread transmortetion
and radeposition of chalcocite-neodizenite to nroduce markedly
enriched zones, and most of the secondary sulvhides have formed
on, or very close to, byrite and chalconyrite. This conclusion
agfees with a short renort prevared for the mining company by
CISRO, Melbourne, in 1961, which states that "The secondary cooper
sulphides appéar to have been formed in situ by replacement of

chalconyrite".

Chalcocite-neodigenite is found as small patches and vein-
lets in magnetite ore, and has occasionally replaced the megnetite -
Fig. 82. Some of the secondary sulphide natches retain straight
edges which have been contrclled by the ﬁ11} parting planes in
the magnetite, although later attack by goethite has often modified
their outline. The chalcocite-neodigenite in veinlets is accompanied

by cuprite, covellite and malachite.
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Chalcocite-neodigenite is always later than pyrite,
chalcopyrite and magnetite and earlier than malachite. It is
later than bismuthinite, sphalerite, galena,and some of the cuprite
and covellite. It has formed contemporaneously with some goethite,
but the latter continued to crystallize after thé?formation of

the secondary sulphide ceased.

Covellite

Although it is much less abundant than chalcocite-neodigenite,
with which it is usually associated, covellite forms the predominant
secondary copper sulphide in a small number of snecimens. Its
optical properties agree exactly with textbook descriptiqns.

Unlike chalcocite-neodigenite, covellite is not an important re-
placement mineral of pyrite, although it does occur in thin corcnas
and veinlets, but is typically associated with chalcopyrite, or

is found in veinlets and cavities in diron ore. Covellite veins
and replaces cuprite, and replaces bismuthinite and sphalerite,
~but is itself replaced by malachite. Covellite is often found

in association with chalcocite-neodigenite, but the two minerals
do not have a consistent age relationship, and appear to be partly

contemporaneous, although a little covellite is certainly earlier.

Covellite forms small veinlets and patches in magnetite,
some of the latter showing very straight edges parallel to {110}
planes, and while possibly formed by replacement they are more

likely to be infillings of cavities.

Cuprite

Cuprite is not an abundant mineral in Bt. Ibam and has
roughly the same distribution as copper, with which it is often
associated. In only one locality, near the footwall along ¥ 11,900,
did the writer find cuprite which was visible to the naked eye,
where it occurred as mas e¢s8 of minute euhedral crystals along
cracks and in cavities, both in ore and gangue. The latter was
a rusty brown clay which had been stained purplish-red in patches

due to the oresence of finely divided cuprite. A sample of the
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red clay assayed just over 2% Cu. Polished sections show that

cuprite occurs in three mineral associations;
1. cuprite-native conper.
2.. cuprite-pyrite-secondary comper sulphides.

3, cuprite-malachite in veinlets.

1. Cuprite-FMative Copper

In this association the cuprite appears to be younger
than the copper, which has influenced cuprite formation in two
ways. In some samples the cuprite forms relatively solid masses
surrounding irregular relics of copper, and there is no doubt that
the cuprite has formed directly from the copper by oxidation -
Fig. 79. In other specimens the cuvnrite forms porous agzrez tes,
the individual crystals tending to be euhedral or subhedral. The
associated copper shows little sign of corrosion. and can retain
a skeletal crystal outline, the cuprite having crystallized round
the edges of the copper and in close proximity to it. There 1is
a genetic relationship, but here the copper has acted as a nucleating
or . precipitating agent and not as a direct source of copper,
which must have been introduced in solution. Fig. 81 shows an
associatiqn of this type. Dana & Ford (1959) state that copper

can precipitate cuprite from copper-bearing solutions.

2. Cuprite-Pyrite-Secondary Copper Sulphides.

This association was observed in polished sections from

one locality near W 11,500; v 10,900. The host material is a pyritic
magnetite, the latter having been extensively altered to martite
and goethite. The pyrite has been partially renlaced by cucrite,
chalcocite-neodigenite, covellite and goethite. The age relatious:ips
.between these minerals are not always clear, but the normal sequence
is

cuprite - gecondary copper sulphides - goethite.

Fig. 80 shows a typical occurrence. The cuprite is found as a
peripheral alteration of nyrite from which narrow fingers are
projected towards the centre, as veinlets cutting pyrite, and

as fine grained miztures with the other minerals in irregular
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patches or zones. Where the minerals form veinlets the age rela-

tionships are unequivocal - Figs. 77 and 80.
3. _Cuprite-ialachite.

A small patch of granular magnetite-martite ore from
¥ 11,800; W 10,800 was heavily impregnated wiith secondary copner
minerals, a bulk sample assaying over 5" Cu. The iron ore has
been cut by veinlets and intergranular films of cuprite, which
can contain specks of copper. The ore hns later been imnre-mated
with malachite, which has rewnlaced much of the cunrite leaving

only small isolated relics.

Cuprite must have formed during several nphases over ~ lone
period of time, as it can be earlier than the secondary conner
sulphides and also later than native copper, which appeers to be

4 .
one of the youngest minerals in the Bt. Ibam deposit.

Copper

Native copper is not common, and is usually seen as small
specks or thin films and fillings along joints and in cavities,
but spongy masses up to 2 cm x 1 cm x 1 cm have been encountered.
Copper has also been seen as isolated specks randomly distributed
in friable magnetite, and as granules along a contact between

porous magnetite and cnloritic clay gangue.

In polished section the copper is distinctive with its
very high reflectivity and pinkish-red colour. It occurs as vworous
masses and skeletal crystals, and as intermittent veinlets. 1In
the latter form it can be seen following cracks and intergranular
boundaries in magnetite ~ PFig. 81, and in cracks and cavities in
goethite — Fig. 82. 'The latter type of occurrence shows that
copper can be a very late stage product, forming after some goethite
has crystallized from colloidal solutions. rﬁg. 82 shows a magnetite
grain which has been fractured and partially replaced by goethite,

and there is copper along a cavity in the goethite.
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Copper is usually accompanied by cuprite, some of which
has formed by oxidation of the copper, but elsewhere the copper
has acted as some kind of catalyst to the cuprite crystallization.
It is surprising that some of the copper-cuprite masses are assccieted
with fresh magnetite. The developnrent of cuprite shows that oxidizing
conditions have been operative at some stage in the geological
history, and yet adjacent magnetite can show little or no alteration

to martite, e.g. Fig. 81.

Malachite and Azurite

These two minerals occur together, although azurite is
very much rarer. Both carbonates form veinlets in massive martitized
ore, while malachite forms small specks in friable magnetite.
Polished sections show that they are the youngest of the secondary
copper minerals, replacing cuprite, covellite and caalcocite-
neodigenite. Malachite is still in the process of formation, as
it was observed on the surface of screes of friable maznetite which
had collapsed from newly cut benches. The malachite was . only
present near the surface of the scree material, and absent in the
deeper parts. It has crystallized in the svaces between the magnetite

grains.

Chalcanthite

In view of its very high solubility this is an unexpected
mineral to find on open. -~ benches in a region of high rainfall.
It was found as feathery surface coatings and along minor cracks
in massive magnetite at W 12,000; W 10,800. The mineral gave a2
distinctive bluish--reen colour to the be.ch face - ¥Wie, 83 -
enhanced in some places by the presence of malachite. The
chalcanthite must form extremely quickly, as it has been observed
within hours of the cessation of torrential rain. 'The heat of the
sun must draw the water held within the rock to the surface vhere
it rapidly evaporates, depositing its dissolved salts. There must
be a constant acid attack on the cupriferous minerals to maintain

the supply of copper to form the sulphate. The identification
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of the chalcanthite was confirmed by diffraction, and Table 14

shows the first eisht strons lines compared with the ASTH pattern.

It can be seen that the two patterns are a most identical.

Table 14

- Partial Diffraction Pattern For Chalcanthite

Cu Radiation

Bt. Ibam ASTM 11-646

a8 Rei.I. df . Rel.T.
5.72 3 5.73 35
5.49 5 5.48 55

4.73 10 4.73 100
3.99 6  3.99 60
3.7 5 3.71 85
3.31 3 3.30 60
2.829 4  2.824 40
2.750 4 2.749 50
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XTI MINERALOGY OF BUKIT IBAM. (3) MINERALS OF ZINC, BISWUTH & LEAD

Sphalerite

Sphalerite has been observed in polished sectionsof samples
from several localities within the ore body and its immediate
~wall rocks between N 10,400 and N 12,300, but the only megascopic
occurrence was encountered 130 ft below the footwall along section
N 10,400, where veins up to quarter inch wide cut acid volcanic
rocks. In the area close to N 10,400 there are some highly zincian
wallrock samples which often contain sphalerite, but this mineral
does not account for the total zinc content. Some of the goethitic
ores are rich in zinc, but sphalerite has not been observed in
this type of ore. The zinc content of a sample is not necessarily

any indication of its sphalerite content.

In hand specimen sphalerite is medium brown, and in polished
section bluish-grey with rare internal reflections coloured white
to reddish-brown. Some of the sphalerites show a peculiar optical
effect under very high magnification, with myriads of minute bright
spots coloured red, blue and green. It is thought that these are
due to reflections from cryptocrystalline particles of chalcopyrite,

coupled with strong dispersion within the sphalerite.

Except for the vein in acid volcanic rock sphalerite is
closely associated with, and subordinate to, other sulnhide minerals,
and is usually present in small cuantities. Sphalerite tynically
occurs as small bodies and veinlets in pyrite, snd less frequently

as isolatea grains in gansue and iron ore.

Sphalerite has veined pyrite, and there is usually some
replacement alonzy the vein edges. The renlacemeni bodies vafy in
size from a few microns to 0.3 mm. The small bodies tend to have
a squarish outline and be concentrated towards the margins of the
pyrite grains, while the larger bodies have irregular outlines.
The small bodies can be accompanied by chalcopyrite, bismuthinite
and galena of similar dimensions. The larger bodies tend to be

located internally in the pyrite, but few have any visible feeder
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channel. One specimen from N 10,400 is unique, as the sphalerite
has preferentially replaced the periphery of the pyrite, »reserving
parts of {100} faces. The larser sphalerite bodies are sometimes
accompanied by chalcopyrite, which occurs either as irregular
patches or coronas round the edge of the sphalerite - Fig. 84.

One patch of sphalerite in a specimen from N 10,400 contained
unreplaced relics of bismuthinite. The veinlets in pyrite vary
from a few microns to 0.2 mm, and small veinlets have been observed
in chalcopyrite. Some of the sphalerite veinlets in pyrite are
accompanied by chalcopyrite, either as intergrowths or along the

edge of the vein,

One polished section showed orientated lamellae of sphalerite
in magnetite, and seemed to show a replacement of the magnetite

along crystallographic planes.

Sphalerite is rarely found in the gangue minerals, but
can occur as grains up to 0.3 mm across, which vary from anhedra

to euhedra. Some has grown with chalcopyrite in mutual boundary

relationship, and secondary copper sulphides can develop along

the sphalerite-chalcopyrite junction.

Some sphalerites have been replaced by secondary copper
minerals, producing concentric structures with coronas of covellite
and chalcocite-neodigenite on sphalerite cores. Similar structures
show sphalerites with galena or chalcopyrite rims. In some samnles

from N 10,400 sphalerite has been replaced by siderite.

A feature of many of the sphalerites is the widespread

development of orientated lamellae and blebs of chalcopyrite.

The particles vary in size from those which are just visible to

0.01 mm, and in shape from rounded to lensoidal. The chalcopyrite
particles can be of roughly equal size, or there can be a seriate
distribution from fine to coarse within one sphaleriie body.

Fig. 84 shows the latter type. The coarser chalcopyrite bodies

tend to be more sparsely distributed than the fine ones, probably

due to the larger bodies "draining" the surrounding sphalerite.

The development of orientated chalcopyrite bodies is usually ascribed

to unmixing, and this appears to be the case in Bt. Ibam. Some






176

of the sphalerite bodies contain nearly 10% exsolved chalconyrite,
which indicates thet the original solid soluvtion mixture was virtvally
saturated with the chalcopyrite component (Donnay & Kullerud, 1958).
Another feature which could be connected with an exsolution process

is the development of neripheral patches and rims of chalcopyrite

due to migration towards the grain edge, although the same thing
could result from replacement. The writer believes that the example
seen in Fig. 84 is a replacement feature, as there is too much
chalcopyrite to have been held in a solid solution mixture, and

there is no sign of "draining'" of the sphalerite towards the edges.

The position of sphalerite in the paragenetic sequence
is reasonably clear. It is later than pyrite, the iron oxides
and probably bismuthinite, but is earlier than the secondary conper
sulphides and galena. Its relation to chalcopyrite is equivocal.
Veinlets of sphalerite in chalcopyrite show that here the sphalerite
is later, but chalcopyrite has replaced sphalerite in some samples,
while in others the two occur with a mutual boundary relationship.
It seems reasonably certain that sphalerite and chalcopyrite were
in ﬁart contemporaneous, but chalcopyrite continued to crystallize

after sphalerite ceased.

A sample from a megascopic vein of sphalerite was powder
photographed, and the cell size calculated as 5.4163. Inserting
this figure in the plot of composition against cell edge in Deer,
Howie & Zussman vol. 5 (1962), indicates that the sphalerite contains
.SSFEJSS' Possible

implic tions with regard to temperatures of formation are discussed

15 mol% FeS, i.e: the the composition is Zn

in a later chapter.

Bismuthinite

Although the presence of bismuth contamination in parts
of the Bt. Ibam ore body has been known for some years, it was
not until the present study that the causative minerals were
positively identified. Apart from traces of tetradymite, the

bismuth is present in bismuthinite and its alteration prcducts.
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Bismuthinite occurs as rare microscopic veinlets cutting
through ore and gangue, as isolated grains and aggregates and,
most commonly, as replacement bodies in a pyrite host. The big-
muthinite in pyrite occurs as small replacement bodies arranged
linearly along cracks, or as bodies in a roughly zonal pattern
near the periphery of the nyrite. Isolated grains occur in 7angue,
where they can show a euhedral or subhedral tabular shape, but are
more common in magnetite where they have crystallized in cavities
and along cracks, and occasionally replaced the masnetite- Fig. 85.
The replacement bodies in pyrite usually have a rounded, but irresular,
outline - Fig. 86. The brdies vary in size from barely visible

t0 0.1 mm, with the majority lying between 30« and 604 .

Bismuthinite is later than pyrite and masnetite and earlier
than the secondary copper sulnhides, and it is probably earlier
than sphalerite. TIts age relative to chalcopyrite is uncertsin,
Part of the paragenetic sequence is clearly displayed in the replacement
bodies in pyrite, where solutions carrying bismuth have entered
fractures, forming smzll intermittent patches of bismuthinite -
Fig. 86. Copper-bearing solutions have later followed the seme
channels and partially replaced the hismuthinite. The replacement
usually commences where the fracture mmets the bismuthinite grain,
and then spreads out through a series of internal fractures and
round the edge of the bismuthinite grain. This alteration pattern
is well shown in Pig. 87. There is evidence that some intermediate
compounds are formed during the renlacement, and although none
have been positively identified they are probzbly Cu~Bi sulnhosalts
e.g. emplectite, wittichenite. 'These minerals anpear as coronas
round the secondary copper sulphides, and also along internal
cracks - Fig. 87. The final replacement product is a covellite,

chalcocite~neodigenite mixture.

Under oxidizing conditions the bismuthinite can break down

to form the very rare mineral bismutoferrite, described later.
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ggi;adymite

A rare mineral which has been id:ntified from one locality

near N 11,900; W 10,900, although the occurrence of bismuth and

‘tellurium in some trace element analyses suggests that it may

occur elsewhere. As {tellurium minerals have not been recorded
previously from Malaya the Bt. Ibam material was checked on a micro-
probe. Fig. 88 shows the electron image and the X-ray images for

Bi and Te for one of the grains.

The tetradymite occurs in a magnetite-amphibole ore which
has been strongly brecciated and silicified, and appears to have
crystallized before the brecciation. Chalcopyrite, which is the
most abundant sulphide, is clearly later than the brecciation,
but the tetradymite is earlier than the chalcopyrite. The majority
of the tetradymite grains show clear signs of deformation. The
mineral occurs as lath shaped grains and more equant masses, and
also as minute needles which are in paralle; arrangement following
the cleavage direction in the amphibole. The tetradymite is intensely
white with a high reflectivity, but can show irregular patches of
a greyer mineral with a slightly lower reflectivity, which could
be due to differences in composition or orientation. The tétradymite
displays some highly irregular shapes due to deformetion, and
penetration of a gangue mineral, -rcbably quartz, along the (0001)
CIeaVage planes causes small fragments to break off. Fi~. 89
shows a ~rain which is clearly bent round a masnetite crystal,
and fragmented parallel to the (0001) cleavage. Hven more comnlicated
shapes can be produced by deformation, and a patchy annearance in

some of them could be a tyne of pressure twinning.

Bismutoferrite

This mineral has been encountered in only one hand specimen,
and although nresent in very small quantities it is worthy of
description in some detail, as it has previously been described
as unique to one locality in Saxony. Dana & Ford (1959) do not
mention it, but list its antimonian analcgue chapmanite. There

is a detailed description of bismutoferrite in Milton et al (1958),
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their X-ray data being reproduced in ASTM 11-174. Bismutoferrite

has the ideal formula BiZO .25b203.4SiO 0, while chapmanite

3 2.H2

has antimony in place of bismuth.

At Bt. Ibam the bismutoferrite is found in disseminated
magnetite ore close to the footwall at N 11,500; W 11,100, a composite
sample of ore and gangue assaying 1.86% Bi. The magnetite is
dense, finely granular and somewhat friable, and is associated
with small patches and speckles of white gangue, which is a mixture
of talc and kaolinite. WNo sulphides are visible to the naked eye.
The bismutoferrite occurs as a soft, bright yellow, earthy powder
filling cracks, and as isolated specks scattered tarough the ore
and, to a lesser extent, the gangue. The colour is striking, but
unless the hand specimen is broken along one of the cracks filled
with the mineral and a relatively larwe yellow surface exposed

it is easily overlooked.

In polished section the magnetite is finely granular and
porous, and has been slightly brecciated. There is a little
alteration to martite and goethite. Bismuthinite has formgd
veinlets intrud.ng the magnetite, but it is now seen as irregular
relics, and it also occurs as grains filling cavities in the
magnetite - Fig. 85. The bismutoferrite occurs as veinlets and
patches, some of which contain the pure mineral but others are
mixed with goethite. The bismutoferrite-goethite patches often
contain relics of bismuthinite. Bismutoferrite appears as a
completely structureless yellowish-white material, with a strong

vellow internal reflection. Under oil immersion the internal

reflection takes on a greenish tint, the colour being similar to
that of a yellowish epidote. Any evidence of bireflectance or

anisotropy in completely masked by the internal reflections.

As pure a sample of the bismutoferrite as 1t was nossible
to obtain was powder photographed using Co and Cu radiation, and
althourh it was impossible to o' tain good back reflections usinz
a 114.6 mm camera, nhotosraphs taken with a 57.3 mm cemera were
suiteble for shrinkage corrections. The diffraction patfern is
shown in Table 15, tozether with the ASTM pattern for comparison.

A careful study of Table 15 shows that there is a stronz coincidence
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Table 15

Diffraction Pattern for Bismutoferrite

Cu and Co Radiation

Bt. Tbam ASTM 11-174
af Rel.I af Rel.I
T+56 6 7.63 100

- 4.52 5
4.47 1 4.47 7
417 7 4.18 20
3.87 8  3.87 100

- 3.79 3
3.56 10 3.58 35
3.17 7 3.18 50
2.89 6 2.9 10
2,65 3 2,66 12
2.58 T 2,59 35
2.52 3 2.53 25
2.44 5 -

2,374 2 2.383 1

2,251 9

2.240 3 '22.225
v.br. 1 2.201
2.154 2 2.162 15
2.080 2 2,086 5
2.036 3 2.040 9
2.006 3 2,011 1

br. 1.976 1
1.933 2 1.935 11

1.907 9

1.902 2 £1.891 5
1.861 1 1.863 3
1.834 1 1.835 3
1.783 1 1.785 1
1.738 5 1.4 3
1.715 3 1.719 13
1.691 2 1.694 3
1.683? 2 1.683 5
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Table 15 contd.

1,654 + 1.659 1
1.634 3 1.634 12
1.605 + 1.608 9
1.589 3 1.590 12
1.564 1 1.570 1
1.539 1 1.542 1B
1.524 2 1.523 5
1.503 4 1.504 13
1.481 + -
1.470 1 1.471 3
1.456 1
1.452 1
1.451 1
1.432 1 1.435 3
1.389 + 1.394 1B
1.370 3
14366 2
1,360 1
14325 1 1.329 1
21.299 1
1.296 2
(1.291 1
1.280 1 1.282 1
1.253 1 1.257-2 1
1.238 1 -
1.228) 1
) 1.224 1
1.221) 1 :

+24 lines + 24 lines
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between the two patterns, narticularly so in view of the larze
number of lines and the fact that the mineral is an alteration
product and probably subject to some variation in comnosition,

and there can Be no doubt that the Bt. Ibam material is the same

as that described from the type area. Some lines on the Bt. Ibam
pattern have been resclved into two closely spaced lines in the
ASTH data. There is a discrepency between the two patterns in the
spacing of the very first, and one of the two strongest lines,
7.563 in Bt, Ibam and 7.633 in ASTM. All the films of the Bt. Ibam
sample were. carefully checked, and thére is no doubt that 7.563

is the correct value for this sample.

The diffraction patterns for bismutoferrite and chapmanite
are vary similar c.f. bismuthinite and stibnite, and it would be
extremely difficult to differentiate between the minerals on
diffraction data alone. The Bt. Tbam sample is associated with
bismuthinite, which indicates the alteration product is bismuto-
ferrite, but a test for the main constituent elements was made
with a microprobe. A 22 scan proved that the only elements nresent
in important amounts were Bi, Si and Fe, that Al was present in
trace amounts, and that Sb was absent. Bt. Ibam can, therefore,
be classed as the second locality from which bismutoferrite has

been recorded, *See Note below.

Galena

Galena has been identified in a few polished sections of
specimens from the ore body, and one from pyritized volcanic rock
below the footwall. The galena is usually found in pyrite, either
as veilnlets or small replacement bodies, and it rarely reaches
more than a few tens of microns in size. The best example of vein
galeﬁa was seen in pyritized volcanic rock, where small fractures
in pyrite and been filled with galena and some tennantite -~ Fig. 90.
The replacement bodies are commoner, and occur as rounded blebs
or squarish bodies close to the edge of the pyrite. Some of the
galena has replaced chalcopyrite bodies, but most has revlaced
pyrité directly. Galena was seen outside pyrite in only one

specimen, where it occcurred as small particles lying between a
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pyrite vein and the granular magnetite which formed the host.

Many of the galena 7rains contained small relics of sphalerite,

Galena is later than pyrite and chalconyrite and probobly
later than sphalerite, but it is penecontemporaneous with, or
slightly earlier than, tennantite. It is earlier than the secondary

copper sulphides.

*Note.
Since the paragraph on bismutoferrite was written it has been
discovered that the mineral was identified in South Terras mine,

St. Stephen-in-Brannel, Cornwall (Min. Mag., vol. 33, p. xc, 1964).
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XII MDWRALOGY OF BUKIT IBAM, (4) OTHER ORZ MINGRALS

Tennantite

This mineral occurs as grains of microsconic size in polished
sections from two localities, and some of the unidentified minute
bodies seen in pyrite may be temnantite. It occurs in a magnetite-
talc ore with sulphide patches from ¥ 12,300; W 10,700, where it
is umually associated with galena, but also occurs as blebs in
chalcopyrite. It is younger than the galena, which it appears
to have partially replaced. There is often a thin zone of chalcocite—
neodigenite between the tennantite and the galena. Tennantite
is found with galena filling fractures in pyrite in a pyritized
volcanic rock below the footwall along section N 11,900, as shown
in Fig. 90. The mineral has a very distinct greenish colour and
probably lies close to the antimonian end of the tennantite-tetra—

hedrite series.

Molybdenite

This mineral has been identified in only one polished section
from sample No. 17684 of the University of Durham collection,
which comes from "the northern end of the mine". Tue sample is
almost pure sulphide, with abundant chalcopyrite and pyrite. The
molybdenite occurs as rare, minute tabular crystals, and as long
flakes which have been bent slightly due to pressure. One euhedral
crystal completely enclosed in pyrite suggests that the molybdenite
crystallized before the pyrite, and as such could be the earliest
of all the sulphides in the Bt. Ibam body. This molybdenite grain
shows displacement along the (0001) cleévage, possibly caused by
the growing pyrite. It is improbable that the displacement took
place after the pyrite crystallized as there is no sign of fracturing

in the pyrite adjacent to the molybdenite crystal.
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Arsenopyrite

This mineral has been cbserved in one polished section
of a sample from N 12,300; W 10,800, where it occurs as anhedral
grains associated with fine grained magnetite - Fig. 91. The
arsenopyrite is later than the magnetite and contains blebs of
a greyish mineral, probably sphalerite. The periphery of some
of the arsenopyrite grains has been altered to a greyish mineral

with_yellow internal relections, probably an oxide of arsenic.

Ezyggptite

Rare, minute replacement grains of pyrrhotite have been

identified in some pyrite crystals.

Gold-Electrum

told is a rare mineral in Bt. Ibam, but has been identified
in three samples, all from the northern end of the mine. The gold
has been introduced at a medium to late stae, as it clearly nost-
dates pyrite and chalcopyrite, but its z27e re ative to the other
sulphides is unknown. It occurs as blebs un to 5 s across and
veinlets up to 25 4 long in nvrite; and renlaces chalconyrite
~veinlets in pyrite. In polished section the gold is pale coloured,
and shows no reduction of reflectivity in green licht, so it is
probably electrum rather than sold. Fio. 92 shows A gold bleb
in pyrite, and Fig. 93 shows gold replacing chalcopyrite veinlets

in pyrite.

Mixed Manganese Oxides

Although they are not abundant, small masses of mixed
manganese oxides are found, particularly in the southern half
of the mine. The best examples seen by the writer were obta ned
from drill core from section N 10,400, where they are often associated

with high zinc values. The nature of the minerals shows they were
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formed within the zone of oxidation, but they have beer located
at depths up to 300 ft. 1In hand specimen the ore consists of
black, irregular cellular and porous masses, which can show
botryoidal surfaces. They are associated with the normal type

of goethitic ore.

It is not easy to identify the component minerals, either
in polished sec?ions or by X-ray diffrfaction. 1In polished section
the ores consist largely of colloform masses of cryptocrystalline
material or fine grained crystalline aggregates, often mixed with
gangue material. The colloform ore shows a wide range in reflectivity
énd colour, the latter varying from pale cream to very pale blue.
The more crystalline ore varies from stubby laths to acicular

crystals, the latter sometimes forming small veins,

It has not been possible to identify the minerals from
their optical properties, and although a powder photograph showed
a good quartz pattern, the other lines were weak and diffuse,
indicating poor crystallinity. The only recognizeable pattern
agrees reasonably well with that of cryptomelane,- excent that
a line at 2.143 is missing. This line is also the strongest one
in the psilomelane pattern, so this mineral is either absent or

very poorly crystallized.

Manganese Oxides in Veins

In part of the hangingwall near N 11,200; W 10,800 the
local bedrock of highly decomposed volcanic rock is cut by quartz
veins which are in part associated with earthy manganese oxides.
The manganiferous material is later than the quartz, and appears
to have been deposited from solutions circulating along the quartsz
vein system. An analysis for minor elements in the earthy material
showed 2.6% Ba, plus small quantities of Bi, Fb, Zn, Cd and Cu.

The presence of significant barium indicates that psilomelane is

a constituent, but a diffraction trace does not confirm this.
The trace is a poor one, but shows a braod peak around 3.113 and
a2 smaller one at 2.393, with other weak peaks. The ».ttern, which

indicates poor crystallinity, does not fit any one mancanese miner=sl,
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but points to the presence of pyrolusite and possibly some

cryptomelane.

Chalcophanite

It has not been nossible to confirm the identity of this
mineral by X-ray studies, but all the available evidence stironsly
noints to its presence. The fact that some of the secondary
manganiferous ores are high in zinc .- up to 4.1% - surgests that
it may be present, and although the same argument would apply
to other zincian manganese minerals, no supporting evidence of

their presenée has been noted.,

A drill core sample from section N 10,400 contains rare
acicular crystals, which »Hrobably crystallized in a cavity, in
a mass of colloform ore. The crystals are greyish-white in colcur,
with a very strong bireflectance and anisotropy, and a rotation
angle of about 150. The latter appears to be significant as few
minerals have a rotation angle of this magnitude, and it points
to chalcophanite, which has a rotation angle of about 18o (Cameron,
1961). Apart from a lack of internal reflections the optical
propertieés agree closely with chalcophanite. A microprobe scan
for Cu and Zn made across the part of the sample which contained
the acicular crystals showed very strong zinc peaks over the
crystals, while the copper remained fairly constant -~ Fig. 94.
The prodf that the acicular crystals contain significant zinc,
plus the evidence of their optical properties indicates that they

are chalcophanite.

Strontiobarytes

This mineral has been identified in veinlets which cut
the granodiorite below the northern end of the ore body. The
sulphate is found in cavities along the centre of siderite veinlets,
and is later than the carbonate. The strontiobarytes occurs as
very thin  transparent discs, up to 0.5 cm across, which have a

hexagonal outline. There is a suggestion that the crystals are
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" COPPER

Fig. 94 Microprobe traverse across chalcophanite (?) crystals in colloform ore .
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twinned. The X-ray diffraction pattern shows that the composition
of the crystals lies between barytes and celestite, and assuming
that there is a progressive change in the diffraction pattern from
barytes to celestite, the pattern for tne Bt., Ibam sample indicates
that it contains roughly 25% of the celestite molecule, i.e. it

h the co ition B Sr ._So..
as mposition a.75 .25°%

Siderite

This mineral has heen identified in veinlets which cut
the Bt. Ibam granodiorite, =n? 2s somewhat more massive material
towéyds the southern end of the mine, the best specimens coming
from drill core alon~ section ¥ 10,400. Siderite has also been
identified alongz section N¥ 10,000, and it is suspected that it
may extend to the sorthern end of the ore body and north to ebout
section M 11,000. The drill core samples are extremely difficult
if not imprssibl: to identify in hand swecimen due to their
variability in appearance, and the fact that many have a superficial
coating of goethite. The company drill logs refer to 'fragments
of nodular limonite', which is an accurate descrinption from ertermal
features, and it is only in polished or thin section that the
true nature of the samples becomes apparent. The mine authorities
recognized that some of the "nodular Limonite' was hish in zinc,
and assumed that it was contained in the goethite, as they were
not aware of the presence of siderite. The writer's investigations
have shown that these samples often contain a little sphalerite,
but most of the Zinc is in solid solution in the si%grite itself.
The siderite appears to have played an important role in the
development of the distribution pattern of zinc towards the southern
end of the Bi. Ibam area. The chemical aspects of siderite are

consiuered later.

Along section N 10,400 siderite is found both above and
below the ore body, but has only been observed in one specimen
wnich contained magnetite. Along section N 10,000 siderite has
been identified in one specimen from below the iron mineralization.
Adthough siderite has been obtained from a considerable length

of some drill core it is unlikely that it forms really solid
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masses. Core recovery in the holes along ¥ 10,400 is coften poor,
particularly in the upper levels, and compared with t:e tvpical
decomposed volcanic rock the hurd nodules of goethitized siderite
would be more likely to be preserved in the drill core. It is
probable that the siderite forms veins, small masses and impregnations,
but core recovery is not good enough to determine just how extensive
it is. The fact that the siderite is restricted to one pert of

the Bt. Ibam ore zone and cannot be traced through adjacent drill
holes to any extent again suzeestis.that the actual siderite
occurrences are relatively small. In hand specimen the siderite

is variable in appeerance; some is light brown, porous and looks
like lumps of earthy zoethite, while other samoles are dense, fine
grained and coloured dork brown to black. The latter can look

like a mixture of man anese oxides. In some samples siderite .

is mixed with a flaky brown chloritic material, in which it can
also form very thin veinlets made uwoe of small, shiny brown crvsials.
In polished sebtion the tynical sidsrite semple consists ~f a fine
grained ~ranular aceregnte, which is usvally somewhat »orous.

Most of the grains are anhedral or rounded, but enhedral crystals
do cccur. The siderite is strongly bireflectin~ ard anisotronic,
and often has internal reflections which ar: white to reddish-
brown. The smaller grains have been replaced by a mixture of
goefhite and secondary mehganese oxides, but in the larger grains
the replacement minerals usvally form a corcna. A typical siderite
sample is shown in Fig., 95. The alteration explains why many

" of the hand specimens look like lumns of zarthy goethite.

Some of the siderite samples fromn the southern end of
the ore body contain sulphid:s, and a series of prosressive
mineralogical changes can be traced. Pyrite was the first mineral
to form, but was later nartially replaced by snhhalerite. These
samples are the only ones scen by the writer in which sphalerite
has extensively replaced pyrite, and it has also rstained some
of the {100} pyrite faces - Fig. 96. Although the siderite is
itself finely granular it sometimes shows szross crystal outlines
which must have been inherited from replaced gangue minerals. It
is difficult to determine with certainty what the original rocks
were, but from their general geological situation they must have
been volcanic rocks, although there may also have been some very

small carbonate lenses.
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The writer believes that the siderite which contains
appreciable zinc has obtained at least part from replaced sonalerite,
and has acted as a dispersing a~ent for the zinc. It is significant
that section N 10,400, whica cuntains some highly zincian siderites,
also contains the only megascopic svhalerite minerzlization seen
anywhere in the Ulu Rompin area. As siderite is so readily replaced
by goethite it would easily give rise to goethites with an elevated

zinc content.
Siderite is later than magnetite, pyrite and sphalerite,
and must be relatively late in the paragenetic sequence. Its

age relative to the cupriferous minerals is unknown.

Chemical Composition

The composition of the Zinc-rich siderite is most interesting,
and comparzble analyses do not appear to have been recorded nreviously.
The writer made a 28 scan on a Geoscan wmicroprohe to check which
elements were present, and this revealed that irom, zinc and
manganese were the only important metallic constituents. Dr.

K. Ashworth subsequently made complete analyses of four noints
in the same sample, and his results are shown in Table 16. The
lower part of the table shows the elements recast into cerbeonate

molecules.

Table 16

Microprobe Analyses Of Zincian lMangzaniferous Siderite

1 2 3 4
lin 5.81 5.93 7.83 6.42
Fe 26,02 25.72 26.55 24.79
Ca ~0.04 0.04 0.72 0.n2
Mg 0.06 0.03 0.91 0.03
Zn 17.89- 16.25 14,35 19.01
MnCO, 12.13 12.46 16,37 13,41
¥e COy 53.86 53.25 54.96 51.32
0aCo, 0.09 0.09 1.80 0.05
MgCO3 0.21 0.11 . 3.16 0.11
40003 34.35 3119 27.54 36.49

Total 100.64 97.10 103.83 101.38
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Dr. Ashworth commented "analyses 1 and 4 seem quite good, and the
other two confirm that the composition is uniform throushout®.

In polished section the siderite looks homozenous, even under

the highest magnification. WNo mineral with the above composition
appears to have been recorded, the nearest beins an analysis of
a zincian siderite quoted in Palache, Berman & Frondel vol. 2
(1951), the analysis beinz found in the smithsonite section, but
the manganese is much lower. Canillitite is a carbonate which
contains essential iron, zinc and mannanese, but the mansanese

is the most important constituent and the mineral is descriked

ag "ferroan zincian rhodocrosite™ by Deer, Howie & Zvssman vol.

5 (1962). The Bt. Ibam mineral is a siderite containing approx-—
imately SOﬁisiderite, 33% smithsonite and 17% rhodocrosite,

and as- it is homogenous it must be a solid solution mixture of
the three molecules. The solid solution relationsiips between
the main carbonate molecules are not fully understood and data

in the literature can be confusin:;; e.g. Palache, Berman & Frondel
vol. 2 {1951) state on page 168 that zinc substitutes for ferrous
iron in siderite "in amounts up to about 2 weight per cent ZnO",
yet on page 178 they quote an analysis of a siderite with 26.3%
Z/n0. There is a complete solid solution series from siderite

t0 rhodocrosite, but there is thought to be a gap between siderite
and smithsonite. As the Fe" and Zn" ions are exactly the seme
size, 0.833, one would expect the two elements to be completely
interchangeable. Deer, Howie & Zussman say that sinc can replace

ferrous iron in siderite but do not quote any limits.

Diffraction

The diffraction pattern obtained by the writer for 2 sample
of zincian manganiferous siderite is shown in Table 17A. The
sample originated from a depth of 100 ft below surface and 60 ft
away from the hangingwall contact of the ore body alons section
N 10,400, and in hand specimen looked like a piece of nodnlar
goethite. The hand sample contained about 10% zinc., A study
of the table shous that the pattera is very similar indeed to tne
siderite pattern recorded on ASTHM 12-531, although the latter
has resolved the 1.7283 and 1.082% 1lines in the Bt. Tham zincian

siderite pattern into two closély spaced lines; the 1.7283 line
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T AL a— -

Diffraction Patterh For Zincian_ﬁgggqgiﬁggqps Siderite

Co Radiation

122 Bt. Ibam ASTH 12-531
df  Rel. I. al Rel. I.
3.59 6 3.59 25
2,786 10 2.789 100
2.346 4 2.341 20 -
2.130 4 2.131 25
1,964 4 1.962 30
1.792 3 1.794 16
(1.735 35
12728 1 E1.73o 45
1.527 3 1.527 20
1.507 3 1.505 20
1.425 3 1.425 16
| 1.395 8
1.353 1 1.353 20
1.198 1 1.199 18
(1.086 18
1.082 2 g1.081 25
1.065 1 1.066 18
0.9812 2 0.9815%
0.9710 1 0.9717%

#* Taken from ASTM 8-133
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is quite broad on the powder shotograph and could easily contain
two lines. The patterns are remarvably alike when the amounts

of zinc and manganese in the Bt. Ibam sample are teken into account,
and the lattice appears to have been virtvr~lly unaffected by

the substitutions. The word "appears" in the last sentence is
used purposely, as both zinc and manganese substitution must affect
the size of the siderite cell to some extent because the sise

of the smithsonite and rhodocrosite cells differ from that of
giderite. The rhodocrosite cell is larger and that of smithsonite
smaller, and it is »nrobable that the tendency of manganese to '
increase the size of the siderite cell has been balanced by a
reduction due to zinc. That this is a possible explanation is
supported by a theoretical calculation which can be made., If one
assumes a mixture of rhodocrosite and smithsonite in the same
propertion that they bear to each other in the Bt. Ibam sample

the probable cell size can be calculated, and it is found thet

this is very close to that of siderite, as shown below:

Eeco3 (Zn0.66Mno.34)CO3
a, 4.69% 4,698
c, 15.30 15.24

A\]

Subsequent to the writer's investigation of the diffr-ction
pattern, Dr, R.G. Hardy of the University of Durham made a further
study of the sample which was used for the chemical analyses
cuoted in Table 16. This new data is given in Table 17B, together
with the cell dimensions calculated from the diffrsction data.

It can be seen that the diffraction pattern is very similar indeed
" to that obtained earlier by the writer, and the cell dimensions

are close to those of pure siderite.
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Table 17B

Diffraction And Cell Daia For Zincian Manganiferous Siderite

Co Radiation

a Rel, I. hkl
3.59 30 012
2,788 100 104
2.345. 20 110
2,134 20 113
1.961 20 220
1.794 10 024
1.729 70 018, 116
1.505 15 122
1.424 15 214
1.390 5 208
1.353 15 030
1.197 10 128
1.081 15 134
1.066 10 226
0.982 15 404, 2.1.12
0.971 15 318
0.928 15 3.0.12

a, 4.694% £ 0.002

o, 15.321% ¥ 0.007

oy 5-T74R

° 1
g 47044
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XILL MINSRALOGY OF BUFIT IBAM, (5) GAVGUS MIVERALS

Introductﬁgg

The mineralogy of the gangue is relatively simnle and
uniform, even when the alteration products are taken into account,
and must reflect a general homozeneity of the original sedimentary
material. The dominant gangue minerals, »rimary end secondary,
are rich in magnesia. The only immortant orimary minerals have
been actinolite and chlorite, both of which have suffered extensive
alteration to talc with a little antigorite and kaolinite. Nuortz
is locally abundant, but hmas been introduced later than most
of the metallic mineralization. Nontronite occurs in sm2ll natches,
and epidote can occur sporadically close to the wall rocks. In
general the gangue north of N 11,600 is largely made up of magnesia-
rich minerals, while south of tais line kaolinite becomes more
important in some sections, although magnesian minerals still

occur.

Contacts

The contacts are relatively sharp and there is no difficulty
in delimiting the ore body. The footwall in particular is well
defined; north of M 12,100 the ore body is bounded by the mein
fault — Fig. 97, while south of this line the contact is a plane
of movement parallel with the ore body. The iron ore rests on
a surface of soft chloritic material, whici shows good examples
of gouges, slickensides and polishing -~ ®iz 98, due to slumning
movements within the ore body. In some places the actual plane
of movement is covered with a2 bright blue mineral - page 214.
The sharp demarcation between ore and wall rock can be clearly
seen in Fig 99. The hangingwall contact is not quite as sharp,
but is still clear. Excent for the zone between N 11,600 and
N 10,800 there is massive chlorite between the ore and country
rock. The chlorite shows many small planes of movement paralliel
with the contact, but has not acted as a sliding plane like the -
footwall contact. There has been some chloritization and

epidotization of the acid volcanic rocks close to the contact.










205

Between N 11,600 and N 10,800 the iron ore comes directly against
acid volcanic rocks, which are highly iron stained, and there

are small patches of decomposed country rock within the ore body

proper.

Actinolite

Actinolite has been the most abundant mineral formed
during the metamorrhism and metsomatism of the original carbonate
lens, and although much has been subsequently altered relics
of the primary material have been preserved. In hand specimen
the actinolite is medium to dark green and fibrous, some being
asbestifdrm with fibres up to 1 cm long. The orientdtion of the
fibres can be random or in racdiating clusters, the texture often
being perfectly preserved throughout the alteration to talc, As
alteration progresses the actinolite is bleached through nale
green to white, the end product being talc with some chlorite
and antigorite. Those mine reports and drill logs which mention
tremolite undoubtedly refer to talc-~antivorite pseudomorphs of
fibrous actinolite. Perfect quartz pseudomornhs of actinolite
have also heen ~bserved. The bsst examples of z2ctinolite =re
found 2t the northern end of the mine where ne2tches have hser

preserved by silicification.

The amphibole has exerted some control over the crystal-
\lization of the sulnhides as pyrite, chalcopyrite and tetradymite
have all been observed as sarrllel growths of minute laths 2long
the amphibole clesvage planes, and goethite can develop in a
retiéulate pattern under the same control. Large crvstals of

chalcopyrite moulded round amvphibole have also been observed.

The actinolite has rarely influenced the crystallization of maznetite,

but one occurrence of bladed magnetite could indicate pseudomornhic
replacement of actinolite, and magnetite has occasionally zrown

round the rerivhery of ammhibole grains - Fig. 44. The metellic

minerals are usvally later than the amphibole, but a little actinolite

may have formed contemporaneously with magnetite.

The diffraction patterns for two samples taken from solid

actinolite masses, one of which was fibrous and contained dis-
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seminated magnetite while the other was asb:istiform but lacked

ore minerals, were closely comparable with ASTM 7-336. Some

lines obtained by the writer and which are not recorded on the
ASTM pattern have also been detected during diffraction studies
of amphiboles carried out in the University of Durham by G. Row-
botham and P. Broomfield., The cell dimensions for the two samples
from Bt. Ibam are shown below, with data from Zussman (1959)

for comparism.

Bt. Tbam Zussman
a, 9.861% 9.8458 9.8618%
b, 18.053% 18,0858 18.110%
o 5.2463 5.2468 5.3363
4 105°%0! 105°18" 104°59"
Chlorite

Chlorite has formed an important gangue mineral through-
out the ore body, but it reaches its maximum development along
parts of the hangingwall contact. WNorth of N 11,600 a continuous
zone of massive chlorite rock, uvp to 30 ft wide, is found between
the ore body and the volcanic rocks. Between N 11,600 and N 10,800
the chlorite is absent from the hangingwall, but reappears to
the south, although not as strongly developed. Chlorite is more
sporadic along the footwall where it occurs as thin intermittent
lenses. Relics of chlorite are found within the ore body, but
much has been altered to secondéry masnesisn silicates. The
chlorite along the hangingwall is very distinctive in the mine
- pit because of its dark green colour, which contrasts strongly
with the paler volcanic rocks. The chlorite masses are usually
full of polished, slickensided surfaces, which have a general
direction parallel to the contect. UThe hanzingwall chlorite
proved to be a hindrance to tunnellinz operations during nros-—
pecting, as it continually caved and large volumes of water flowed
throusgh the zone. At the extreme northern end of the ore body
where the mineralization has been reduced to very small lenses,

drill core s~mples show the presence of chlorite-calcite rock.
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The chlorite forms bsnds and patches in calcite, and this twoe

of material nossibly reoresents an early stare in the alteration
of the original carbonate rocks. The mazsnesian part of the
dolomite has reacted to ﬁroduce chlorite, while the calcite com—
ponent has proved less reactive., There is little or no actinolite
in this rock, which sug=ests that chlorite formed before the

actinolite.

In thin section the massive chlorite is made up of fine
feathery masses of small flakes which are pale green to almost
colourless, The interference colours are extremely low, some
grains being almost isotropic, and anomalous blues and brown
colours are common. The rocks are virtually monomineralic, but
a little epidote can occur. The chlorite along the hanginguall
north of N 11,600 is noteworthy for the presence of some zood
euhedral pyrite crystals. Magnetite is typically absent from
these rocks, but appears with proximity to the ore body proper,
and fine, disseminated magnetite is found in the footwall chlorites.
In the higher levels of the ore body the chlorite weathers to
a tenacious limonitic clay, but it is often fresh in the lower

levels.

Diffractometer traces for several samples rich in chlorite
were obtained, and two relatively pure samples were powder photo-
graphed. As most chlorites have a similar diffraction pattern
an individual pattern is not usually diagnostic, although it
can indicate certain chemical characteristics. The diffractometer
traces for the four chlorites were essentially similar, althousgh
there was some variation in the intensities of the basal reflections.
Powder photograpns of two samples of nearly nure chlorite, one
(No. 189) coming from the hangingwall contact and the other
(No. 61) being a hard chlorite '"ball" from a fault zone, were
obtained, and the diffraction data for Wo. 189 used to calculate

it cell dimensions, which are shown below:

No. 189 Leuchtenbergite
a 5.316% 5.328
b, 9.2074 9.21%"
c, 14.339% 14.298
A 97°00° 97°08"
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The figures for No. 189 are extremely close to those for
leuchtentergite (ASTM 12-242), suggesting that the Bt. Ibam

chlorite is rich in nmagnesia.

Samples Nos. 189 and 61 were chemically analysed, the
results being shown in Table 18. In the unit formula there
should be 12 ions in the octahedral sites, and as can be seen
from Table 18 the Bt. Ibam chlorites are in good agreement
with this, No. 189 particularly so. The chemical analyses can
be used to classify the chlorite spebies. No. 61 is an oxidized
chlorite (> 4% 59203)

unit formula data into the classification diagram nronosed by

while Mo. 189 is unoxidized. Puttinz the

Hey (1954) shows that No. 61 is deles ite ard Mo, 189 is clino-
calore (syn. leuchtenher~ite). The chemical closeification of

Mo 189 arrees »recisely with that based on cell dimensions. The
chemical and cell size data are also in good anreement with the
diagram shown as Fig. 34 in Deer, Howie ¢ Zussman vol. 3 (1962),

which relates the b dimension to Fe + ¥n content.

General geological considerations suggest that No. 189
is typical of much of the chlorite found at Bt. Ibam, which cen
therefore be classed as clinochlore. The oxidized nature of
No. 61 may be connected with the fact that it has been subjected

to stresses in a fault zone.

The d.t.a. curves for the two chlorite samples show a
close similarity to curve B in Fig. 75 in Grim (1951), which
is for clinochlore., The curves for the two Bt. Ibam samples are
similar, but the reaction temperatures are ap-roximately 20O
lower for sample 61, This may be connected with the extra iron
content, as it is known that in some mineral groups the presence
of iron lowers the reaction temperatures e.g. in the montmorillonite-
nontronite series (Kerr et al, 1949). There is a small exothermic

reaction at 950O in No. 61 which is absent .in No. 189,

Talg

Télc is the most abundant gangue mineral and can form

large masses of pure mineral, but more typically it contains




Table_18

Chemical Analyses Of Two Chlorite Samples

61 189
SiO2 35.09 33.00
A1,0, 17.01 18.27
Fe 0, 4.88 1.15
FeO 4.84 1.98
MgO 28.16 35.24
Ca0 0.04 0.16
Na,0 0.16 n.d.
K,0 0.30 0.06
110, 0.46 0.52
MnO 0.39 . 0.09
s 0.09 0.20
H,0 8.58 9.33

The ions per unit formula were calculated by

assuming 28 O equivalents and ignoring H20.

No. 61 No. 189

Si 6.41 5.90

A1 1.59}8.00 2.10}8.00
n 2,05 1.96)
Fes* 0.68 0.14

5 0.73 0.30

Mg T.71 9.46

Ca - 21.41  0.03%11.95
Na 0.06 -

X 0.06 -

T4 0.06 0.06

Mn 0.06, - )

OH 16,00 16.00

209
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a proportion of one or more of antigorite, chlorite and actinolite.
The masses of pure talc are off-white, but $he associated minerals
produce a greenish colour. In mahy places the talc has been iron
stained from a pale yellowish-brown to deep rusty or olive brown.
Some masses have been completely stained,but in others the staining

is restricted to zones surrounding ferriferous minerals.

The talc masses can be structureless, but many have a
fibrous or flakey texture preserved froﬁ the replaced actinolite
and chlorite. Where talc has been caught in a fault or zones
of slumping it exhibits many highly polished slickensided surfaces,
and sometimes contains rounded, polished "balls" of trlc. Talc
can form masses up to 25 ft across and varies down to small specks

in iron ore.

TIn thin section talc usually occurs as myriads of randomly
orientated minute flakes, but can occasionally be seen in lar-er
flakes due to ﬁséudomorphic renlacemnent of actinolite or chlorite.
There has been some mobilization of telc drring the process of
alteration, as it forms veinlets in scme ore minerals, and in
rare cases anpears to be replacins them. Taere must have been
a very effective leachin- act.on during the formation of talc,
as the white masses contein virtuvally no ircn, indicating thot
this element has been removed during the breakdown of actinolite

and chlorite.

The diffraction patterns obtained by the writer for several
talc samples agree closely with ASTM 13-558, although the relative
intensities are not always consistent, probably due to the effects
of preferred orientation in the samplermount. Some of the non-
basal reflections are suppressed, particularly when talc is only
part of a mixture of minerals, but there is never any doubt as

to its identification.

Antigorite

Antigorite has been identified in some diffractometer
traces of talcose gangue, but has not been observed visually or

microscopically.




211

Nontronite

P N

Small pockets of nontronite have been observed in the
gangue in two or three localities in the northern half of the
ore body; one patch was up to 12 inches across and associated with
strongly limonitized talc. The nontronite is found as an irregularly
distributed, yellowish-green greasy clay (almost epidote green),
some patches containing magnetite. Thin yellowish-green coatings
seen on magnetite im other parts of the ore body probably contained

nontronite.

A diffractometer trace showed a very strcng peak around
14.63, with weak peaks at 4.563 and 4.19&. Treatment with glycerol
shifted the basal reflection to 17.93; a water-saturated sample
showed a strong peak at 19.03, which returned to 14.43 when the

sample was dry.

The d.t.a. curve shows peaks at 155o and 4650, representing
the loss of absorbed water and lattice (OH) respectively. Grim
(1951) states that nontronites lose their lattice water around
550—6000, but the temperature from the Bt. Ibam material is lower,
possibly due to weaker Fe-OH bonding (Kerr et al, 1949). A break
in the curve at 850o marks the start of the breakdown of the structure,
and material heated to 1OOOO is completely amorphous. A strong
‘exothermic peak at 1153o represents the formation of new compounds,
and a sample heated to 1200O was shown by diffractometer to consist

of a mixture of haematite and cristobalite.

PO oty

Although kaolinite is common in the acid volcanic wall
rocks it cannot be called a tynical zangue mineral, and is most
frequently encountered south of N 11,600. Between N 11,600 and
N 10,800 the hanginpuall of the ore body is directly in contact
with volcanic rocks, and south of N 10,400 the footuwall skarn dies
out snd volcanic rocks come against the ore body. There are small
patches of decomposed volcanic rock within the ore body, ant a

mottled clay forms much of the zanzue close to the hanzinewall.
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This clay can contain emell rectangular white bodies which apnear
to be altered feldspars, and the main constituent of this clay
was shown by diffraction studizs to be kaolinite, The alteration
of chlorite to talc must release some alumina, which »robably

remains as kaolinite.

In the field it is difficult to identify with certainty
any particular patch of clayey gangue as being rich in kaolinite,
but two features point to its presence; the kaolinite never has
an inherited fibrous or flaky texture, and it tends to be much
more variegated in colour, with shades of red and purnle being
common. In contrast, when the talcose gangue is stained it is

usually in shades 6f brown.

Quartz

Quartz is found throughout the ore body, but is zbundant
in only rare patches., ‘Where evidence of its age is available it
is clearly later than the metallic mineralization, and the denosition
of opaline quartz from circulating ground water solutions is still
actively in pnrogress. The quartz is found as veins and lenses
up to two inches wide, in cavities, in impregnations, and along

joints.

The veins cut through ore and gangue with no preferred
orientation, and are of short extent. The quartiz is normelly
broken, and stained or cemented by iron minerals. The best
exam.les of quartz impregnation are found around N 17,500;

W 10,900 where a brecciated disseminated magnetite ore has been
thoroughly impregnated by cquartz, and the original actinolite and
chlorite gangue has been effectively preserved from alteration.

In the same general locality there are impregnations and oatches

of opaline quartz in a clayey chloritic gangue, which contains
magnetite and copper with cuprite. This quartz is of recent origin
and has been deposited from circulating ground waters. The quartz
is coloured in shades of white, grey and brown, and can shou a

banded texture.
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Near the hangingwall contact at N 11,500; W 10,900 there
are small patches and lenses of quartz in friable ma:metite, and
also present are small cavities within the ore which are lined
with water clear crystals of quartz. Some nearby masses of solid
magnetite contained small patches of a white fibrous mineral,

which proved to be quartz pseudomorphs of actinolite.

Quartz veins are found in the wallrocks. Some of the
quartz veins in the skarns have been brecciated and cemented by
goethite, while in the hangingwall volcanic rocks guartz has often

been depqsited along small planes of movement.

Calcite

Calcite. is uncommon within the ore body itself and the
writer has seen only a few thin veins, In thin section and polished
section calcite veinlets and impreznations are occasionally observed,
and it is clear that the calcite is a late-steze minerel as 1t
invariably revnlaces or transects quartz veins where the two occur
together., This refers to the hydrothermal gquartz, not the onaline

quartz of very recent origin.

Calcite is more abundant at the extreme northern erd of
. the ore body, wher: it occurs with chlorite near the smell lenses
of mineralization. It is thought that this calcite is the residue

from the partial decomposition of the original dolomite.

Blue Mineral along the Footwall

A noteworthy feature of the exposed footwall contact between
N 10,600 and ¥ 12,100 is the vnresence of patches of a strikingly
blue mineral. It is usually seen as a thin covering on slabby
polished surfaces, and is most distinctive due to its bright znd
unusual colour - Fig. 100. Some company drill logs refer to
"hlue chlorite" from the footwall, so it probably occurs sporad-
ically throughout this zone. The blue mineral has also been observed
along small faults within the ore body, but again close to the

footwall. There seems to be a genetic connection between the
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development of this blue mireral and planes of movement on and

near to the fuotwall.
It has not oroved nossible to identify this mineral, even
though a number’ of its properties are inown. As pure a sample

of solid blue mineral as could be obtatned was chemically analysed

with the resulté shown in Table 19.

Toble 19

Analysis Of Blue Mineral From The Footwall

SiO2 57.82
A12O3 1.05
F‘ezO3 30.31
FeQ 0.65
Mg0 0.66
Ca0 0.25
NaZO 0.06
K2O 0.04
TiO2 n.d.
Mn0 _0,12
3 0.54
HZO 8.50

The analysis shows that the mineral has a very simple composition,

and is a hydrated iron silicate with the approximate molecular

composition 7Si02.F9203.3H20.

The mineral was also studied by X-ray diffraction, and
although the results help to indicate some general structural
features the pattern cannot be matched with any of those recorded

in the ASTM index. The pattern is shown in Table 20.
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Table 20

Diffraction Pattern For Blue Mineral From The Footwall

Co radiation

df  Rel. I.
11.9 100
7.5 10
4.5 10
hoo% 10
3.29 15
1.61

* this coincides with a goethite peak, but
there anpears to be a secondary peak super-
imposed on the goethite. The other goethite
lines have been omited.

The diffraction pattern is not well defined and the peaks tend
to be broad, but the basal reflection at 11.93 is very strongly
and consistently developed. The pattern suggests that the material
is poorly crystalline, and has a well develoned layered structure
with dOOﬁ about 123. The spacing of the basal reflection does
not alter after treztment with glycerol. The mineral must be
a clay in which aluminium has heen almest cemnletelv replaced
by iron, and the basal snacing sugcests that it is o smectite,
as the spacing is too large for kandite, chlorites and illites.
The fact that the basal spacing is slightly smaller than is usually
encountered in smectites may be due to nzrtial collapse of the
structure, and the same reason may explain the non-swellinz nroperty.
A goethite pattern was clearly recognizable on the diffroctometer
trace, but the peaks were broad indicating that the mineral -ras
poorly crystalline. This material will account for some of the
ferric oxide in the chemical analysis suaoun in Table 19.

Fig. 101 shows the d.t.a. curve for the blue mineral.
The curve shows three endothermic npeaks, and appears to he con-

sistent with a mixture of a smectite and goethite., The peaks
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at 140o and 500o correspond with the loss of absorbed water and
lattice (OH) respectively; the temperatures sre comparable with
those obtained for nontronite - page 212, The endotherm at 3400
represents the losé of water from "limonite'. Pure goethite has
an endothermic peak at 3800—4000, but in limonite the peak occurs
at 3000—3500. The d.t.a. data therefore support the diffraction
data. The breakdown nroducts after heating to 1,200O were

cristobalite and haematite.

It is concluded that the blue mineral is an iron-rich
smectite associated with "limonite". The intense blue colour
appears to be an inherent feature, and is not due to staining or
impurities., Vivianite, which is very similar in colour, is not
present, and the concentration of copper is only 34 »pm so copper

salts are not responsible,
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XIV GEOCHEMISTRY OF THE BUKIT IBAM DEPOSIT

Introduction

The geochemistry of a workable ore deposit.can be considered
from two different but overlapping points of view. Of primary
importance, and crucial to the viability of a mine, is the com-
position of the mass of ore which can be profitably extracted,
processed and sold, but also of interest is the overall distribution
and concentration of fhe major and minor components in the ore,
gangue, and surrounding country rocks. The geochemistiry of the
Bt. Ibam body is comparable with many other iron ore bodies formed
in a similar geologiocal environment, but is given additional interest
by the number of sulphide and sulphosalt minerals which are associated
with the iron oxides. From the regults of tens of thousands of
chemical analyses performed by the mine operators it is known
that the two main metallic impurity elements are copper and zinc,
while lead and bismuth occasionally cause trouble but are much

less abundant; the writer concentrated on a study of these elements.

Analyses of individual small iron ore samples are of very
limited usefulness in themselves unless they illustrate some unusual
chemical feature, but they form the vital basic data from which
averages are calculated and distribution patterns determined.
Averages are essential as a datum against which individual samples
can be compared. The figures used in this chapter for average
values of the composition of the iron ore have been taken from
company sources, and are based on an enormous mass of chemical
data: the relatively few analyses which could be undertaken
by an individual worker could have no significant effect on such
figures. The writer concentrated on determinations of the main
impurity elements, in country rock as well as ore, and any unusual
chemical features. The whole rock chemistry of the volcanic,

plutonic and skarn rocks has been described in earlier chapters.
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Bulk Composition of the Iron Ore

The figures which probably most accurately represent the
overall chemical composition of a massive, high grade iron ore
body are the weighted analyses of the total production. Such
figures do not of course give the complete picture, as during
treatment the impurities are reduced to a minimum, but the final
product represents the bulk of the original ore body. The weighted
analyses for the years 1962 to 1965 are shown graphically in Fig. 102.
The figures are taken from analyses made by the purchasing steel
mills, and are those used for calculating the price of the ore:
they are not disputed by the mine authorities, who conduct their
own analyses. The figures refer to dry material, and separate
curves are drawn for lump and fine ore as they are subject to
different contracts. Some ore from Bt. Pesagi is included in the
weighted averages, but by far the greater part originated in
Bt. Ibam, and the analyses must closely approximate to the overall

composition of this body as mined up to the end of 1965.

The curves show some interesting features and it is
immediately apparent that during the first three years of operations
iron ore of very high grade was produced. This tends to disprove
the suggestion made by some mine geologists that the upper levels
of the ore body were largely composed of goethite and "limonite",
as even if one assumes that the secondary iron ore was pure goethite
the bulk composition could not contain more than 60.5% Fe, after
allowing for the 4% A1203 +-SiOz. The upper levels cbviously
contributed most of the early production and must have contained
a significaht quantity of magnetite and/br martite, a fact which
is substantiated by the polished section studies described earlier.
The antipathetic relationship between the levels of Fe and'Alzo3 +
8102 is to be expected, as apart from trace constituents shipments
consist of iron ore and clay. It is clear that considerably more
clay survived the treatment procedures in 1965 than during the
previous years, possibly due in part to the fact that some alumina

and silica is inextricably caught up in goethite.

The curves for lump and fine ore usually show a sympathetic

relationship, the main exceptions being copper and zinc in 1965,
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when the concentration in the lump ore fell but rose in the fine
ore, markedly so in the case of zinc. The concentrations of the
various elemenits in the lump and fine ore are roughly comparable,
usually within 0.01% for the minor impurities, zinc being an

exception until 1965.

The curves show that phosphorus and arsenic are low, and
sulphur was low until 1965 when it rose in both lump and fine
ore. This rise was due to the deeper mining levels reaching the
zone where pyrite, the only important source of sulphur, had
been less affected by supergene alteration. The only change which
appears to be really anomalous is the rise of over 0.03% Zn in
the fine ore in 1965. This rise may be due partly to the fact
that mining operations at Bt. Ibam gradually progressed southwards
towards more zincian ore, but this cannot be the full explanation
as much of the zinc is contained in massive limonitic ore, and
in fact the zinc in the lump ore shipped from the mine actually
fell slightly. During 1965 the company sold some of their highly
zincian ore under a special contract in which it was classified
as Non-Standard Lump, and the composition of this ore is interesting.
The iron content (59.7% Fe) was similar to that in the ore which
was so0ld under the main contract, but the lower A).203 +'Si02
figure (5.35%) indicates that goethite formed a larger part of
the ore. Thephosphorus rose slightly while the sulphur fell,
arsenic and bismuth stayed roughly the same, copper rose and zinc
rose to well over three times its normal level. A comparison of
the copper and zinc values in the Standard and Non-Standard Lump
for 1965 clearly shows that these two elements, the most important
impurities in the Bt. Ibam ore, are not related but vary independently,
a fact which has previously been deduced from evidence seen in

polished sections.

Cu Zn
Standard Lump  0.075%  0.077%
Non-Standard Lump 0.095 0.258
Rise 27% 235%

The analyses for the shipped ore prove conclusively that
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the metallic impurities are present in substantial quantities in
a form other than sulphides. To form chalcopyrite and sphalerite
from the copper and zinc in the Non-Standard Lump would require

about 0.222% S whereas there is only 0.053%. A similar situation

prevails in all the other shipped ore.

The only two important constituents which may occur in
the Bt. Ibam iron ore and are not reported in the analyses by
the steel mills are lime and magnesia, but these components are
not considered deleterious as they help the fluxing process during
smelting (United Nations, 1970), which probably explains why they
are not recorded. Data in a company file states that the average
level of these two components in the shipped ore is Mg0O 0.3% and
Cal 0.1%.

The figures shown below are taken from company files and
reflect the overall composition of the ore; they give the calculated
composition of all ore remaining as at mid 1965. The word "protore"
is used by the mine owners to denote fine, disseminated, largely
magnetite ore, which would be susceptible to upgrading by magnetic

separation after some grinding. The compositions are given as:

Fe Cu Zn Bi
High Grade 62.04 ° 0.09 0.10 0.05
Protore 45.0 0.09 0.03 0.03

As can be seen from these figures, the composition of the remaining
high grade ore is similar to that of the lump ore shipped during
1965. The protore will produce a high grade product after magnetic
treatment. These figures again show that the levels of copper

and zinc are unrelated,

Similar figures are presented in a survey of world irom
ore resources by the United Nations (1970), and they must be based

on information provided by the mining company.
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Fe 8102 S P Cu Zn Bi Mg0
Haematite- 62% 8.1 0.05 0.05- 0.05- 0.11 0.04 -
Goethite ore 0.06 0.09
Magnetite ore 47 20.0 0.5 0.03 0.09 - - 12.0

Minor Elements in Ores and Rocks

Magnetite

Magnetite is the only primary iron ore mineral of any
importance in the Bt. Ibam body, and its composition is of considerable
interest in view of the number of elements which can substitute
for iron in the lattice; a high level of substitutions would pro-
foundly affect the chemistry of the ore body, and any such impurities
would not be removable by physical methods. Crushed samples of
two single magnetite crystals, one dodecahedral and one octahedral,
were scanned (20 scan) using X-ray fluorescence to check which
elements were present in important quantities, and this showed
that apart from iron only manganese, and to a much lesser degree
copper and zinc, produced recognizable peaks. Apart from the

removal of some clay gangue these samples had not been treated

in any way.

The writer attempted to extract pure magnetite from a
number of samples to compare the trace element content of the pure
mineral with that of the original sample, This procedure proved
~ far more difficult than had been anticipated, and even after repeated
magnetic separations on one specimen a really pure sample of
magnetite was not obtained. This is almost certainly due to the
difficulty in separating the magnetite from its alteration products.
The original samples were very finely ground (probably 100% was
minus 300 mesh) and the powder agitated in water. A hand magnet
was suspended in the water, and in theory the magnet should have
attracted only the magnetite particles, but experience showed that
the initial magnetic fraction needed repeated treatments to remove
non-magnetic fragments: conversely, some magnetite could be
extracted from the original non-magnetic portion, even after repeated

separations.
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Two samples, one containing magnetite relics in goethite
"and the other magnetite disseminated in a clayey gangue, were
cleaned repeatedly, and analyses showed that the four main metallic
impurity elements were markedly reduced in the magnetic fraction
compared with the total sample, while manganese increased slightly.
~ The figures are shown below (in ppm):

Cu Zn Pb Bi Mn
94. Magnetite in goethite 2375 247 43 32 825
and martite

9B. Magnetite 341 180 18 ned. 925
Reduction 86%  271%  58%  100%

32A. Magnetite in clay  3.6% 230 34 222 925

32B. Magnetite 1580 115 n.d. 42 2000
Reduction 96% 506  100% 81%

The results show that most of the manganese is in the magnetite,
and zinc is also found in the magnetite lattice in significant
quantities. The copper, lead and bismuth on the other hand are
largely to be found in the non magnetic fraction, and this is to
be expected as none of these elements commonly substitutes for

iron in the magnetite lattice.

Tests carried out by consultants to the mining company
in connection with ore dressing research confirm that magnetite
is depleted in copper and zinc compared with the original samples
from which it was obtained. During an investigation into copper-

contaminated ore, the British Iron & Steel Research Association

found that the distribution of copper in a bulk test sample containing

61.6% Fe and 0.45% Cu was as follows:

wib Cu % Cu

distribution
+100 mesh 2441 . 0.63 30.4
=100 +120 " 7.2 .38 54
-120 +150 14.8 .45 13.2
-150 +200 " 7.8 .33 5.4
~200 " 46.1 .50 45.6

100.0 100.0
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Magnetic separation of the minus 200 mesh fraction gave the

following results on analysis:

Non-magnetic 4.40% Cu
. Magnetic 0.10

During a similar investigation carried out by Australian Mineral
Development Laboratories into a zinc-rich ore the following

figures were obtained:

-80 +100 =100 +200 -200
mesh mesh mesh

Head sample 0.242% Zn 0.209% 2n 0.294% Zn
Non~-magnetic 0.353 0.342 0.375
Magnetic 0.091 0.098 0.114

It is unlikely that these laboratoriés made repeated magnetic
geparations in order to obtain the purest possible samples, as

their investigations were directed towards practical processes
suitable for a treatment plant. The writer feels that their magnetic
fractions probably still contained a significant proportion of

martite and goethite caught up with the magnetite.

Four single magnetite crystals, two dodecahedral and two
octahedral, were analysed by the writer, and the results confirm
the very low levels of lead and bismuth, and the relatively low
levels of copper and zinc. Although single crystals were used,
they contained some gangue patches and martite and goethite. All
had specks of sulphide and No. 17 contained veinlets of pyrite
partially replaced by secondary copper sulphides, which accounts
for the enhanced copper. In polished section No. 35 was seen 1o
be very fresh and must closely approach to magnetite free of 7_
Ho e

extraneous material. Values below are in ppm:

Sample - Cu Zn Pb Bi Mo
No.
17 Dodecahedral 2000 179 ned. nede 4600
34 Octahedral 136 121 n.d. 139
35 TDodecahedral 283 196 Nefe 17

67 Octahedral 328 82 n.d. n.d.
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A number of samples of massive ore which polished sections

showed were largely made up of granular magnetite were also

analysed, with the following result (values in ppm):

Sample No. Cu
10 263

13 178

26 11

179 36

183 3N

206 46

228 188
Average 17

10
87
119
186
84
120
125

118

n.de.
n.d,
19
Neds
ned.

n.d.

175

Bi Mn
n.d. 130
n.d. 2650

23
Nede
neds
nede

n.de.

Further information on the composition of the magnetite

can be obtained from company data in drill logs. Polished sections

were not available for these samples but the iron contents show

that the ores have a very high level of purity (pure haematite
contains 70% Fe and magnetite 72.4% Fe). The descriptions are taken
from the drill logs, and the figures are in percentages (0.1% =

1000 ppm).

e Cu

Hard magnetite 70.9 0.009
Porous ore T0.5 0.022
Friable magnetite 70.4 0.034
Friable magnetite 70.1 <0.005

Zn

0.007

Bi

ir

0.024 0.011
0,024 20.005
0.027 0.011

P 3 as Mn

0.009 - 0.005 0.21
0.005 0.019 0.005 0.05
0.009 0.008 - -
0.018 0,005 0.005 0.03

The figures for copper, zinc and bismuth are comparable with those
obtained by the writer. From a study of all the above figures it
can be concluded that the primary magnetite typically contains

the four main metallic impurity elements within the following

ranges (in ppm):
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Cu 50 - 350
Zn 50 = 250
Bi <50
Po <50

The low level of impurities in the magnetite is in agreement
with the size of the cell edge reported earlier - Chapter IX -
which is close to that of pure Fb304. It is known that a wide
variety of replacement elements affect the size of the unit cell
(Gross 1965).

Frietsch (1970) made a detailed study of trace elements
in magnetite and haematite in iron ores from northern Sweden, and
also reviewed the literature on the subject. The following in-
formation which bears on the Bt. Ibam ores has been taken from

this work,

Copper
In the upper lithosphere copper averages 70 ppm (Shaw,1970)

but few determinations on magnetites have been made. Hegemann &
Albrechtu(1954) report that in contact pneumatolytic deposits
copper in magnetite can reach 150 ppm, while Frietsch says that
in the skarn iron ores of northern Sweden copper occasionally

reaches 400 ppm, although the mean value is below'70 ppm.

Zinc

Except in iron ores of contact pneumatolytic or magmatic origin
the zinc in magnetite is usually below the average in the upper
lithosphere (40 ppm). In contact deposits values up to 9000 ppm
have been reported. In the Swedish skarn ores Frietsch records
up to 250 ppm in magnetite, but most lie in the 50 to 100 ppm

range.

Lead

Most magnetites are low in lead and below the upper lithosphere
average of 15 ppm, but values up to 500 ppm in contact pneumatolytic

—a—

deposits have been recorded.
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Bismuth

There are no data given for bismuth in magnetites.

Goethite (including "limonite")

Goethite is found throughout the ore body and far into the
country rocks, but reaches its main development in the upper
levels of the ore body, especially towards its southern end, and
along parts of the hangingwall and footwall contacts. There is
also a significant development in the country rock above and below
the ore body located along and close to section N 10,400. Much
of the goethite occurs in cryptocrystalline colloform masses, and
the mobility of the original colloidal solutions has played an
important role in the development of the final distribution pattern
of the impurity elements. Even without the evidence of chemical
analyses it can be deduced that the solutions from which goethite
crystallized carried some metallic elements in addition to iron =
see e.g.'page 162+ The obvious chemical feature of the goethite
is that it is normally oonsiderably higher in impurity elements
than the primary iron minerals, particularly so with regard to
copper and zinc, and in some samples lead. There is a very wide
range in the metal values carried by the goethite, and some analyses

made by the writer are shown below (values in ppm):

Sample No. Cu Zn Pb Bi Ba Mn
6 2800 3500 160 30 10 550
21 1560 4980 535 15 735 -
119 1960 5200 1550 18 n.d. -
241 1070 1.06% 2350 71 n.de -
242 157 1.33% 744 10 14 -
243 155 1690 1222 32 17 -
255 2000 1910 600 45  n.d. 470
256 1070 4180 198 395  n.d. -
258 4300 3120 1200 40  n.d. 175

It is obvious that any large quantities of goethite carrying the
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higher values of copper, zinc or lead shown above would be deleterious
if included with ore for shipment, and hence the prime importance

of strict quality control at the mine.

The following analyses were made in the company's laboratories
on samples picked at random by the writer from what is referred
to on the mine as the High Zinc Stockpile. The stockpile contained
ore excavated towards the southern end of the ore body during the
early stages of mining, and was heavily contaminated. Polished
sections show that the ore consists largely of goethite with a

few relics of magnetite.

Cu Zn Pb Mn 510, 41,0, MgO
1. 0.203% 375% .04% .01% 2.2% .04% 2%
2. .255 .268 .18 .06 2.8 02 .3
3. .130 .370 .05 .15 1.2 tr 1.0
4. 4190 +340 .02 tr 2.0 .06 .2
5. 4368 .328 .16 .02 1.2 .02 .2
6.  .050 .033 .05 .10 1.1 .04 .6

The above values are roughly comparable with those quoted earlier,
although they lack the occasional really high zinc. The two sets

of figures show that zinc is high and usually more abundant than
copper, the lead values are quite variable and bismuth is relatively
low. The manganese figures shown immediately above do not cover

the full range as some of the nodular lumps of goethite are man-
ganiferous. This type has usually developed from siderite, and

is very high in zinc. There are invariably small unreplaced
fragments of zincian giderite and the zinc content of the goethite

itself is not known,but it is certainly high.

Except for those goethite samples which contain unreplaced
fragments of zincian siderite it is rare for polished sections to
display any discrete minerals which could account for the elevated
metal values. The conclusion deduced from this evidence is that
the contaminating elements are incorporated in the lattice of the

goethite. Thé writer studied a number of goethite samples with
the aid of a Geoscan microprobe to determine the distribution of
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copper and zinc. An analysis of the two sets of figures quoted
above for copper and zinc in goethite reveals no consistent rela-
tionship between fhem, and all that can be said is that zinc usually
exceeds copper. The lack of a consistent relationship between

the concentrations of the two elements has been conclusively proved

to extend down to the micro scale.

The writer made microprobe traverses across several goethite
samples monitoring the levels of copper and zinc, and these results
show that while in some specimens the concentrations of copper
and zinc are related in many other specimens they are quite haphazard.
Where there is clearly some relationship between the levels of
copper and zinc it is not a consistent one, but varies from sym—
pathetic to antipathetic. Fig. 103 shows a virtually perfect
antipathetic relationship between copper and zinc, whereas Fig. 104
shows what is essentially a sympathetic pattern, although it is
not entirely regular throughout. Fig. 105 shows an interesting
traverse across a spheroidal structure in colloform goethite and
illustrates the symmetrical distribution of ocopper and zinc about
the centre pointe. The two elements varied sympathetically in the
eérly phases of development, but later the copper fluctuated while
the zinc remained relatively constant. It is clear that the levels
of the metallic impurities vary rapidly even over extremely small K;)

intervals, and this must be due to fluctuations in the composition

L

of the feeder solutions.

Fig. 106 shows a microprobe traverse across a magnetite
relic in goethite, and this confirms the low levels of copper
and zinc in the magnetite. The zinc curve strikingly demonstrates
the marked rise on passing from magnetite to goethite; the difference
in the copper levels across the contact is less marked, but it
can be seen nevertheless that the magnetite contains a constant
low level of copper. The figure inéidentally illustrates a completely

haphazard relationship between the copper and zinc levels.

gzgite

Pyrite is the only sulphide which is quantitatively important
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and has been observed in polished sections forming a host for
microscopic quantities of other sulphides. As has been mentioned
previously - chapter X - the well formed crystals of pyrite which
form a distinctive feature in some parts of the ore body exist

in two differently coloured varieties, one of which is the typical
brassy yellow while the other has a black exterior; the black
surface can be shiny, dull or irridescent. The two types often
occur side by side. Polished sections of single crystals show that
the only difference between the two types is the presence of a
thin skin of cupriferous material on the black pyrite, and analyses
show that the copper content is the only significant distinguishing
feature, Readings obtained on a Geoscan microprobe proved that
internally the two varieties of pyrite contained precisely the

same quantities of copper and zinc, and the excess of copper in

the black type is entirely contained in the surface layer. Analyses
of one normal coloured and two black pyrite specimens are shown

below (values in ppm):

Cu Zn FPb Bi Ni
Brassy yellow 203 ne.d. nede ned. 35
Black cube 4040 18 n.d. nede 80
Black pyritohedron 2260 8 n.d, 52 132

Polished sections showed that these pyrite samples were free 6f
foreign bodies except for the surface skin in the black variety.
It is clear that the copper enrichment does not affect the other
main impurity elements, but nickel shows a slight increase. 20
scans on the X-ray fluorescence apparatus confirmed the above
results and also proved that no other elements were present in
quantity, but there may be a minute amount of arsenic. These low
levels of substituted elemenis are in accord with cell sgize

determinations quoted earlier, which indicate a very high degree

of purity in the pyrites.

Data in a company file refers to a richly pyritic iron ore
which was briefly studied by the mine staff. The original sample

contained 0.172% Cu and 0.042% Zn, and pyrite picked from this
sample and cleaned of visible impurities contained 0.066% Cu and
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0.022% Zn. These values lie somewhat above those obtained by
the writer for normal yellow pyrite, but without a microscopic
examination it would be impossible for the mine authorities to

see if there were any impurities inside the mineral.

It is apparent that the pyrite contributes little or
nothing towards the metallic impurities in the ore bedy, but it
has acted as a host material for several sulphides and sulphosalts,

and is the only important source of sulphur.

Acid Volcanic Rocks

The trace elements in a number of acid volcanic country
rocks were determined, and the results are shown in Tables 214
and 21B. It has previously been postulated - Chapter III - that
there is a slight difference in the whole rock chemistry between
rocks from the footwall and hangingwall sides of the ore body,
and for convenience this division is retained in Table 21. It
is clear however, that with regard to the trace elements determined
by the writer the rocks from both divisions are virtually identical.
The rocks have been listed in order of increasing distance from
the ore body as there is a vague suggestion that the trace element
contents (excluding barium) may descrease away from the body,
but any such relationship is extremely tenuous, and there is no
evidence of any halo or zonation round the ore body. It may be
that the inclusion of a number of samples taken from section N
10,400, which has been extensively drilled, has unduly distorted
the overall distribution pattern of the original metal values in
the volcanic rocks, as it is along this section that zincian siderite
is widely found. A small amount of the carbonate, even if now
completely replaéed by goethite, would elevate the metal values,
and markedly so in the case of zinc. For this reason the samples
taken from section N 10,400 have been marked in the table with
an asterisk. Similar considerations apply to sample No. 203 from
the footwall rocks, as it comes from a zone in which zincian siderite
nas been detected and where the nearby portions of the ore body

are contaminated. If these samples are omitted from the calculations

the average values for the five elements become:




Sample
No.

46B
230
135
136
137
1917

49

51
138
203
140
188
333
142
160
161
262
263
162
165

278

Table 21A

Trace Elements in the Acid Volcanic Rocks

Distance
from ore

body (ft.)
nil
20
25
30
40
45
50
55
55
80
130
160
180
240
240
240
265
265
450
450

Average

Footwall

23

82
170
403

17

33
235
246
254
630

10
18
21
13
24
12
22
20
21

13

41

179
4
980
292
1420
48
243
55
149
1140
173
26
43
10
385
49
57

85
30

249

29

135
20
212
230
107
<10
n.d.
<10
43
360
<10
49
n.d,
83
41
1
nede
17
n.d,

n.d.

67

10

* denotes samples from section N 10,400

Bi

n.d.
n.d.
<10
<10
n.d.
n.d.
n.d,
n.d,
ned.
21
n;d.
<10
<10
n.d.
n.d,
ned,
n.d,
ned.
n.d.

ned.

n.d.

235

Ba

2240
524
1530 *
1760 *
409 *
530
792
412
464 *
1408
4217
359
291
755 *
701 *
3500 *
586
394
1050
2440

1030

north of
main ore body

675




Sample

No.

190
62B
233
232
120
78
145
220
221
224
N

254

Table 21B

Trace Elements in the Acid Volcanic Rocks

Distance
from ore
body (ft.)
nil
25
25
90
90
225
235
300
300
300
300

Average

Hangingwall
Cu Zn
16 83
17 38
45 299
17 18

195 870
15 41
16 202

. 360 623
64 321
13 71
13 34
76 234
13 45

<10

<10
n.d.
n.d.
118

n.d.

< 210

67
<210
124

n.d.

* denotes samples from section N 10,400

Bi

ned.
14
ned.
n.d.
%10
ned.
210
<10
n.d.
ned.

n.d.

n.de

236

Ba

965
588
433
506
720 *
227
1375 *
536 *
1890 *
1495 *
895

871

south of

1182 ore body
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Cu Zn Pb Bi Ba
Footwall 60 78 24 - 850
Hangingwall 28 79 - - 687

These figures can be compared with those for the acid volcanic
rocks near the Pesagi No. 6 and Sanlong B ore bodies which

average:

Bt. Pesagi Bt. Sanlong

Cu 26 19
Zn 42 19
b 35 -
Bi - -
Ba 1363 733

The recalculated averages for the Bt. Ibam rocks show a marked
drop compared with those given in Table 21, and are thought by
the writer to be closer to the metal values contained in the

original volcanic rocks. The higher copper in the footwall rocks

is due to enhanced values in two samples, numbers 49 and 51.

It can be stated with some degree of confidence that where

the levels of the impurity elements in the Bt., Ibam volcanic rocks ..

are high, there is usually some evidence that they have largely

been introduced after the rocks were originally formed. This does

not apply to barium which is undoubtedly an original constituent.

Although barytes has been noted from Bt. Ibam there is no evidence

that it has widely affected the volcanic rocks. If the figures
for rocks which have enhanced values dus to metasomatism are
discounted, then the following ranges cover the probable original

values in the volcanic rocks:

Cu 15 = 100 ppm
Zn 30 - 100
Pb <10 = 50
Bi <10 = 15

These values can be compared with crustal averages (Mason, 1952)
of Cu 70 ppm, Zn 132 ppm, Pb 15 ppm and Bi 0.2 ppm, and with
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specific averages for acid igneous rocks of Cu 16 ppm, Zn 60 ppm,
Pb 19 ppm (Sandell & Goldich, 1943) and Cu 15 ppm (Lundegardh,
1946 ).

Skarn Rocks
The values below (in ppm) show the concentrations of the

five elements in eight samples of calc silicate rocks, although

No. 134 was almost monomineralic and composed largely of garnet.

Sample
No. Cu Zn Po Bi Ba
45 112 210 13 n.d. 103
50 298 18 76 19 24
52 47 97 n.d. n.d. <10
53 41 79 <10 nd. <10
134 39 500 <10 n.d. 32
141 35 106  n.d.  n.d. 19
181 18 226 <10 n.d. 12
332 20 244 n.d. n.d. 113
Average 76 185

As some parts of the skarn rocks have been extensively mineralized
during the main phase of ore genesis by one or more of magnetite,
micaceous haematite and pyrite, the above values are considered

to be of a relatively low level, A study of polished sections
has shown that some of the skarn rocks carry discrete copper

and zinc minerals in small quantities, and it is difficult to

be sure of the metal content of the original carbonates but the
above figures prove it was quite low., Samples No. 52 and No. 141
show no sign of any ore minerals and the figures given for these
samples probably closely represent the original concentrations.

It is not possible to be certain whether or not the relatively
high zinc shown in sample No. 134, which consists largely of
garnet, represents an original feature. The fact that the garnet
has probably crystallized before the main period of mineralization,

although as stated in chapter IV the evidence is sometimes ambiguous,
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suggests that the zinc may have been incorporated from the original
calcareous sediment, on the other hand the sample comes from section

N 10,400 where many zinc values are enhanced over a wide zone.

A sample of quartzite shows relatively high zinc, but
this is definitely due to the goethite which has impregnated the
rock (no. 152). The values are Cu 95 ppm, Zn 860 ppm, Pb nil,
Bi nil and Ba nil.

Plutonic Rocks

The values (in ppm) for the trace elements in five samples
of intrusive rocks in the Bt. Ibam area are shown below. Four
-of the samples came from the immediate area of the main ore body,

but No. 279 came from some distance to the northeast.

Sample
Yo. Cu Zn Pb Bi Ba
17 1 67 37 n.d. 1055
164 17 69 n.d, 20 153
167 13 58 n.d. n.d. 222
198 16 37 n.d. n.d. 905
279 35 18 10 n.de. *
Average 18 62 9 - 584

* Not determined

The levels of copper and zinc in the samples are very consistent
and comparable with those in the Bt. Ibam volcanic rocks, and
also with the other extrusive rocks in Ulu Rompin. The values
can be compared with the averages of 10 ppm Cu and 40 ppm 2Zn
for granites quoted by Turekian & Wedepohl (1961).




240

Gangue Minerals

The results obtained on two chlorite specimens are shown

below:

Sample
No. Cu Zn Pb Bi Ba
61 14 2355 10 127 62
189 ned. 255 nede ned. n.de.

Sample No. 61 comes from a fault zone and contains more iron than
No. 189, some of which is in the form of limonitic material which
has contributed to the high zinc figure. Sample No. 189 is one

of a very small number of specimens in which copper has not been
detected; the zinc is possibly present in the crystal lattice

ag there is no evidence of mineralization in this sample. The

role of goethite in carrying zinc is shown by the analysis of

the bright blue smectite which is found along the footwall contact -
chapter XTII. This sample contains sufficient goethite for it “to
be recognizable on a diffraction pattern and contains the following

trace elements:
Cu 34 ppm ; Zn 4700 ppm ; Po 14 ppm ; Bi nil ; Ba 51 ppm
A sample of talc which contains some pyrite showed the following:

Cu 594 ppm ; 2n 274 ppm ; Pb nil ; Bi nil ; Ba nil

Distribution of Iron and Trace Elements

Iron

There is no consistent pattern discernible in the distribution
of iron values throughout the ore body, as can be observed from
& study of the cross sections shown in Fig. 1074 to 107E, For
the purpose of constructing the sections the iron ore was divided
into four categories, namely +65% Fe, 65% to 60% Fe, 60% to

.. 50% Fe and 50% to 40% Fe. The ore with over 60% Fe must contain
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a significant content of magnetite and/br martite, whereas the
lower grade ore can consist largely of goethite or of magnetite
disseminated in gangue. The cross sections cover the ore body
from N 10,000 in the south to about N 12,100 in the north; this
zone contains the most solid and imporitant part of the body. To
the south iron ore is not abundant and is all goethitic, while
to the north the ore body becomes increasingly split by lenses
and patches of gangue and country rock, and few large masses of

good quality ore remain.

. The really high grade +65% ore first appears as a thin
band following the lower part of the hangingwall contact at the
southern end of the ore body along N 10,000, but to the north it
-consistently constitutes an important, although variable, part
of the ore body. For example, along sections N 10,400 and N 11,800
it forms the bulk of the ore whereas along N 11,600 it makes up
a relatively small part. Where the really high grade ore occurs
in bands and linear masses these normally follow the general dip
of the ore body as a whole, although along N 11,600 there is a
broad band with a roughly horizontal attitude. The +65% ore can
occur from the highest to the lowest levels of the ore body along
an individual section, e.g. N 10,400 and N 12,100, but rarely does

SO0.

The 65% to 60% ore finds its maximum development within
the main part of the ore body between approximately N 11,000
and ¥ 11,600, férming a substantial part of the body along the
latter section. The 50% and 40% ore is typically found along
the hangingwall and footwall contacts, although it does not usually
occur throughout the full vertical extent of the ore body. A

good example of a near-surface capping of medium grade ore which
continues as a band along the hangingwall contact is seen along

N 11,400, On N 11,200 bands of low grade ore are found along
both contacts, while similar material forms a virtually continuous
band on the footwall of N 11,600 and the hangingwall of N 12,000.
An unusugl situation is found along N 12,100 where a band of low
to medium grade ore cuts almost vertically through a mass of

+65% ore, but the control here has been a fault, and the zone

contains high copper values, as will be described later. Some of
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the cross sections show relatively complicated patterns of ore

distribution, but others, particularly N 11,400, are simple.

If the distribution of the iron values in narrow vertical.
sections is studied, no overall patiern can be detected. Fig.
108 shows the iron values in five representative vertical drill
holes which have long intersections in the ore body. In two holes
(3079 and 3152) the iron values remain relatively constant through-
out the full depth of the ore intersection, whereas in two others
(3135 and 3142) the values are in the 55% to 60% range in the
upper levels and change to +60% ore at about 100 ft. This is a
fairly common pattern due to goethite near surface giving way to
high grade ore lower down. From 100 ft to 350 ft drill hole
3147 shows good ore with bands of poor quality material. Where
the drill holes encounter the footwall contact one of three condtions
is usually encountered. The ore body can end abruptly against
barren country rock (3079 and 3135), there can be a zone of goethite
which gives rise to fluctuating values in the 3@ to 50% range
(3142 and 3152), or there can be irregularly disseminated magnetite

which produces thin bands of high grade ore alternating with barren

zones (3147).

At the time of the writer's fieldwork the company were
exploring deeper levels to the east of some parts of the ore
body, and although the individual drill logs were not examined
Fig. 109 shows a cross section for N 11,000 compiled by the mine
staff incorporating their most recent data. No figures for the
different categories of ore are given, but from a comparison with
other data it can be assumed that high grade means over 60% Fe,
medium grade 50% to 60% Fe and low grade below 50% Fe. The division
into massive and friable ore is useful for the planning of mining
operations, but it is also a relic from the early days of prospecting

when the friable ore was not a saleable product.

Copper and Zinc

These two elements are discussed together, even though
they are not necessarily genetically related, as they are by far

the commonest metallic impurities, and jointly or severally are
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found throughout much of the ore body. Apart from iron itself,

these are the essential elements for which all samples are checked

as part of the quality control.. Within the ore body it is often
possible to detect the presence of copper by eye due to its occur-
rence in several distinctive minerals, but zinc ean only be detected
by a chemical analysis. Zinc is almost exclusively found in goethite,
and while some copper usually accompanies it, the latter elemént

can occur in a variety of sulphide and oxide minerals, and native

copper.,

) Although some zinc and copper is found throughout the ore
body, the deposit can be validly divided into two sections at
approximately N 11,500: to the south zinc is important and copper
much less so, while to the north the converse is true. This is
a direct consequence of the location of the primary sources of
zinc and copper, and in spite of considerable modification by
secondary processes this fundamental division is still discernible.
Zinc has been introduced originally in sphalerite and some related
zincian siderite, while copper has been deposited in chalcopyrite.
Due to the mobility of the colloidal solutions which deposited
goethite and also carried zinc, this element can be found far from
the nearest observed primary source (the same applies to the
copper which is found in goethite), but the secondary copper minerals
are usually found in close proximity to chalcopyrite. Within
the limits of the ore body itself it is uncommon to find zinc
values exceeding 0.5%, but very high copper values can be found
in some localities; this is a result of the difference in mode
of occurrence of the two elements. In the surrounding country
rocks, which as has already been demonstrated are typically low
in impurity elements, the position is reversed, and some exiremely
high zinc values can be foﬁnd towards the southern end of the

mine whereas copper is usually low.

Figs. 1074 to 107E show some cross sections which illustrate
the distribution patterns for copper and zinc in selected paris
of the ore body. The cross section for N 10,400 in addition shows
values in the country rock as more detail is available, and the
writer believes that this part of mineralized area has been of

prime importance in the development of the zinc pattern.
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At the extreme southern end of the ore body the ore is
largely goethite which contains both zinc and copper. The former
is always more abundant, and along N 16,000 much of the ore contains
0.2% to 0.5% 2Zn, with a lens of 0.1% to 0.2% Zn ore towards the
deepest part. Copper is mostly present in the 0.1% to 0.2% range,
but the deepest parts of the ore body are often below 0.1%, and
even 0.05% Cu. There is some coincidence between the copper and
zinc patterns. In the immediately adjacent country rocks nodular
goethite is common, and this contains very much higher zinc than
copper; the latter is usually below 0.05% whereas zinc is often
over 0.5%, and values up to 3.4% Zn have been found. The very
high values are due to the goethite having been developed, largely
in situ, from zincian siderite. It is usually possible to detect
the goethite which has developed in situ as it tends to be man-

ganiferous, again a feature inherited from the siderite.

Section N 10,400 is most interesting because of the values
found in the country rocks rather than those in the ore body
itself. The iron ore is nearly all of high grade, and contains
less than 0.05% Zn and 0.05% Cu. Zinc values rise to 0.3% along
the footwall and in the extreme lower portions of the ore body,
and there are a few higher copper values along the deepest parts
of the footwall. It is somewhat surprising that zinc is so low -
in the ore body as there is a zone immediately above and below
it which contains values between 0.05% and 0.25% Zn, and just
above the hangingwall there is a band in which values exceed 1%
Zn. All this high zinc is found in nodular goethite, often man-
ganiferous, which contains relice of zincian siderite. Zinc contents
over 10% have been recorded. Fig. 107B shows that this band of
high zinc follows the dip of the ore body, and continues well
beyond the deepest levels of primary iron oxide mineralization.

It has to be emphasized that it is unlikely that every sample

in the band contains more than 1% zinc. The explanation is that
diamond drilling brought up numerous fragments of goethite al-
though overall core recovery was poor due to the decomposed nature
of the country rock, and it is unlikely that the actual volcanic
rocks contain exceptionally high zinc. However, the goethite
fragments are present in sufficient quantities, and so evenly dis-

peréed throughout the band to justify the belief that this zone
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has been the most important location of zinc mineralization near
the ore body. Fig. 107B shows that below the zincian zone sur—
rounding the ore body the volcanic rocks contain very low zinc
values, although megascopic sphalerite veins are found in one
locality deep below the iron ore. Sphalerite has been encountered
in small amounts as relics in the highly zincian bands - page 196,

and the writer believes that the zinc cycle has been:

SPHALERITE
replaced by siderite
v
ZINCIAN SIDERITE

alteration

'
ZINCIAN GOETHITE

In addition to the ore which formed in situ, a lot of iron has
been transported in colloidal solutions and deposited elsewhere

as colloform goethite with a significant zinc content.

The position with regard to copper is entirely different,
and as Fig. 107B shows, much of the country rock and nodular
goethite contains below 0.,01% Cu with further large areas between
0.01% and 0.05% Cu. Although the levels of zinc and copper are
so disparate, it can be seen that the zones which contain what
¢an be loosely described as "above background" values are largely

coincident.,

Along N 10,600 and N 10,800 zinc is the only important
impurity, and it affects a considerable part of the ore body.
On N 10,800 the zinc shows a marked predeliction for the hang-
ingwall side, and there is a zone which extends at least 350 ft
from surface and is up to 100 ft wide which contains over 0.15%
Zn. The iron ore is of medium grade and consists largely of
goethite. On N 10,600 there are isolated values over 1% Zn in
disseminated ore immediately below the ore body proper. N 11,000
continues the pattern seen in N 10,800 with a band of high zinc
(+O.15%) along the upper parts of the hangingwall, and small
patches of high copper. Recent drilling has proved extensions

of the ore body at depth to the east, and parts of this contain
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up to 0.5% Zn, probably due to goethite derived from zincian

siderite.

On N 11,200 the bulk of the iron ore is +60% Fe, but
with a thick band of lower grade ore along the upper parts of
the hangingwall, and a thinner band along the footwall. This
pattern is partially reflected in the distribution of both the
copper and zinc values, High values for both copper and zinc
are associated with the hangingwall (0.1% Cu and 0.2% Zn) and
the footwall (0.1% Cu and Zn) where the iron ore is of medium
grade, whereas much of the +60% Fe ore is low (-0.05%) in both
elements. One locality on the footwall contact contains over
0.5% Cu. The very lowest parts of the ore body have an elevated
zinc level (+0.1%) even though the iron ore is high grade, and

copper over 0.05% occupies an elongated patch in the same region.

N 11,400 has one of the simplest distribution patierns
for iron ore, and this is reflected in the copper and zinc which
‘show broadly similar outlines. The upper part of the ore body
and a band along the higher levels of the hangingwall contact
contain +0.2% Zn and +0.1% Cu, and the zinc continues downwards
at a slightly lower concentration. The lower boundary of the con-
taminated ore agrees closely with the junction between 60% and
65% Fe ore. By far the larger part of the ore body is below
0.05% for both copper and zinc. '

N 11,600 shows a fairly simple pattern for copper with
much of the ore body being below 0.05% Cu, but there is a broad
band through the centre with +0.1% Cu which in parts rises to
+0.5% Cu. The band of higher values is in no way related to the
disposition of the different grades of iron ore. At the very
base of the ore body there are small patches of +0.5% Cu, and
also in one spot below the footwall where drilling encountered
small veins of solid chalcopyrite. The eastern edge of the ore
body comes up against a fault, and it is perhaps significant that
the highest copper values are found adjacent to the fault. Zinc
on N 11,600 shows a more complicated pattern, although much of
the ore body contains less than 0.05% Zn with another area con~

taining from 0.05% to 0.1% Zn. A lens containing 0.2% to 0.5% Zn
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dips gently east of the central part of the ore body, and it lies
within a broader band of 0.1% to 0.2% ore. There are small patches
of 0.2% Zn ore near the top and bottom of the ore body. The
only patch of really high zinc (+0.5%) falls below the footwall
and very close to the veins of chalcopyrite.
.

N 11,800 conmists of iron ore which has been little affected
by copper or zinc, and the whole ore body contains less than
0.05% Zn. Copper is found in four'small patches, two of which
contain 0.05% to 0.1% Cu and two 0.1% to 0.2%. A similar situation
prevails along N 11,900 where, apart from one very small patch
of +0.5% Zn ore, sinc is consistently low. Copper too is only
sporadically distributed, but one small patch of +0.2% Cu ore

is located along a fault line.

N 12,000 marks the southern limit of a zone which extends
northwards for about 300 ft and in which important copper patches
are found, On N 12,000 copper over 0.1% is located in lenses roughly
parallel with the dip of the ore body and towards its base. The
copper extends intermittantly from the hangingwall to the footwall,
both contacts being, at least partially, related to faults. Some
very high values (+1% Cu) are sporadically distributed in the
copper zones. Zinc is typically very low, but a narrow aone ‘ )
along the footwall at the bottom of the ore body contains up to
0.25% Zn. On N 12,100 zinc values are again low apart from one
or two isolated samples. Copper values are high (+0.15%) in four
lenses, and one lens which is associated with a fault contains
patches well above this level. This copper is found in medium
grade iron ore, but in the other three zones all grades of ore

are affected.

On N 12,200 and N 12,300 the copper zones are still present
although diminished in size, but by N 12,400 there is little copper
of any significance, UZinc is low throughout. To the north the
ore body becomes progressively more divided by lenses and patches *
of gangue and country rock, and some of the chloritic rocks can

contain high .copper values due to the presence of cha100pyrite..

Almost all the high zinc values associated with iron ore
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are contained in goethite and secondary manganiferous material,
but copper is present in a variety of minerals. Where high zinc
and copper are found together in a sample it usually indicates
that goethite forms an important part of the ore, There has been
an importent redistribution of zinc, but copper has, on the whole,
been less mobile. As stated earlier, primary sources of zinc

are only important towards the southern end of the ore body,
particularly near N 10,400, and even here the zinc has not entered
the ore body in appreciable quantities until the colloidal solutions
which deposited goethite started to circulate. Copper behaved
differently, with most of the chalcopyrite being deposited in the
ore body, and the secondary redistribution als¢ taking place
within the iron ore. Ividence that zinc has originated separately
from copper is found in analyses of the richly zincian samples
from the southern end of the mine, which typically contain little

copper.

Sample Depth Zn Cu
No. .
122 130 +10 % 36 ppm
125 155 4¢3 48
132 263 2.5 57
155 350 242 116
258 186 3.4 64

These figures show that while this type of material could con-
tribute abundant zinc to circulating solutions its affect on

copper levels would be insignificant.

The converse of the relationship between the levels of
copper and zinc demonstrated above is often shown in samples with

high copper contents, as the figures shown below demonstrate.

Sample Cu 7n
No.
9F 1.5 % 2320 ppm
124 +540 22
32 3.6 230

100 2.1 59
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These samples happen to illustrate some of the different associations
in which copper is found. No. 9F contains extensively altered
magnetite grains among which are set pyrite crystals partially

or wholly replaced by chalcocite-neodigenite, with cuprite and
native copper in cavities in the goethite. The abundance of goethite
is reflected in the relatively high zinc; a much fresher sample

from the same zone contained only 247 ppm Zn. No. 12A consists

of granular magnetite, with veinlets of cuprite which has been ‘
partially replaced by malachite, plus some chalcocite and covellite.
This sample contains the highest copper detected by the writer

in a sample which completely lacks chalcopyrite. The rapidity

with which copper can change is shown by the fact that sample

12B, which originates from within 5 ft of No. 124, contains only

910 ppm Cu. No. 32 consists of magnetite disseminated in gangue
with chalcopyrite, while No. 100 contains chalcopyrite veining

and replacing shattered pyrite in magnetite ore. The chalcopyrite

in the latter sample has been partially replaced by secondary
sulphides.

There is no doubt that the redistribution of copper is
still actively in progress otherwise chalcanthite would not be
found on bench faces shortly after heavy rain. Also, in some
of the cuprifercus zones it is possible to follow the development
of malachite on freshly cut ore surfaces over a matter of days.
During the early days of prospecting it was even suggested that
the highly cupriferous iron ore should be stockpiled in the open

to allow the copper to be leached by natural processes.

_ Probably the most striking of all the copper occurrences
are those which contain the native metal, although they are not
numerous. The copper forms spongy, irregular wirelike masses, and
has almost always developed along fractures and joints in the ore
body where there has obviously been very easy circulation for

the cupriferous solutions. The writer found sizeable masses of
copper with cuprite on the footwall along N 12,000, while the

mine authorities located native copper in Adit 11 on sections

N 12,000 and W 12,100. Native copper has been identified by the
writer in polished sections of samples originating from N 11,500

to N 12,000, and even on a microscopic scale the copper is usually
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located along cracks and in other open spaces. Copper is a late
stage product and is still probably in the process of formation:
one striking development along the footwall is intimately associated

with opaline quartz, which can be proved to be of recent origin.

There is no obvious overall control which has operated
on the location of chalcopyrite, but some is found in or in close
proximity to zones of movement, and it can be proved that at least
part of the chalcopyrite has been deposited after the iron ore
has been faulted - see e.g. Fig. 39 . The redistribution of copper

has been affected by many factors but the most important have

been:

ae original location of the chalcopyrite.

b. presence of passageways for the free circulation of
solutions.

Ce. level of the water table,

d. in certain cases the presence of precipitating agents
e.g. carbonates.

e, the presence of pyrite which on alteration can produce

active acid solutions, and also act as a host for

secondary reactions.

Some maps prepared by the company staff differentiate zones of
oxide and secondary sulphide copper, but the writer feels that

the oxide copper is so restricted in extent and controlled by
local conditions that there is no justification in referring to
oxide zones. Polished sections show that oxide and secondary
sulphide copper minerals sometimes occur intimately mixed together,
and it can be proved that some of the cuprite is older than the
sulphide - Fig. 77. The oxide minerals and native copper are
regarded by the writer as local modifications of what is largely
sulphide copper. Fig. 110 shows a reproduction of a plan prepared
by mine geologists which shows copper, zinc, and also bismuth zones
in the ore.body. The plan cannot be directly correlated with

the writer's cross sections at Fig. 107 as different metal levels
have been used, and also the company's plan was prepared before

some important drill holes were completed. Nevertheless, the plan
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and the writer's sections are in good agreement as to the location

of the main contaminated zones.

The development of the zinc and copper distribution patterns

is also considered in chapter XIX.

Bismuth

This element has nothing like the importance of copper
and zinc and causes few problems to the mine operators. It has
already been demonstrated that there is virtually no bismuth in
substitution within the magnetite lattice so it has obviously
been introduced separately, which agrees with the evidence from
polished sections. Goethite is typically low in bismuth, even
when the ore contains high levels of copper and zinc. The country

rocks are invariably very low in bismuth.

The values obtained by the writer show a wide range, but
most are relatively low and in a number of samples bismuth is
not detectable. In those samples with very high bismuth there
is always evidence of bismuth minerals fo be observed in polished
sections, and there is no doubt that apart from an extremely
small amount in tetradymite the bismuth has been introduced in
bismuthinite. Much of the original bismuthinite remains but some

has been altered by secondary reactions.

The bismuth contents in the shipped ore are shown in
Fig. 102, and it can be seen that the level of the impurity in
both the lump and fine ore dropped markedly in 1965. This is in
accordance with the bismuth distribution shown in Fig. 110, as
by 1965 much of the high bismuth zone had been mined out. The
figures for the exported ore also show that the bismuth in the
fine ore is consistently higher than that in the lump ore, and it
is loweét of all in the highly zincian Non Standard Lump. A company
report dated 1965 states that the average for the ore body is
0.05% Bi and for the protore 0.03% Bi.
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Of‘the samples analysed by the writer six contained more
than 1000 ppm Bi, and one had the exceptional content of 1.6%. This
sample contéined abundant bismuthinite and its alteration product
bismutoferrite. Bisﬁuthinite is found along fractures and as re-
placement bodies in pyrite, and along intergrain boundaries and in
cavities in magnetite. All the high values obtained by the writer
fall within the bismuth zone shown on Fig, 110. This figure presents
a slightly misleading picture of the extent of bismuth contamination
because of its method of construction. It is a projection of the
bismuth zones onto a vertical plane, but most of the bismuth is in
fact contained in narrow lenses which have a much greater vertical
than lateral extent. This means that ” ) not all: of the ore which
falls within the area shown as +0.15% Bi in Fig. 110 is so highly
contaminated. The figure does however accurately reflect that
bismuth is restricted in extent and that nearly all the high values
fall within the four hundred feet from N 11,400 to N 11,800, and up

to three hundred feet from the surface.

There has been only a limited dispersion of bismuth by
secondary processes, A company report states that bismuth tends to
accompany the secondary copper sulphides, but this is only a
partial truth as many highly cupriferous samples are low in bismuth.
In an earlier section it has been shown that bismuthinite can be
replaced by covellite and chalcocite with the formation of inde-
terminate intermediate compounds, and in these examples it is true
that the sulphides do contain bismuth. Without exception the
samples which have high bismuth values contain bismuthinite, and
the writer is convinced that the distribution shown in Fig. 110 is

essentially the primary distribution pattern.

Lead

Lead is found in only a few patches in sufficient guantities
to constitute a deleterious impurity. Analyses presented earlier in
this chapter show that lead is not present in magnetite but can
reach significant levels in goethite ore, and within the ore body

it is only goethite which is responsible for high lead values.
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The sole lead mineral identified by the writer is galena, and that
has only been seen in a few samples, where it occurs as veinlets
and replacement blebs in pyrite. No evidence of secondary reactions
involving galena has been seen, but it is obvious that most of

the lead eventually finds its way into goethite from the original
galena. The fact that lead is concentrated in secondary products
is oonfirmed by the fact that nodular, secondary manganese oxides
in a quartz vein in the hangingwall country rock contain up to
2300 ppm lead. Values up to 2350 ppm Pb have been recorded by

the writer, and company drill logs report up to 0.95% Pb, although
this is exceptional. A company report gives the average for the

ore body as 0.02% Pb.

As most of the lead is found in goethite it is present
in the upper levels of the ore body and towards its southern end.
The values are sporadic, and there are no real zonesof contamination.
The highest levels of lead have been found along N 10,000, but
it extends northwards to about N 11,500, albeit intermittently.

Arsenic

Arsenic has not been any problem to the mine owners as
it is well below the limits set in the specification (0.1%), and
no special controls are required. Although all shipments are
analysed for arsenic - Fig. 102 - by no means all the drill core
samples have been checked. The writer examined company logs which
show that arsenic varies from a trace to 0.18%, but most samples
fall in the range trace to 0.05% As. A company report also states
that there is a divide in the arsenic values at about N 11,600;
north of this section arsenic averages 0.02%, but to the south
higher values can be found, although the average is not given.
The arsenic values for the shipped ore fit in with an approximate
range of trace to 0.05% As. The values also show that the lump
ore is consistently higher in arsenic than the fines, which suggests
that it is probably associated with goethitic ore rather than
with magnetite., The only identification of an arsenic-bearing
mineral is the writer's discovery of arsenopyrite in one polished
gection - Fig. 91, and there will be some arsenic in enargite

and tennantite which have been seen in minute quantities. A
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company geologist has suggested that high arsenic is associated

with high zinc, but this is not so; the analysis for the Non

Standard Lump ore, which is very highly zincian, shows that it
contains less arsenic than the normal lump ore. X-ray fluorescence

26 scans suggest that a little arsenic is found in crystals of
pyrite. If is probablé?that most of the arsenic is found in goethitic
ore, although discrete minerals such as scorodite may be present

occasionally.

Miscellaneous Metallic Elements

A number of elements which cause no practical problems

as impurities can conveniently considered together.

Tungsten was checked during the early prospecting by
Malayan Laboratories, a subsidiary of the main mining company,
who reported very low concentrations, With a limit of detection
of 0.02% only a handful of specimens reached this figure, and
the highest reported values were 0.12% W in sludge and 0.10% W

in core,

Cobalt was checked by Malayan Laboratories who state that
with a detection limit of 0.001% the maximum value obtained was
0.01% and the average for all samples 0.003% Co. Nickel gave
precisely the same results as cobalt. The writer analysed for
nickel and found very low concentrations in both the ore and
country rocks. Most of the results were in the range nil to
20 ppm, and only three samples contained over 100 ppm Ni. One
was a pyrite crystal with a black external surface, one was dis-~
seminated magnetite in calc silicate, and one manganiferous

goethite with relics of zincian siderite.

The writer checked molybdenum, but it was not detected
in the majority of the samples. A specimen of mixed manganese
oxides contained 126 ppm Mo, and this was by far the highest
value recorded. A sample of goethite derived from zincian siderite
contained 84 ppm Mo. Cadmium was detected by the writer in only

sevenr samples, and these were rich in zinc and/or manganese. The
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maximum value was 405 ppm Cd. Tellurium was found in four samples,
but at low concentrations and with a maximum of 85 ppm Te. It

is probably present in tetradymite.

Chromium was checked in a number of ore samples and nearly
all were below 10 ppm Cr. Two crystals of magnetite contained
20 and 17 ppm Cr respectively, and the sample with very high
Bismuth showed 40 ppm Cr, the highest value recorded by the writer.
Manganese is present in the iron ore, and is found in ionic sub-
stitution in magnetite -in amounts which vary from 0.1% to 0.35%
Mn. In those goethites which have not been derived directly from

zincian siderite manganese ranges from 100 to 1000 ppm.

Titania is very low and the writer recorded values in
iron ore which were below 50 ppm TiO2. Few determinations are
available in company records but one drill log clearly demonstrated
an antipathetic relation between iron and titania, showing that
the iron ore is low in titania. For +60% Fe ore in one drill

core the company records titania values of 0.02% and 0.03% Ti0,.
Fitch (1941) records that samples taken from Japanese

. prospecting pits were bulked and analysed for tin by the Malayan

Geological Survey, with negative results in all samples.

. Non Metallic Impurities

There is little to be said about the non metallic impurities
as the levels are usually related to the amount of gangue in the
ore. Alumina and silica are present in a number of silicate
minerals, but predominantly in kaolinitic clay. Sulphur is
derived from pyrite with minor contributions from other sulphides
and sulphates. FPhosphorus is the one element which lms not been
related to any specific mineral by the writer, and none of the
mine records refer to a phosphorus mineral. The writer analysed
some of the iron ore for phosphorus and found very low levels,
nil to 30 ppm, in magnetite. Goethite contains more phosphorus
and an examination of the levels in the shipped ore confirms

this - Fig. 102. The lump ore is always higher than the fine ore,
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andvin the Non Standard Lump, which is largely goethite, the phosphorus
level rises significantly. From 1962 to 1965 the phosphorus content
of the lump ore and fine ore ranged from 0.031% to 0.039% and
0.020% to 0.031% respectively, while in 1965 Non Standard Lump
contained 0.071% P. A company report states that a change in the
level of phosphorus can be detected at about N 11,600; to the north
the level is 0.02%, but to the south there are higher values and
phosphorus rises to 0.05% to 0.06% P, The report further states
that the higher phosphorus is usually in goethite ore with less
than 60% Pe, and that there is a correlation with highly zincian
ore. A study of a large number of drill logs does not substantiate
this suggestion, and high levels of zinc combined with phosphorus

appear to be fortuitous.

% ¥ X K H R K O X ¥ K K ¥

Fig. 111 shows in diagrammatic form the levels of the main
impurity elements in six drill holes which come from different
sections of thewre body. The information is taken from company
drill logs. The horizohtal axis shows increasing depth from left
to right, but there is no constant scale; the values have been
taken in the order in which they appear in the logs and do not
attempt to relate individual values to a specific depth. A vertical
line drawn through any graph indicates the values found in the same
sample, The diagrams illustrate some of the points made earlief
in this chapter, and clearly show that there is no constant rela-

tionship between the elements.
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XV _THE DEPOSITS AT BUKIT PESAGI AND BUKIT SANLONG

Introduction

These deposits lie close together and are similar in type,
but only Bt. Pesagi was in production at the time of the writer's
fieldwork. The Bt. Sanlong deposit consists of one small primary
body with some detrital and secondary ore, and lies one and a
half mile south~southwest of Bt. Ibam., The Bt. Pesagi deposit
is named after the prominent hill of that name, which lies two
and a half miles south-southwest of Bt. Ibam, but iron ore is
scattered over an area of approximately one square mile. The
locations are shown in Fig. 24. The deposits are the most southerly
of the Ulu Rompin group, and from Bt. Pesagiy, 750 ft, the ground
drops away to the east, south and west., The area is dissected by
several streams, and the ore deposits are found on the tops and
upper flanks of the hills and ridges, extending down to about 300
ft elevation. Although all the deposits lie close together, for
the convenience of mining operations the company recognizes nine
deposits in Bt. Pesagi - Pesagi 1 to 9, and two in Bt. Sanlong -
Sanlong 4 & B.

Country Rock

The surface exposures show only a quartz-bearing clay,
which is usually stained or impregnated with secondary iron material.
Even in the excavations left by mining no hard rocks can be found,
but it is clear that the bedrock consists of highly decomposed
acid volcanic rocks which have been sheared in a general north
to south direction, and contain veinlets of quartz and kaolinite.
The volcanic rocks contain disseminated pyrite, which also occurs
as veins in some areas., Drilling throughout the area confirms the
bedrock, and also proves the presence of some hornblende granodiorite
below surface. There may have been some thin calcareous lenses

within the volcanic sequence, but this is not certain.
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Qre Deposifs

General Description

The iron ore occurs in steeply dipping primary lenses, and
in relatively thin sheets of detrital and secondary ore on, or
close to, the surface. The primary bodies are aligned parallel
with the regional foliation in the sheared volcanic rocks. The
primary ore is usually of high grade, but the other is much more
variable. In complete contrast to the Bt. Ibam deposit, primary
haematite is the most important component in the ore bodies. The
mine authorities believe that the steeply dipping ore bodies formed
by oxidation of massive pyrite, but this is incorrect, and haematite
is a primary crystallization product. The only important primary
Bodies are Pesagi 6, which is themost northerly of all the Bt.
Pesagi deposits, and Sanlong B, which lies one mile to the north,
but there are other small primary bodies throughout the Pesagi

zZone.

The superficial ore is a mixture which consists partly
of detritus and partly of ore formed by secondary enrichment.,
Mining of this type of ore consists of stripping over wide areas,

but only to shallow depths.

Primary Ore Bodies

Pesagi 6 is the most important single ore body, but Sanlong
B, which is separated from it by a distance of one mile, is id-
entical except for its smaller size. There are other very small
primary bodies throughout the Bt. Pesagi arca. Pesagi 6 is a tabular
body whose strike varies from north to south to 200, and dips east
at an average of 550—600. The original outcrop was at an elevation
of 800 ft and ore extends down to approximately 550 ft. Below
this level mineralization continues, but pyrite becomes the pre-
dominant mineral. The rise in sulphur values in depth led the
mine authorities to conclude that the iron ore had formed by oxida-

tion of a massive pyrite body, but in fact the pyrite is a later
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phase. The ore body shows a gradual tapering in depth, except
along one section towards the southern end where there is some
thickening. Fig. 112 shows cross sections through Pesagi 6., In
plan view the ore body is a narrow lens .which has a distinctive
stepped appearance due to the presence of small cross faults.
FMig. 113 shows the surface plan view in September 1966. The
maximum strike length is 650 ft, maximum thickmess 90 ft, and
maximum extent downdip 300 ft. As can be seen from the working
levels plotted on Fig. 112, much of the ore body had been worked
out at the time of the writer's visit. Sanlong B is exactly the
same type of body, even to the presence of the cross faults, but

is smaller.

The near-surface country rock is a clay which has been
derived from acid volcanic rocks. Some of the clay is greyish-
white, but it is typically coloured in reds, yellows, browns and
greens, and has a marked banded appearance. The latter is due
to strong shearing in the original volcanic rocks, and there is
a general increase in the intensity of shearing as one approaches
the ore bodiesg., Some of the immediate wall rocks contain small
lenges and disseminations of haematite. A few of the cross faulis
which displace the ore body can be traced into the country rock,

but others disappear in the clay.

The contacts between ore and country rock are sharp, and
the haematite disseminations in the volcanic rocks are restricted
in size and occurrence. Along the contact in Pesagi 6 there is
usually a development of goethite, which is highly porous. and
forms cellular and ropy masses, boxworks and stalactites. One
mass had a horizontal banded texture, which may have been connected
with o0ld levels of the water table. The goethite has replaced
both the wallrock and theprimary ore. Within the ore body there

are some small masses of goethite which are often developed along

the cross faults and some joints.

The ore body contains haematite which is very variable
in its physical appearance. There is a little hard, dense metallic
ore, but most is soft and highly friable. The ore originally found
close to the surface was hard due to the cementing effect of goethite.
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1 inch = 100 feet

profiles after ROMPINCO plan

" Fig. 112 Cross secl/;ons through Pesagi No.6 ore body . The working levels are as at September 1966 . Lines of sections

are shown at Fig. 113,
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7inch = 100 feet

Fig. 113 Plan of Pesagi 6 ore body at Sept. 1966 .
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The friable ore ist&pigq;}y:granular, but some is a fine dust.
Mixed with the friable ore, and occasionally forming quite large
masses, are coarse euhedral crystals of specularite and some
micaceous haematite; The specularite usually forms thin plates,
averaging one half by one eighth inch which are flattened parallel
to (0001), but much larger crystals can be found. The largest
encountered by the writer were two by one half inch. The larger
crystals are usually brittle due to the development of very good
parting planes, which are easily visible to the naked eye, and can
be so perfect that they are virtually cleavages. The parting planes
are developed parallel to {107ﬂ} and are probably due to twinning.
The smaller plates of specularite can be lifted with a hand magnet
due to minute inclusions of magnetite. Much of the haematite

is of high grade, but some patches contain quartz which contaminates
the ore. Down to the working levels seen by the writer little
pyrite is apparent in the ore body, but drill core shows that at
the lower levels it becomes important, and the sulphur values

rise sharply. Some drill holes have encountered massive pyrite
below the haematite body. Although Sanlong B had not been worked
at the time of the writer's visit, drill core shows that it is

the same as Pesagi 6, and sulphur values rise in the deeper parts
of the ore body. The other primary bodies throughout the Bt.
Pesagi area are much smaller, with dimensions usually measurable
in a few tens of feet. Their mineralogy is similar, but some
consist largely of granular ore and lack the coarse specularite

crystals.

Mineralogy

The Pesagi 6 ore body is made up of earthy and crystalline
haematite, magnetite, martite and goethite. The texture is variable,
even within a single polished section, and the majority of samples
are porous to a greater or lesser degree., The typical ore contains
granular haematite and martite with a few specularite crystals

set in a porous mass of earthy haematite and goethite.

The most striking component is specularite, which can
form very good euhedral crystals - Fig. 114. It may occur as

isolated crystals, but some samples consist of interlocking aggregates
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of coarse grains, with voids or fine grained haematite and goethite
between them. A few specularite crystals take a near perfect
polish, but some pitting is usually present. Most of the pits

are irregular, but they can follow definite crystallographic planes,
which appear to be {ﬁ071} . Internal reflections are rarely seen
unless there is some flaw in thepolished surface, but the bire-
flectance and anisotropy are clearly visible, particularly in
twinned crystals. Some specularites have an irregular rim of
goethite, with rare internal patches of the same mineral. The
crystals of specularite can project into cavities in the porous

ore where they appear to be incorporating the more granular material,
but in other places the earthy and granular ore have partially

replaced the specularite.

The specularite crystals are frequently twinned., 1In cross
section one sees two directions which intersect at an acute angle
and are @071} planes, but they are occasionally accompanied by
a third set of twin lamellae which appear to be following (0001).

In basal sections the twin lamellae often display a complicated
pattern, but are probably following -@OT1} directions. The twin
lamellae are thin with very sharp, straight edges, and they normally

transect the crystal from edge to edge with a constant thickness.

Rounded relics of magnetite are found in many specularite
crystals - Fig. 115. The magnetite is fresh and rarely shows any
martite lamellae, and in only one or two grains have the ﬁ11}
planes in the magnetite controlled the replacement by specularite.
Pyrite has crystallized in cavities in the s?ecularite, and
occasionally replaced the host, and one or two grains of chal-

copyrite have also been identified.

A rare but striking texture is displayed by a number of
1afge specularite crystals. In contrast to the usual good polish,
a few grains have a very dull pitted appearance- due to the pre-
sence of minute parallel bodies, which do not cut through twin
plénes or magnetite relics ~ Fig. 114. In a few grains the bodies
are found in the thin twin lamellae, and not in the main body of
the speéularite crystal. Under very high magnification it can

be seen that the bodies are thin plates with a definite orientation,
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and in non-basal sections the bodies have a crescent shape as

they are dipping into the plane of the polished surface - Pig. 115.
In basal sections of specularite crystals the plates are more
equant in shape and appear to be parallel to the polished surface.
The plates are formed from a hard transparent mineral, which is
believed to be corundum. The corundum has possibly exsolved as
small plates with its (0001) planes paralle with the (0001) in

the specularite. Only a very few grains show this phenonemon.

A textiure which is very éommon in the specularites from
Bt. Pesagi and Bt. Sanlong, and has also been noted in rare grains
of primary haematite from Bt. Ibam, can best be described as
"pseudo perthitic": from its similarity to the texture seen in
some alkali feldspars. Considering the abundance of haematite
throughout the world published descriptions of this texture appear
to be rare, and illustrations even rarer. The texture can be
clearly seen under the microscope, but the writer found it very
difficult to photograph satisfactorily. It is suspected that the
texture may be much more common than references to it would indicate,
because unless a very careful examination of the polished section
is made the texture can be easily overlooked. It can only be
obgerved under very high magnification, with the grain in a critical
angular position under slightly uncrossed nicols. The only
illustrations known to the writer are in Ramdshr (1960) and a
photograph of a Venezuelan iron ore (R. Phillips, pers. comm.
and Kalliokoski, 1965).

The texture is revealed by the anisotropy of haematite
as the microscope stage is rotated, the most common variety of
the texture being very similar to perthite -~ Fig. 116. The texture
is developed by elongate irregular "bodies", which have a strong
parallelism on a broad scale. Some of the '"bodies" appear as
isolated units, but many link up to form a type of network.
Although the term '"bodies" is used, they are in fact small areas
of haematite in different orientation to the adjacent haematite,
and are not composed of foreign material. The texture can be
developed on such a fine, regular pattern, that in a certain
angular position some of the specularite crystals look to have a

micro ridge-and-valliey surface - Fig. 117. In this variety of
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the texture it is impossible to say which are the '"bodies" and
which the host, as both are developed in equal proportion and
show the same pattern. In rarer examples however, one set of
haematite "bodies" is subordinate to the main mass of the crystal,
and the texture changes slightly as the specimen is rotated.

An example is shown in Fig. 118, where it can be seen that the
light coloured lamellae do not display the same pattern as the
darker material. In contrast, if the position of the dark and
light areas in Fig. 117 were reversed, the texture would not be
significantly altered. An even more extreme difference between
"bodies" and host can be seen in some specularites where thin,

hairlike lamellae are set in a much more massive host - Fig. 119.

The pseudo perthitic texture can be uniformly distributed
throughout a whole crystal, or developed only in certain patches.
It usually follows only one direction in a single crystal, and
where a change in direction is present, there is often evidence
that the whole crystal has changed its orientation e.g. {1OT1}
twin lamellae show a change in orientation. The angular relation
of the pseudo perthitic texture relative to {1071} pianes is not
consistent, as it can be parallel - Fig. 120, oblique - Fig. 117,
or almost at right angles — Fig. 118. The optical orientation
also shows a variable relationship to {1071} lamellae, as the
pseudo perthitic texture can extinguish with the main twin lamellae,

but more often the positions are different. The texture normally

terminates abruptly at a {1071} lamella, to continue on the other
side, but in one example the texture appeared to continue through

the twins - Fig. 121.

The origin of this texture is problematic. As haematite
is the only mineral involved and the texture is produced by dif-
ferences in orientation, it must be a form of microtwinning.
Unfortunately it is not known if the pseudo perthitic texture
follows one consistent crystallographic direction in the haematite;
the evidence from polished sections suggests that the direction
may bé variable. If the texture is caused by twinning it could
be a growth phenomenon or a type of pressure twinning. If it
were the former one would expect a consistent crystallographic

direction, and it is concluded that the "perthitic" texture is
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the result of stress. The causative stresses must have been
relatively light as there is no sign of dislocation or shattering
in the polished sections studied, but the presence of cross
faults in the ore body proves that stress has been operative at
some period after mineralization. The iron ores of Yampi Sound,
Western Australia, contain haematite which displays the perthitic
texture, and this is thought by Canavan and Edwards (1938) to be
a micro itwinning causéd by internal stresses, and the ores at

El Pao, Venezuela, which have been dynamothermally metamorphosed

show the same feature (Kalliokoski, 1965).

The granular component of the Bt. Pesagi type ore is
partly martite and partly haematite. The ore which contains
considerable martite usually takes a bad polish, but the typical
lattice texture can be seen, while the granular primary haematite
takes a much better polish. One can find magnetite grains which
have been pseudomorphed by an aggregate of small grains of haematite,
and some grains have a martite centre with granular haematite
forming the edge, or vice versa. Relics of magnetite are usually
present, and some maghemite has been identified. A diffraction
trace of a sample from one of the small primary bodies showed
a clear maghemite pattern. The granular ore has a very porous
texture, with numerous irregular cavities. Specularite crystals
have occasionally crystallized in the cavities, and some cavities

have been partially filled with a goethite-haematile mixture.

Goethite is a variable component, but has crystallized
in fractures and cavities, and replaced the other iron oxides.
The veinlets and cavity fillings usually display a colloform

texture, and the goethite is mixed with calloform haematite.

The main sulphide is pyrite, but small grains of chal-
copyrite have been observed. Pyrite is found as small rounded
bodies in some of the specularite crystals, and it also forms
veinlets and intergrain fillings. One polished section showed
a magnetite grain which had been peripherally pseudomorphed by
pyrite, and the sulphide has also been observed o replace haematite.

. Pyrite has often crystallized in cavities in the porous type of

ore. DEvidence from numerous polished sections shows that pyrite
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is later than the iron oxides, and in one abandoned mine working
pyrite veins in granular iron ore were clearly visible. Rare grains

of bismuthinite and pyrrhotite have been identified in the pyrite.

All the primary bodies, from the large Pesagi 6 to the
smallest lens, show the same sequence of mineralization, although
their final percentage mineral composition can vary. In all the
bodies magnetite wa 8 the first ore mineral to crystallize, and
primary haematite deposition followed later. In the smaller bodies
the haehatite has partially replaced the magnetite but retained
the fairly even, granular texture, while in the larger bodies
the haematite has, in addition, frequently crystallized in large
specularite crystals. The ore with abundant specularite super-
ficially looks quite different from that in the smaller bodies,
which has led some of the mine authorities to suggest that dif-
ferent types of ore bodies are involved, but the mineralogical
evidence shows that all the bodies have followed the same genetic

sequence.

Secondary Ore Bodies

The secondary ore forms relatively thin surface sheets
over some of the hill tops and upper flanks of the ridges in the
Bt. Pesagi and‘Bt. Sanlong areas, those in the former being much
more extensive. Three sources have contributed to the development
of these ores; detritus which has broken off from the primary ore
bodies and moved downhill under gravity, material from the des-
truction in situ of small primary lenses, and an enrichment of
original iron minerals in the bedrock. The ore which has formed
by secondary enrichment has developed from pyrite in the volcanic
rocks, and possibly from magnetite in the suboutcropping grano-
diorite. Some of the detrital ore has remained uncemented and
is found as boulders and pebbles in a clay matrix, but it is not
unusugl to find that the detritus has been cemented by secondary
ore into hard solid masses. The general pidure is that of an
extensive lateritic sheet, upgraded in places by the incorporation
of material from the primary bodies. The laterite probably formed

as a continuous sheet when the ground surface was flatter and
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less dissected, and the present river system has broken through
and left the isoclated pockets found on the hill tops and ridge

slopes.

The bulk of this ore is goethite with secondary haematite,
but relics of primary haematite and magnetite are found where
primary ore bodies have contributed material. The secondary ore
is dominated by colloform textures, and in hand specimen is usually

highly porous.

Geochemigtry (1) Iron Ores

The fact that these deposits contain ore ranging from
high grade specularite to laterite means that there is a corres-
ponding variation in composition. The best ore is found in the
upper levels of Pesagi 6 and Sanlong B; at lower levels the sulphur
values rige steeply. Frqm company analyses the writer calculated
.the following average for an 85 ft drill core section through
Pesagi 6:

Fe 66.8%; S 0.095%; P 0.013%; Cu 0.008%; Zn 0.012%
and the range of these elements ih the same section is

Fe 62.8% - 69.3%; S 0.005% - 0.312%; P 0.002% - 0.021%;

Cu 0.005% - 0.014%; Zn 0.006% - 0.020%; As tr - 0.005%;

Fb <0,005%; Bi 20.010%.

The writer separated a sample of high grade ore from Pesagi 6
into its two components, large specularite crystals and fine
haehatite_powder with dust, and analysed them for comparison pur-
poées. The results are shown below, and reveal that the two

<

fractions have almost identical compositions.

Fe SiO2 A1203 P Cal TiO2
1. 69.5 0.20 0.14 nede. 0.07 0.03
2 6903 0021 0010 nodc n.d. 0001

} 1. Specularite ore. 2. Fine powder and dust.
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For the Sanlong B ore body the following results are typical:

Fe s P Cu Zn Pb Bi As
1 66.2 0.098 0.019 0.008 <0.005 <0.005 <0.005 0.030
2 54.6 3.78 0.026 0.009 0.005 0.005 0.005 0.020
3 6304 00060 00015 00009 0.006 - - 00015
4 57.7 4.10 - 0.015 - - - -

1. Drill core Oft - 135 ft ) calculated by the writer from
2. Drill core 135ft = 155 ft ) company analyses.

3. Average for upper levels of the ore body.

4. Average for lower levels of the ore body.

There is a good agreement between these pairs of figures ( 1 + 2
and 3 + 4), which clearly show that sulphur is the only impurity
- of note, and it only becomes important in the lowest levels of
the ore body. Cross sections through Pesagi 6 contructed by the
company demonsirate the marked rise in sulphur values at depth,
and led some of the sompany geologists to suggest that the iron
oxides had formed by oxidation of a massive sulphide body. This
is a convincing example of the danger of interpreting chemical
data without supporting mineralogical evidence. Fig. 122 is a

typical cross section through Pesagi 6 showing the iron and sulphur

values.

Chemical data for the boulder ore are shown below:

Fe S P Cu As 510, Mn
1 52.5 0,054 0.029  0.033 - 13.23 0.24
2 56.0 0,064 0.016 0.015 0.024 - -

1. Bt. Pesagi, Japanese data.

2. Bt. Sanlong, company data.
3. Bt. Sanlong, source uncertain but probably company data.

The average composition of the Bt. Sanlong lateritic ore
which as formed over the local pyritic volcanic rocks by residual

concentration is given in company records as
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Fe 54,0%; S 0.168%; P 0.040%; Cu 0.021%; As 0.045%.

The overall composition of all the ores, primary and secondary,

found at Bt. Pesagi and Bt. Sanlong is reported to be

Fe 5 P Cu Zn Bi
1 58.0 0.05~0.5 0.03 0.03 0.03 0.02
2 60.0 0.02~0.15 0,02=0.,05 0.01-0,02 0.02 0.02

1. Bt. Pesagi, company data.
2. Bt. Sanlong, UN (1970) and company data.

A number of trace elements in a selection of iron ore

samples from Bt. Pesagi and Bt. Sanlohg were determined by the

writer, and the results are shown below (in ppm).

Bt. Pesggi

Sa£§l° Cu Zn Pb Bi Ba M Cr
110 60 <10 n.d.  n.d. 12 - -
111 39 90 36 n.d. 12 - -
112 159 <10 84 210 26 - -
1134 38 <10 n.d. <10 ned. 62 210
113B 48 48 M 25 ned. 180 <10
298 93 100 36 ned. 93 124 ned.
302 36 68 18 ned, 52 - -
Average 67 50 60 4 24

109. Granular haematite, 110. Specularite. 111. Granular
haematite. 112. Specularite + granular haematite. 113A. Spec-
ularite. 113B. Haematite dust. 298. Granular haematite
replacing magnetite. 302. Martite and granular haematite re-
placing magnetite.

‘The resui'ts show that the general level of these impurities is

low, and that there is little variation from sample to sample.

The figures for the samples from Bt. Sanlong are shown
below (in ppm).
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Bt. Sanlong
S

Sa’N“gle Cu 7n b Bi Ba Mn Cr
280 54 58 93 n.d, 76 124 84
282 33 45 18 n.d. 18 - -
283 39 31 <10 n.d. 20 - -
284 58 21 42 n.d, 21 93 n.d.
287 1460 12 «10 n.d, 16 - -
Average 545 36. 35 - 30

(a6

* Average of first four samples only.

280. Granular haematite. 282. Granular haematite with spec-
ularite. 283. Granular haematite with specularite. 284. Gran-
ular haematite with some pyrite. 287. Granular haematit and

specularite with some pyrite.

Samples No. 280 to No. 284 came from one drill core with
depths ranging from 10 ft to 140 ft respectively. The results
above are comparable with those obtained for the Bt. Pesagi ore
except for the high copper in No. 287. This sample contains mega-
scopic pyrite (as does No. 284), but there is no sign of any copper
mineral, and it is thought that the result may be spurious due
to instrumental error. It is perhaps significant that the writer's
values are ciosely comparable with those obtained in the company's
laboratories on similar, but not identical, material, except for
the high copper in No. 287. The values obtained by the writer for
the Bt. Pesagi and Bt. Sanlong ore are of the same order of mag-
nitude as those from other sources quoted earlier in this section
and confirm the overall low level of metallic impurities. Copper
and zinc are lower than in the Bt. Ibam ore but lead is slightly

higher.

Geochemistry (2) Country Rocks

The major element chemistry of the country rocks has been

described earlier - chapters III, IV and V - and this section is
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restricted to a number of trace element determinations. Decomposed
acid volcanic rocks are by far the commonest type and trace elements

in these were determined as (in ppm):

Bt. Pesagi
Sample
No. Cu Zn Pb Bi Ba
105 26 18 nede. n.d. 1720
106 29 20 33 n.d. 770
170 14 56 nede n.d. 875
172 17 30 18 n.d. 2358
300 69 16 n.d. n.d. 2240
304 15 48 19 n.d, 1280
326 15 108 174 n.d. 303
Average 26 42 35 - 1363
Bt. Sanlong
286 14 27 <10 z10 692
288 24 210 n.d. n.d. 775
Average 19 19 - - 733
Between Bt. Pesagi and Bt. Ibam
3294 17 26 n.d. nede 1037
329B 43 _ 800 45 n.d, 418
329¢C 45 960 <10 n.d. 1672

Samples Nos. 105, 106, 170 and 172 were collected from benches

in the workings in the important No. 6 ore body, and No. 326 from
near to No. 2 ore body which is a small primary lens. Sample.

No. 300 came from drill core at a depth of 200 ft and below No. 6

ore body, and No. 304 from a depth of 160 ft in country rock.

No. 286 came from above Sanlong B ore body at a depth of 87 ft,

while No. 288 came from the same drill‘hole at a depth of 184 ft

and below the ore body. The three samples numbered 329 were collected
from a cutting along the haulage road from Bt. Ibam to Bt. Pesagi

and do not really belong with either body.
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The barium shows a consistently high level, which agrees
with other determinations made on the volcanic rocks throughout
Ulu Rompin. Of the metallic impurities bismuth is of no consequence,
but two samples show above average zinc. It is noticeable that
the other elements have not increased sympathetically with the
zinc. The two samples came from a road cutting which lies outside
the zone of iron mineralization, and the writer believes that
they may have been affected by the highly zincian zone found at
the southern end of the Bt. Ibam ore body. The zinc has probably
been introduced in carbonate-bearing solutions and incorporated
into goethite when the carbonates were oxidized; the high zinc
is very local as sample No 329A originated from within the same
road cutting. Sample No. 326 shows slightly elevated lead and
zinc values, but the writer has seen no minerals which would account
for these values and they probably represent higher lead and zinc

in the original volcanic rock.

Two samples of relatively fresh, hard granodiorite were

analysed with the following resuits:

Sample .
No. Cu Zn Pb Bi Ba
M 23 94 <10 n.d. 158
324 4 71 n.d. n.d. 865
Average 29 83 - - 512

Sample No. 311 ocame from a depth of 333 ft and sample No. 324
from a depth of 160 ft.

Three unusual samples taken from drill core which did
not encounter primary ore but ended in hard granodiorite (sample
No. 311) showed much higher than average zinc values, although

no other impurities were significant. The values are shown below:

Sample Depth .
No. *ft.> Cu Zn Pb Bi Ba
308 156 17 662 n.de n.d. 17
309 228 61 2280 58 n.d. 182

310 231 68 1060 n.d. ned. 411
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Sample No. 308 is a skarn-like rock with pyroxene and amphibole
and is mentioned in chapter IV. The other two samples are types
which the writer has not encountered elsewhere in Ulu Rompin,
and they appear to be hybrids. They’iie above granodiorite and
are prbbably the result of the igneous(rock encountering a small
lens of calcareous material. The samples are unigue among the
Bt. Pesagi and Bt. Sanlong country rocks as they contain appreciable
magnesia (ca 10% MgO), and in this respect show similarities to
the gangue in the Bt. Ibam body. There is no sign of sphalerite
or other discrete zinc mineral, and the writer believes that the
zinc may have been present in the original carbonate rock and
subsequently incorporated into the hybrid rocks. It is clear
that these rocks are completely out of the normal range of types

found in the area, and they occupy only a very small area.
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XVI_ THE BUKIT HITAM DEPQSIT

It was not possible to visit Bt, Hitam during the writer's
final fieldwork as there was a dispute over the ownership of the
land, but it has been examined during an earlier trip to Ulu
Rompin. No mining had been undertaken up to September 1966,

but the area had been prospected.

Bt. Hitam lies four and a half miles on a bearing of 10o
from Bt. Ibam - Fig. 24, and is the most northerly of the deposits
within the narrow belt of country which contains all the primary
deposits, with the exception of Bt. Batu Puteh. The ore occurs
on the creat and eastern and southern flanks of a horseshoe-shaped .
ridge, which is open to the north and rises to a peak of just
over 350 ft. The main concentration of ore is found at the southern
end of the ridge. The topography is much less rugged than that
found along the main mass of the Bt. Sembilan ridge, with low
rounde@ hills surrounded by flat areas of seasonal swamp. There
are no outcrops anywhere near the ore deposits, and a company
report states that no outcrops were found "within 3 miles" of
the area held under title, but this must be a mistake, as exposures
are found on Bt. Chepemak 664 ft, which lies within three miles
of Bt. Hitam.

The local geology is virtually unknown. Drill core is
not a great deal of assistance as the rocks are usually completely
decomposed, but some of the drill holes pass into granodiorite
at depth. It is not possible to locate the precise contact, but
unequivocal granodiorite has been encountered at depths ranging
from 200 ft to 300 ft from surface. Granodiorite also forms the
gmall hill mass of Bt. Chepemak which lies two miles to the east—
northeast, and where there are signs of iron mineralization. A
company report dated 1962 states that "limonite and manganese- .
limonite mixtures pseudomorphing rhombdodecahedral garnet crystals
are common", and suggests that these were originally andradites
formed in a skarn, but no other evidence is presented to support
the identification. While in the mine the writer tried to obtain
samples of the pseudomorphs. but they had all disappeared, having
been used for assay purposes or thrown away. Sample No. 17683
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in the University of Durham collection however, contains limonite
pseudomorphs of rhombdodecahedral crystals and is almost certainly
the type of material to which the company report refers, but there
is no doubt that the euhedral crystals were originally magnetite
and not garnet. The conclusion that the ore formed in a skarn
the writer regards as unproven. A4s a corollary to the postulated
skarn origin, a company report suggests that the primary ore
formed in a thin calcareous horizon which occurs in a synclinal
structure with a southeasterly plunge. The writer has no means
of commenting on this suggestion due to lack of evidence, but

as mentioned above, it would appear to be mere conjecture until

the presence of calcareous rocks is positively established.

By analogy with the regional geology in surrounding areas
it would appear that the local bedrock is dominantly altered
acid volcanic rocks, and this is corroborated to some extent
by the barium content. The volcanic rocks throughout Ulu Rompin
show a higher barium content, >500 ppm, than the other rock types,
while the skarns found at Bt. Ibam are very low in barium. The
fact that the clay samples from Bt. Hitam contain a relatively
high barium content strongly suggests that they have been derived
from volcanic rocks, but the former presence of small calcareous

lenses cannot be discounted.

The main deposit consists of primary lenses with associated
detrital ore, and some ore formed by secondary enrichment. The
main primary body is a stubby lensoidal mass with several clay
intercalations. The dimensions are not known precisely, but
the maximum thickness is 110 ft, with the length and breadth
approximately 400 ft and 350 ft respectively. The body strikes
northeast to southwest and dips southeast at about 100. Towards
the southwest the ore body splits into several thin lenses separated
by clay. Fig. 123 shows a cross section through the thickest part
of the ore body. The two deepest drill holes encountered grano-
diorite approximately 150 ft and 200 ft below the base of min-
eralization. The superficial ore contains detritus from the primary

body, plus limonitic concretionery ore which can in part be man~

ganiferous.
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Fig. 123 Diagrammatic cross section through the Bt. Hitam ore body
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The typical primary ore is a very hard, fine grained,
metallic grey magnetite, which often contains irregular cavities
and cracks. Some of the cavities contain a hard siliceous goethite
or a soft earthy limonite, or they can be filled with skeletal
limonite boxworks. A few of the cavities contain hard to soft
manganese oxides, which are later than the siliceous goethite.
Where the magnetite has been extensively altered to martite the
ore takes on a reddish colour. Some coarse crystals of magnetite
can be found, and a company report refers to limonite pseudomorphs
of "pseudocubic striated haematite" crystals, but to the writer
these appear to be replacements of pyrite or magnetite - see
below. Fresh sulphides have not been observed in the outcropping

oree.

In polished section the primary ore is seen to be an
interlocking granular mass of magnetite in various stages of
alteration to martite. In the less altered ore the crystal out-
lines can be discerned, but when highly altered the original
grain edges are often .obscured. Martite shows the typical lattice
texture and forms preferentially along the grain edges and cracks.
Some of the magnetitie has a patchy colour, which is probably due

to incipient oxidation, but maghemite lamellae as seen in the

Bt. Ibam ores have not been observed. It is interesting that
threec samples taken at different levels within the ore body showed
more advanced martitization in the deeper samples, which suggests
that martite is not necessarily a weathering product but may also

be a retrograde feature of the main mineralization. .

Goethite veins and partially replaces the magnetite and
martite, and veinlets of manganese oxides have been observed
in polished sections. Rare specks of pyrite were seen in cavities
in the primary ore, and one grain of native copper, although no
other cupriferous minerals have Ween identified. 4 polished section
of some limonite cubes with striated faces showed a cellular mass
of goethite and, surprisingly, some magnetite and martite relics.
No sulphides were present, The external form certainly suggests
that the crystals were originally pyrite, but the polished section
shows that magnetite was present.. There could have been a pyrite

overgrowth on a magnetite crystal or replacement of pyrite by
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magnetite, but the latter is most unlikely as the sulphides are
normally later than the oxides. Cubic forms of magnetite are

known but are reported to be rare (Dana & Ford, 1959).

In addition to the primary ore lenses there are surface
concentrations of mixed iron and manganese oxides. These ores
are lateritic in origin, and consist of hard to earthy goethite
with a variable manganese content- due to the presence of unid-

entified manganese oxides.

Geochemistry

The massive magnetite ore is usually of very good grade
but it has a relatively high manganese content, and the zinc can
also be high, but the other impurity elements are typically low.

A company report gives the average composition as
Fe 65%; Mn 2.0%; Cu 0.05%; Zn 0.2%

and states that all the manganese is locked up in the magnetite
lattice, but this is incorrect as part is contained in the veinlets
of manganese oxides which are often seen in polished sections.

Part of the zinc content is possibly present in the manganiferous
#einlets while some is in the magnetite lattice. Two samples

of hard, massive magnetite taken from surface exposures contained

the following:

Fe Mn Cu Zn

1 67.2 2.0 0.015 0.35
2 66.0 1.8 0.009 0.30

4 United Natons (1970) survey of the iron ore resources of the
world gives the composition of the Bt., Hitam magnetite deposit

as
Fe 61%; S 0.05%; P 0.07%; Cu 0.1%; Zn 0.13%

but no source is quoted, and the figure for copper looks too
high; the figures may well include the detrital as well as the
primary in situ ore. The limonitic material associated with the

magnetite occurs in two forms (1) hard brown and (2) soft
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yellowish-brown, and typical compositions are

Fe 510, 1\1203 Mn Cu Zn
1 58.6 2.1 149 0.07 0.075 0.14
2 61.1 - - 0.36 0.057 0,08

No discrete copper or zinc minerals have been identified in these
limonites and theimpurity elements must be contained in the lattice

structure,

The average composifion for the detrital and secondary

ore in three sub-areas at Bt. Hitam is reported to be

Fe Mn
56 0.7
2 - 53 25
42 10.0

the samples in area 3 being manganiferous laterites.,

For the deposit as a whole i.e. primary plus detrital

gnd gsecondary ore the company state that the composition is

Fe 55%; Cu 0.07%; Zn 0.05%; Bi tr.

Fig. 124 shows a graph of the Fe, Zn, Cu, S and P values
in drill core obtained from the centre of the primary ore body
from surface to 120 ft. It can be seen that on a broad scale
the impurity elementé are antipathetic with iron. Zinc is the
most abundant element and shows a wide variation in concentration,
but drops below 0.07% in only one short section, whereas copper
is usually low but rises in the central part of the ore body;
Sulphur and phosphorous are typically below 0.05%, and cause no
problems as impurities., Arsenic and bismuth are low and so is
lead, although the latter is higher in the low grade ore. Man-

ganese is over 1.0% in all but two or three samples.

Samples of ore and country rock collected and analysed

by the writer gave the following results (in ppm).







Sample
No.
317
323
318
319
320
321
322

317. Clay from volcanic rock,

Depth
ft.
70
126
352
173
32
83
119

1575
33
38
43

1700
73

122

318. Solid granodiorite.

319.

Zn

1950
134
60
68
3190
1030
401

323.

Clay from granodiorite ?.

320. Manganiferous boulder ore.

Solid magnetite,

Pb

1650
51
151
231
1482
43
27

Solid magnetite.

Bi

9
<10
ned.

12

58
ned.
206

296

Ba

1222
1275
815
100
2876
n.d,

92

Clay from volcanic ? rock.

322.
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XVII THE BUKIT BATU PUTEH DEPOSIT

Bt. Batu Puteh, which rises to a height of 250 ft, is
located five miles northeast of Bt. Ibam, near the confluence
of the Sg. Batu Puteh and the Sg. Trok - Fig. 24. It is the only
significant primary deposit outside the narrow mineralized zone
which runs from Bt. Pesagi t0 Bt. Hitam. The area had not been
opened for mining at the time of the writer's fieldwork, and the
only information was contained in drilling results. These are
capable of more than one interpretation; but it is certain that
the primary ore is contained in one or more tabular bodies, aligned
roughly north to south and dipping west at 60°. The ore has a
maximum thickness of 80 ft and a strike lemgth of 900 ft, and
ore has been encountered 120 ft downdip, but the full extent of
the ore in depth has not been determined. In plan view the ore
body appears to have a shallow "S" shape, which may be due to

faulting, folding, or the fact that there are two bodies en echelon.

The Bt. Batu Puteh mineralization is interesting as it
is the only body apart from Bt. Ibam where the ore is definitely
associated with carbonate rocks. Most of the drill holes inter-
sect a marble which is hard, medium to coarse grained (crystals
up to 4 mm), and is usually white or grey in colour, but ‘can be
stained in shades of red and brown. No structure is discernible
in the drill core samples, and it is clear that the rock has
completely recrystallized, but no trace of calcsilicate minerals
has been seen. Some parts of the marble contain cavities, usually
filled with a brown clay. The marble occurs as one or more lenses
in a reddish-brown clay, which has probably been derived from
a parent volcanic rock by extreme alteration. No trace of any
original texture or mineralogical composition is visible, but
X-ray diffraction shows that the clay contains only quartz, kaolinite
and sericite, which is typical of the altered volcanic rocks
elsewhere in Ulu Rompin. In some core samples there is a sug-
gestion that the original rock may have been brecciated. Fig.

125 shows three sections through the ore body.
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Drill intersections towards the centre of the ore‘body
show a massive, good quality ore, but towards the northern and
soﬁthern ends the ore is more fragmentary and enclosed in a brown
clay. The writer has not seen any samples which show iron ore
in marble, although marble fragments are occasionally found in
the clay together with fragments of iron ore. The primary ore
is crystalline magnetite, up to 5 mm diameter, now partially al=-
tered to martite and goethite., The magnetite is dodecahedral,
gome of the crystal faces being visible in polished sections.
Alteration to martite and goethite can develop in a rough zonal
pattern, although etching with HBr does not produce any marked
texture, Small cavities sometimes occur in lines parallel to
{110} faces. The martite displays the typical lattice texture
and pitted surface. Goethite preferentially replaces the magnetite
and the martite is abviously much more resistent, as orientated
lamellae of martite are frequently set in solid masses of goethite.
Colloform goethite and haematite vein the earlier minerals, the
veins often showing alternating parallel layers of goethite and
haematite, and there is not infrequently a cavity along the centre

of the wvein,

Rare minute specks of pyrite, and even rarer chalcopyrite,

have been seen in polished section.

Geochemigtry

The iron ore is of good quality and the usual impurities
are tolerable, although copper can be on the high side. The
two analyses shown below for intersections of the ore body are
for total split-core samples, so all the clayey gangue is included.
Simple washing will upgrade this ore, and the analyses for the
detrital 6re probably closely approximate to the composition of
the final product. It can be seen that copper and zinc tend to
be higher in the core samples than in the detrital ore, which
indicates that some of the contamination is in the clayey gangue.

The analyses were made in the company's laboratory.




- Fe P
1 63.0 .075
2 41.3. 077
3 64.3 .056
4 56.2 .055

S

+055
.043
.036
.040

Cu

.036
+140
045
«041

Zn

«045
-093
.020
«043

1. 50 ft detrital ore overlying:- 2.

3. 15 ft detrital ore overlying:- 4.

Bi

tr
.008
.004

tr

As

.005
.008

059
. 024

Si0

2.4

300

A1203

1.2

113 ft intersection of ore.

95 ft intersection of ore.

Samples collected and analysed by the writer gave the

following results (in ppm):

Sample

No. Cu Zn Po Bi Ba
312 21 24 n.d. Nede 39
316 13 13 n.d. n.d. 13
313 1139 205 <10 15 850
315 473 56 282 n.d. 113
314 342 60 n.d. n.d. <10
312 & 316. Marble with no visible impurities.

313, Clay -‘decomposed volcanic rock.

315. Clay - probably decomposed volcanic rock.

314. Solid iron ore.

These figures show a general low level for the impurity elements,

except for sample No. 313 which contains some manganiferous material,

and this has probably contributed towards the enhancement of the

copper and zinc contents.

A company report assessing reserves gives the composition

for the deposit as

Fe 61%; Cu 0.1%; Zn 0.13%; Bi 0.02%

but the figures for copper and zinc seem on the high side. The

writer suspects that these figures do not allow for some of the

copper and zinc being reduced when the clayey gangue is removed

during treatment.
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XVIII BUKIT SANAM AND OTHER MINOR DEPOSITS

Bt. Sanam

This is a small deposit which lies about one mile north
of Bt. Ibam - Fig. 24. It was for many yeafs thought to contain
'only secondary ore, but relics of magnetite have been found and
diamond drilling located decomposed granodiorite at depth. There
is a magnetic anomaly over the Bt. Sanam area. The country rock
" has completeiy decomposed to a clay and there are no outcrops
in the vicinity, but company reports suggest that a small primary
body may have formed at the contact of the granodiorite with cal-
careous rocks, and draw a comparison with the Bt. Hitam deposit.
This suggestion may be'correct, but there is no way of proving

it at the present time.

The bulk of the ore is found as a surface and near-surface
accumulation of boulders and fragments of secondary iron ore in
a lateritic or bauxitic clay gangue. The ore is a mixture of limonite
and haematite, and original Japanese records show that the composition

of this ore is
Fe 54.3k; 5i0, 11.8% Mn 0.99%; S 0.012%; P 0.023%; Cu 0.07%.

Other analyses show copper values up to 0.%18%, and this high
level suggests that some primary mineralization may well be present.
A thin layer of bauxite which contains about 50% alumina is present

at Bt. Sanam, but the silica and iron are high.

Other Minor Deposits

Throughout Ulu Rompin there are areas of superficial iron
ore which has formed by a process of residual concentration.
Some of these ores are extensive enough to be capable of exploit-
ation, the most important being located at Bt. Pesagi and Bt.
Sanlong (already dealt with in chapter XV), Bt. Merchong, Ulu
Chepai and Bt. Guntong Raga — Fig. 24. All these deposits have
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a common mode of formation, but there are two main sources for

the iron supply. In many areas the iron has been derived from
minerals, notably disseminated pyrite, in the underlying bedrock,
while in others the breakdown of small primary lenses of magnetite,
haematite, and occasionally pyrite have supplied the iron. Both
sources have contributed in some localities. The ores derived
from the pyritic volcanic rocks which contain no primary iron

oxides tend to be low grade and highly siliceous.

The most extensive areas of secondary ore are found on
the relatively smooth and gentle hill tops and upper slopes of
gome ridges, but not on the steep hill slopes. This is partly
due to the fact that lateritic iron ore is more easily formed
on smooth undulating terrain, and partly that the present streams
have possibly cut down through a more continuous pre-existing
sheet. As the local geology and climate are the same throughout
the area thepreferenfial development on smooth slopes is almost
certainly connected with the position and oscillation of the
water table. The latter will fluctuate through a greater vertical

interval on the smooth slopes, so producing a more extensive zone
lof intense solution and precipitation. Some of the secondary

ore forms very hard sheets, and is reall& a thickened iron pan.
Where primary ore lenses were originally present in the bedrock
the sheets of secondary ore contain fragments broken off from
these primary bodies. Part of the secondary ore can be exploited
as 1t stands, but some needs upgrading bylending with high grade
primary ore. This process can be mutually beneficial as it usually
reduces the level of deleterious impurities, such as copper,

in the primary ore.

No analytical data are available for those deposits which
contain only secondary ore, but reference to figures given in the
- chapter dealing with Bt. Sanlong (XV) will give a good idea of
the type of ore formed over pyritic volcanic rocks. Any impurities
in the secondary ore is a consequence of the composition of the

source material.
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XIX GENESIS OF THE ULU ROMPIN IRON ORE DEPOSITS

Introduction

Although all the primary ore bodies are almost certainly
genetically related, it is convenient to consider them separately
to bring out special features. Most of the chapter is devoted to the
Bt. Ibam ore body, while for the other deposits points of difference
are mentioned but common features are not considered at length.'The
source of the iron is examined in the following chapter which treats

the Ulu Rompin deposits as one unit.

The Geological Environment Before Mineralization

Before the onset of metamorphic and metasomatic changes the
geology of the Ulu Rompin mineralized zone consisted of a thick
sequence of acid pyroclastic rocks and associated lavas, within
which were a few lenses of carbonate. There were also rare bands of
other sediments as arenaceous rocks have been identified in drill
cores. The largest single carbonate mass occupied most of the space
whidh is now filled by the Bt. Ibam ore body, but other thin lenses
are now represented by calc silicate rocks and marble. In composition
the carbonate rocks at Bt. Ibam were dolomites with some limestone
bands. Elsewhere in Ulu Rompin calcareous rocks were definitely present
at Bt. Batu Puteh as fairly pure calcite limestones, and very small
~ lenses of dolomite occurred in the Bt. Pesagi area. No other carbonate
rocks have been proved, but indirect evidence suggests that they may

have been present at Bt. Hitam and Bt. Sanam,.

The thick pile of volcanic rocks and sediments was tilted to
the east, and at the same time a strong shearing stress produced a
marked foliation in many of the volcanic rocks. Where calcareous
rocks were present the carbonate responded to the stress field by
plastic flow, so that the volcanic rocks immediately enclosing the
carbonates are normally unsheared. In some areas the shearing stress
was strong enough to produce fracture zones, the best example being

found at Pesagi No. 6 where the intensity of the shearing increases




304

markedly towards the ore body. The stresses in the volcanic rocks
caused a rise in temperature which initiated mineralogical and
textufal changes; this phase can be correlated with the first re-
crystallization seen in the quartzite sample from Bt. Ibam - page 42.
The changes in the volcanic rocks consisted of some breakdown of
feldspars and recrystallization of the groundmass, with abundant
gsericite contributing to the foliation. The carbonate rocks probably

recrystallized to form marbles, such as are found at Bt. Batu Puteh.

The Bukit Ibam Ore Body

Previous Interpretations

Speculation on the gehesis of the Bt. Ibam deposit has
continued since the early prospecting carried out by the Japanese,
and as more detailed information became available various inter—
pretations have been proposed. A major change in opinion can be
dated from the onset of detailed prospecting in the 1960's; all the
Aearly workers ruled out replacement as a possible mechanism, but more
recent and better data has shown that whatever the ultimate source of
the iron, the ore minerals formed as a result of replacement reactions.
The main objection to a replacement origin raised by the older workers
was the apparent lack of material which was transitional between
country rock and ore, but most of them thought that the porphyritic
rocks only were important, and the skarns were either not recognized
or else not allowed sufficient importance in the scheme or ore genesis,
The early investigators postulated that the strongly sheared zones \
had acted as loci for the mineralization, but as has been shown in
earlier chapters, the country rocks immediately surrounding the ore
body are in fact only lightly sheared, if at all., This situation
contrasts strongly with the Pesagi No. 6 ore body where the intensity

of shearing increases towards the mineralization.

’ The ideas of the early Japanese mining company (Ishihara
Sangyo Koshi) on the origin of the Bt, Ibam body have not been pre=-
served in any reocords seen by the writer, but MacDonald (1970) implies
thai they did not interpret it any differently from the Bt. Pesagi
and Bt. Sanlong bodies. These two bodies were thought to have had
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their origin in a segregation product from the acid magma which gave
rise to the lipari;te (their identification) country rock. The
{apanese were aware of the presence of granodiorite below the foot-
wall of the Bt. Ibam body, and it seems unlikely that they did not

bring this rock into their speculation on the origin of the ore.

Fitch (1941) rejected a replacement origin because of the
lack of specimens intermediate between ore and country rock. He
considered that "The most reasonable theory ....... is that a body of
quartz-porphyry was sheared and later invaded by epidote granite rich
in migrant solutions which deposited their load in the overlying
quartz—~porphyry in locations governed by the shearing to form
haematite-magnetite veins". Fitch could not enter any of the adits

and had to rely on surface exposures and spoil heaps.

Macandie and Canavan (1948) briefly examined the deposit,
and also had access to earlier records. They concluded that "The ore
evidently has been introduced as magnetite in the form of veins,
gome of whicﬁ remains unaltered, but most of which is altered to

haematite or limonite".

Hitchen and Moss (1954) examined the Bt, Ibam body in their
capacity as consultants to the Colonial Development Corporation, who
had been approached as a source of development finance. Some incon-
clusive diamond drilling had been undertaken and a few old adits re-
opened by the time of their visit. They interpreted the ore as a
gsegregation product from a basic magma which had also produced the
serpentinous (their identification) and chloritic rocks. This idea is
bagsed on the premise that the serpentinous and chloritic rocks are
magmatic in origin; there is no evidence that any basic magma has
ever existed, and it is much more likely that the magnesia-rich rocks

are the product of metamorphism.

Tillia, one of the earliest Rompin Mining Company geologists, -
reported in 1956 in similar terms to Hitchen and Moss. He wrote that
“The origin of the ore is believed to have been the result of magmatic
segregation in which solutions and gases carrying the hematitic ore .
penetrated a zone of weakness along a shear zone of the quartz

porphyry. Thie action was quite likely associated with the basic
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peridotite and serpentine intrusion found at depth". This theory is
open to the same objections as those which can be raised against that
of Hitchen and Moss, and there is quite definitely no peridotite
intrusion at depth. The writer believes that those geologists who
refer to serpentine as an important mineral have mis-identified some
of their material. While sérpentine is undoubtedly present at Bt. Ibam,
the writer detected it in small guantities only, even after the exam-
ination of numerous thinvsections and diffractometer traces. It is
highly probable that talc, which is extremély common, was often
identified in hand specihen as serpentine. It is significant that
neither Hitchen and Moss nor Tillia mention télc, which is definitely

the most abundant gangue mineral.

MacDonald (1970) examined the Ulu Rompin area and proposéd a
radically different theory to explain the origin of the iron ore. He
took note of the skarn rocks but did not think that they had been
derived from a bed of limestone or dolomite because "There is no
evidence, however, that éﬁy such bed of adequate size was present,
nor does the ore body exhibit any typical internal replacement
textures or structures'". He thought that the skarns could have formed
by lime metasomatism from a basic or ultrabasic magma, but he had
previously stated elsewhere that there was no evidence that such a
magma had existed. MacDonald was strongly influenced by Landergren's
study of the Swedish iron ores (1948), and although there was little
evidence with which to draw comparisons he concluded "The possibility
is suggested therefore, that the Ulu Rompin deposits may be the result
of partial granitization of original sedimentary horizons .....".
MacDonald thought that granitization was not complete but had produced
rocks "such as the so-called 'quartz-porphyry'". As a colleague of
MacDonald for many years the writer knows that he was impressed by
the similarities between the main country réck in the Ulu Rompin
mineralized zone and the leptites of Central Sweden, a likeness which
the writer's studies have confirmed in more detail, but there is no
unanimously accepted theory to explain the genesis of the iron ores
(Magnusson, 1970), and Landergren's ideas are not supported by all
workers on the Swedish deposits. Ignoring the problem of what type of
rock originally filled the space which the ore body now occupies,
MacDonald's theory is based on the somewhat nebulous concept of

partial granitization. The writer can find no evidence which supports
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this idea, and is convinced that the porphyritic rocks which MacDonald
considers to be the product of partial granitization are normal acid
lavas and tuffs which have suffered a considerable degree of alter-

ation.

Since the late 1950's a great deal of work has been under-
taken by company geologists, and the Bt. Ibam ore body is interpreted
as a replacement mass which has been enriched by supergene activity.
The company believes that the granodiorite was responsible for the

mineralization, first converting a lens of carbonate rock to skarn

-and later partially replacing the skarn by magnetite. This original

ore'contained 30—40% Fe, but as it came within the zone of weathering
some of the silicates were leached out leaving an enriched deposit.
Whilst it is undoubtedly true that tropical weathering can cause
profound 6hanges in superficial rocks, and enrichment by selective
leaching is a well attested process, the writer feels that if does

not offer a full explanation of the evidence at Bt. Ibam.

The theory accepted by the company relates the genesis of the
primary mineralization to the underlying granodiorite, but one geologist
(Taylor) who worked on the mine for some yeérs modified this aspect
of the theory and has written "The orebody may have originated
contemporaneously with the volcanic series as an exhalative -
sedimentary deposit over an intrusive at shallow depth. Subsequent
folding and fracturing with further rise of the granodiorite to close
below the ore caused considerable thermal metamorphism of the foot
wall rocks and shearing and recrystallization of the ore zone, with
some redistribution of the copper and sulphur. The high grade ore was
formed subsequently by supergene processes which upgraded the iron

content by removal of magnesium, éilicon_and‘sulphur and oxidation

. of magnéfite to baeflatits lafid PyTite to limonite". It can be seen

S

that Taylor has in effect added the concept of a sedimentary origin
for the iron to the official company theory, as he still has recourse
to the granodiorite to explain the final form of the mineralization

prior to the action of supergene alteration.
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Background Details

It is worthwhile at the outset to list some pertinent facts
which have relevance to any consideration of the genesis of the Bt.
Ibam ore body and are incontrovertible, although their relative
importance may be disputable; the list‘below is not in any

suggested ore of importance.

1. The primary ore is virtually all magnetite, and what little
primary haematite is present is later than.the magnetite.

2. Most of the iron ore is intimafely associated with magnesian
silicates. o

3. It is usually possible to demarcate precisely the limits of
the ore body, which is found in one compact mass.

4. Granodiorite is present to the west of and below the ore body.

5« Calcic skarns occur below parts of the footwall, while massive

chlorite is present along sections of the hangingwall.

One striking feature is the marked contrast between the
chemigstry of the silicate minerals in the ore zone and those in
the normal country rocks, and an explanation of this fact must
form an integral part of any theory of ore genesis. It can be postu-
lated that the essential chemical features of the ore zone silicates
were developed when fhe original rocks were formed,or alternatively
an extensive transferrance of material can be invoked. The writer
believes that the former is the correct interpretation, and does
not accept that the present ore zone was originally occupied by
acid volcanic rocks, which is a corollary of any hypothesis which -
suggests that the location of the ore was controlled by shear zones
in the country rocks. Such a hypothesis demands the entry of large
quantities of magnesia, lime, iron and manganese, and the remcval
of some silica and alumina and virtually all the potash and soda.
An important objection to this hypothesis is that there is no
apparent reason why one small, clearly defined zone should have
suffered such a a profound chemical change compared with the
surrounding volcanic rocks. The shape of the ore zone suggests that
within the succession of volcanic rocks there was a lens of material
which had a radically different composition. Although it is not

possible to be absolutely certain of this composition, it is
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suggested that a mixture of argillaceous dolomite and limestone would
require the addition of only a little iron, and possibly some silica,
t0 be capable of producing the silicate minerals which are found in
the skarn and gangue. To the writer, therefore, the prime control
over the locus of mineralization has definitely been lithological,
and it is probable that structural elements played very little or

no part.

The composition of the lens within the volcanic rocks is
an important question: both MacDonald and Taylor suggested that the
iron which now forms the ore body was present in the original rocks,
and that it recrystallized under the influence of granitization
(MacDonald) or the intrusion of the granodiorite (Taylor). A syn-
genetic origin for the iron in the very much larger deposits found
in central Sweden, and which have a number of features in common
with the Bt, Ibam body, is held by a number-of geologists including
Magnusson (1970), an authority on these deposits. For the reasons

given below a syngenetic origin for the Bt. Ibam iron ore is rejected:

1. There is no banding in the ore body such as might have been
. expected to be inherited from an original sedimentary ore.

2. There are no recognizable relics within the ore body of any-
thing which can be even tentatively correlated with the
primary source material. _

3. Iron-rich sediments are typified by their large lateral extent.

4. Iron~bearing sediments are not rich in magnesia, which is

abundant in the Bt. Ibam gangue minerals.

It is interesting that Magnusson uses the presence of the features

described in (1) and (2) above as evidence for an original sediment-
ary genésis for the iron in the central Swedish ores. A comlary of
(2) is that if the original iron was sedimentary then it has under-
gone a complete change to magnetite, some of it very coarse grained,

which is a dubious proposition.

 Neither MacDonald nor Taylor discuss in any detail the type
of syngenetic iron deposit they envisage, but it could hardly have

been one of the classic types of Iron~Formation e.g. Superior Type,
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Clinton Type, Minette Type or Algoma Type (Gross, 1965), as these
are characterized by their very large areal extent, and the meta-
morphism of an Iron-Formation does not result in a deposit of the
type seen at Bt. Ibam. If the iron at Bt., Ibam was deposited as a
sediment then it accumulated over a very restricted area, and could
Just conceivably have been due to volcanic exhalations, but it is
difficult to believe that thg iron would not have been dispersed-
over a much wider zone. It is also difficult to explain why at Bt.
Ibam the iron should have been changed to magnetite and at Bt.
Pesagi and Bt. Sanlong to haematite, as the localities are very

close together.

It is easier to explain the form and composition of the ore
body by postulating that the iren has been introduced by metasomatism
into metamorphosed carbonate rocks which contained both magnesium
and calcium. It has to be admitted that this hypothesis, like all
the others, still leaves some problems unresolved, but it offers a

better explanation of the evidence.

Source of the Magnesia

" The invariable association of magnetite with magnesian
minerals suggests two possible causes; either the magnetite has been
preferentially emplaced in pre-existing magnesian silicates because
they proved to be a favourable medium for replacement, or the
magnesia was introduced at the same time as the iron with the result
that the two are always in close association. From what has been
stated earlier in this chapter it is apparent that the writer favours
a replacement origin, but it is necessary to consider some aspects
of the other alternative., The fundamental question is how much
magnesia was in the rocks before the deposition of the iron. If the
original lens was largely dolomitic then it probably contained
sufficient magnesia to account for what is now present in the gangue
minerals. It is possible to make a rough calculation which bears on
this point, by determining how much magnesia is present in a

specified volume of the main minerals involved.
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Actinolite
Caz(MgBFez)(Sl4O11)2(OH)2

(874gm  282cc) contain 72gm Mg
.. 100ce contain 25gm Mg
Chlorite
Mg5A12813010(0H)8
(554em  205cc) contain 120gm Mg
o« 100cc contain 58gm Mg
Dolomite
CaMg(CO3)2
(184gm 65¢cc) contain 24gm Mg
.« 100cc contain 37gm Mg

It is impossible to be certain what were the relative proportions
of actinolite and chlorite in the gangue before the iron mineral—
ization, but actinolite was more abundant than chlorite, and if
one assumes that a mixture of actinolite and chlorite in the ratio
of 2 : 1 replaced the same volume of dolomite the following figures

are obtained,

200cc actinolite contain 50gm Mg
100cc chlorite contain 58gm Mg
«+ 300cc mixture contain  108gm Mg

300cc dolomite contain 111gm Mg

These calculations are obviously only rough approximations because
of the number of indeterminate factors involved, but they show that
dolomite by itself contains sufficient magnesia to form the new
minerals, and magnesia metasomatism is not an essential process. The
larger the proportion of actinolite in the gangue the easier would

it be for dolomite to provide the necessary magnesia.

There is no visible evidence of magnesia metasomatism in
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the country rocks, as might possibly be expected following the
passage of magnesia~rich solutions, but the same argument could also
be applied to the iron which formed the magnetite. The passage of
iron through the rocks at a later stage was marked by the widespread
development of pyrite. Although there is no megascopic evidence of
magnesia metasomatism, the chemical data could be interpreted as
supporting such a hypothesis, although it is far from conclusive.
The footwall rocks are slightly higher in MgO (2.68%) than the
hangingwall rocks (1.19%), and both contain more magnesia than the
country rock round Bt. Pesagi and Bt. Sanlong (0.63%) where there
are no magnesian silicates associated with the iron ore. Although

it is possible to use these figures to support a hypothesis of
magnesia metasomatism, they could equally well indicate slight
differences in original composition. It has been shown in chapter III
that there are some differences in the whole rock chemistry between

the rocks of the footwall and hangingwall at Bt. Ibam.

One group of iron ore deposits where magnesia metasomatism
is widely invoked is in central Sweden (Geijer & Magnusson, 1952),
and here the leptites contain minerals such as cordierite and gedrite
which are thought to have formed as a result of the passage of
magnesian solutions. At Bt. Ibam the only mineral which could have
played a similar role is chlorite, but it is just as likely to have
originated by internal mineralogical changes during metamorphism,

or by "leakage" from the ore body during the iron mineralization.

After considering all the evidence it is concluded that the
magnesia wasg present in an original lens of dolomite, and it did not
accompany iron during the process of mineralization, To invoke
magnesia metasomatism introduces an unnecessary complication, as the
composition of the gangue rocks can be readily explained by straight--
forward mineralogical reactions. It is also a pertinent fact that
the largest masses of magnesian rocks preserved at Bt. Ibam -~ the
chlorite rocks along parts of the hangingwall contact - are virtually
devoid of magnetite, a most unlikely situation if the iron and the

magnesia were contemporaneous and genetically related.

The presence of these massive chlorite rocks provides an

interesting problem, and although they probably formed as a




313

consequence of the magnetite mineralization they can be conveniently
considered further at this point. The location of the massive chlorite
between the ore body and the volcanic rocks suggests to the writer
that as the iron mineralization progressed magnesia was driven out
towards the hangingwall, where, on encountering the volcanic rocks,
it reacted to form chlorite. Some movement of magnesia obviously
must have taken place, as there would not be sufficient in dolomite
alone to form chlorite in a volume for volume replacement. Although
this idea formulated itself from purely spatial considerations while
studying the ore body in the field, it is interesting to find that an
example of the type of reaction which could explain the formation of
the chlorite has been proved in the Salton Sea geothermal area in
California. Muffler and White (1968) have shown that under a tempera~
ture gradient beginning in the 150o to 200°% range, there is an
inverse relationship between the amounts of dolomite + kaolinite

and chlorite, which they ascribe to reaction between dolomite and
kaolinite to form chlorite. At Bt. Ibam it is possible that the
magnesia driven out of the actinolite-chlorite rock during the
mineralization reacted with alumina and silica in the volcanic rocks
to form more chlorite. It is also of interest to note that in the
Salton Sea area dolomite reacts to form chlorite, but where calcite
is present epidote is produced. This is somewhat. analagous to the
situation at Bt. Ibam, as the calcic rocks below the footwall are
rich in epidote, but this mineral is extremely rare in the gangue

of the main ore body.

Formation of the Skarns and Magnesian Rocks

and Facies of Metamorphism

In response to rising temperatures caused by the intrusion
of the granodiorite the argillaceous carbonate rocks became involved
in mineralogical changes which, with the addition of some iron and
silica, resulted in the formation of epidote, andrédite, chlorite
and actinolite, with a little mica, olivine, pyroxene and possibly
anthophyllite. There was probably a small amount of carbonate left
after the formation of the main mass of silicate minerals, Tﬁe out—
come of the mineralogical changes was to produce a rock unit with

three distinct sections,
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( A thick sequence of magnesian rocks with abundant
u ( actinolite and chlorite. The space originally occupied
pper -
2 by these rocks is where the main ore body is now
% located.
A very thin band of magnesian—calcic rocks, which is

Middle now located immediately below the footwall contact.

This band contains a little disseminated magnetite.

A variable thickness of calcic skarn chargcterized by
L abundant epidote and andradite. There is no magnetite

ower
. in these rocks, but they contain a little micaceous

haematite (and pyrite).

This layered structure strongly suggests that the original carbonate
lens was predominantly dolomitic in the upper part, with a thinner

limestone band at the base.

It is unlikely that equilibrium conditions were always fully
attained during the formation of the rocks, but the typical assemblage
in the calcic skarns is epidote-andradite, in the thin calcic~
magnesian band it is epidote~actinolite-chlorite, and the space now
occupied by the ore body originally consisted very largely of chlorite—
actinolite. The latter two assemblages belong té the albite=epidote-
hornfels facies, which is shown in the triangular ACF diagram in
Fig. 126. According to Turner and Verhoogen (1960) this facies is
typically developed at the outer margins of zoned contact aureoles,
and with proximity to the intrusion passes into the hornblende-~hornfels
facies. These authors further state that it is rare to find the
albite-epidote~hornfels facies developed without some associated
assemblages of higher grade, but it can happen in weakly developed
auréoles. The albite—epidote~hornfels facies is developed in conditions
of relatively low temperatures and pressures, and is the equivalent

of the greenschist facies of regional metamorphism,

The assemblage epidote-—andradite is ubiquitous in the calcic
skarne, but its status in the facies of contact metamorphism seems
to be in some doubt. F.J.Turner has : apparently changed his views

between the publication of the first and second editions of the
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pyrophyllite
A

epidote

C

calcite actinolite talc
tremolite

Fig.126  ACF diagram for the albite — epidote — hornfels facies .
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well known textbook "Igneous and Metamorphic Petrology" (Turner &
Verhoogen, 1951 and 1960). In the first edition he refers to grossu~
larite associated with epidote in the actinolite-epidote~hornfels
subfacies of the albite~epidote~amphibolite facies: these facies and
subfacies were later incorporated into the albite~epidote=~hornfels
facies. In the second edition of the book garnets are not shown in
the lower facies, but appear in the hornblende-hornfels facies. This
is supported by Winkler,(1967) who says "Grossularite/éndradite
gernet is stabilized at the beginning of the hornblende-~hornfels
facies", and he quotes a reversible reaction involving garnet and

epidote.
epidote + calcite + quartz===grossularite/andradite + H20

It has been shown in chapter IV that petrographic evidence demon-
strates the development of garnet from epidote and vice versa.
Turner (1968) quotes a Japanese example in which epidote present

in the lowest grade of contact metamorphism is replaced by grossu-
larite in the next higher facies. It would appear therefore, that
while epidote and andradite can coexist,the assemblage is probably
maintained over a fairly narrow range of P-T conditions and marks
the approximate meeting point of the albite—epidote~hornfels facies
and the hornblende-hornfels facies. It is also highly probable that
the original composition of the sediments had a marked influence,
and in particular the presence or absence of alumina. Those. skarn
samples which consist of alternating monomineralic bands of garnet
and epidote must have been subject to a compositional control.
Garnete are stable over a wide range of temperatures, and andradite
has been synthesized under conditions which in nature would produce
rocks in the albite-epidote-hornfels facies, i.e. up to 500°C and

at about 500 bars (Christophe~Michel=levy, 1956).

Further evidence which suggests that low grade metamorphic
conditions were operative is the almost total lack of pyroxenes.
The Bt. Ibam skarns differ from the classical type of iron-rich
skarn asthQYlack hedenbergite, and diopside is very rare. Abundant
actinolite was available, and in the presence of calcium carbonate
and silica and in response to rising temperature this mineral bresks
down to form hedenbergite (Deer, Howie & Zussman vol.2, 5963). The

absence of hedenbergite in the skarns is almost certainly due %o
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the fact that the temperatures did not reach a sufficiently high
level, as the chemical conditions were apparently favourable.
According to Kranck (1961), hedenbergite can be unstable in the
presence of excess carbon dioxide, and instability for this reason
may also have contributed to the absence of hedenbergite in the

Bt. Ibam rocks. In a description of the contact metasomatic magnetite
deposits of British Colombia, Canada, Sangster (1969) discusses the
temperatures of formation of various skarn silicates and comes to
the conclusion that while pyroxene probably formed in the tempera-
ture range 700° to 800°C, epidote had an upper stability limit of
480°C. The Bt. Ibam deposit is of a similar type, and the abundance
of epidote and the paucity of pyroxene is suggestive of relatively
low temperatures. The presence of some actinolite and chlorite in

the skarns is also indicative of low grade metamorphism.

The major part of what wgs the original carbonate lens ig
now occupied by the ore body, and the gangue lacks the two minerals
typical of the calcic skarn, andradite and epidote. The dolomitic
rocks have been replaced by actinolite and chlorite, and possibly
some talc, although it is impossible to determine precisely how
much of the latter minéral is of metamorphic origin: most of the
talc now found in the ore body has undoubtedly formed by alteration
of the other magnesian minerals, which have frequently been pseudo=-
morphed. It is probable, however, that talc was one of the very
first minerals to form in response to the rising temperature, but
this original talc was replaced by other minerals as the metamorphism
progressed. It is known that talc is the first mineral to form in
the metamorphism of a siliceous dolomite provided that the partial
pressure of water is high enough (Winkler, 1967). There is evidence
that there has been a selective reaction involved in some of the
chemical changes. At the extreme northern end of the ore body, where
the iron mineralization is reduced to very small dimensions, it is
not uncommon to find a gangue which consists of calcite and chlorite:
the same association is found on a small scale elsewhere in the ore
body, and also in some veins. The writer believes that the magnesia
in the original dolomite has been more reactive and formed chlorite,
while at the same time some of the lime has remained in the carbonate
form. It is known that the thermal decmposition of dolomite begins

with the preferential breakdown of the magnesium carbonate component
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(Bowen, 1940; Goldsmith, 1959).

A possible influence on the skarn and magnesian rocks which
must be mentioned is that of retrograde metamorphism. It would be
possible for most of the minerals now present to have developed from
pre—existing minerals of a higher metamorphic grade, but the writer
can find no evidence that the effects of retrograde metamorphism
have been widespreed, apart from the production of talc. One would
expect to find numerous relics of the higher grade minerals if they
had been developed in any quantity, but these are not present. A
later section discusses the probable range of temperatures during
metamorphism and metasomatism, and this evidence indicates that the
minerals found in the skarns and gangué are representative of the
highest grade attained, and they have not been produced in response

to falling temperatures.

The whole of the mineralogical evidence indicates that the
metamorphic conditions were of albite-epidote-=hornfels grade, and
occasionally reached the lowest levels of the hornblende-hornfels

grade.

Iron Oxide Mineralization

The introduction of large quantities of iron led to the
widespread replacement of the existing magnesian silicate minerals
by magnetite. The results of the polished section studies described
earlier have shown that the ore was deposited by replacement, and
where the age relationship between the iron ore and silicates can
be determined the iron ore is usually later. No magnetite has been
encountered by the writer, or apparently recorded by mine geologists,
in the acid volcanic rocks or in the calcic skarn, but there is a
little disseminated magnetite immediately below the footwall contact
‘where the skarns are calc-~magnesian. The presence of magnetite
crystale with a complex zonal structure, plus the evidence of
completely unzoned crystals among zoned ones, proves that there
have been various phases in the mineralization. There is no
discernible overall pattern to the distribution of the iron mineral-
ization within the confines of the ore body, but there are rare

examples of banded ore; in these ores the banding is on an extremely
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delicate and fine scale. The mineralization has typically produced
an ore which is a fine grained mosaic of interlocking grains, but
larger crystals do occur, both singly and in aggregates. There is
no evidence that any other metallic minerals have accompanied the
magnetite, but there are occasional signs of some local reaction

with the gangue silicates.

The Bt. Ibam deposit is noteworthy for the persistence of
magnetite until the very last stages of iron oxide mineralizationm,
when a little haematite formed; once haematite started to crystallize
there was no further magnetite mineralization. This is in marked
contrast to the mineralization at Bt., Pesagi and Bt. Sanlong where
the initial magnetite rapidly gave way to haematite, which is the
predominant mineral. In the calcic skarns at Bt. Ibam there are
some small patches of micaceous haematite, but the granular type
of haematite is found in close association with magnetite ore,
which it has often replaced, and the formation of the haematite
indicates that there was a significant change in the conditions of
mineralization. One possible cause was a drop in temperature, which
could have promoted the change from magnetite to haematite crystall-
ization; magnetite is often considered to be a high temperature
- mineral in comparison with haematite (Freitsch, 1967). It seems
unlikely, however, that temperature was the sole factor controlling
the change from magnetite to haematite deposition. The quantity of
haematite is extremely small and it is found in a few localities
only, which shows that the conditions favourable to haematite form-
ation were of very short duration and developed in restricted areas,
but the fall in temperature is likely to have been a fairly slow
and gradual process which affected the whole area equally. A
possible exception to this generalization is discussed later. There
are geologists, particularly from the U.5.5.R., who do in fact
relate the parageneses in hydrothermal ore deposits solely to falling
temperatures, but the writer feels that such a mechanism must be
gsubjected to modification by local conditions, otherwise all deposits
from a similar genetic source should show the same invariable para~

genesis, which is not the case.

It would abpear that in addition to a fall in temperature

there were other contributory factors which had a rapid effect on
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the conditions of crystallization, and hence the type of mineral
deposited. The change from the crystallization of magnetite to that
of haematite indicates the development of a higher degree of oxidation
in the system, which can be described in terms of the partial
pressure of oxygen. Some writers use fugacity, but at low pressure
this is virtually identical to the partial pressure as the gases
behave as perfect gases (Krauskopf, 1969). In a paper which discusses
the relationship between magnetite and haematite Freitsch (1967)
says, "The important factoré determining whether magnetite or
haematite will be formed in magmatic and metamorphic rocks are
oxygen fugacity and temperature .....The role of pressure is ,...

not known",

Holland (1959) constructed a graph which shows the stability
relationships in the Fe-0 system at various temperatures and oxygen
fugacities, and this is reproduced at Fig. 127. A drop in temperature
at a constant oxygen fugacity or a rise in the fugacity at a constant
temperature can produce the same result, a move from the stability
field of magnetite to that of haematite. The graph confirms that a
fall in temperature could control the change from magnetite to
haematite crystallization, but it also shows that a simple drop in
temperature does not readily explain the abrupt cessation in the
deposition of haematite, as this mineral is stable over a wide
range of temperatures and oxygen fugacities. Possible temperatures
during ore deposition are discussed later, but if 500°C is taken
as the approximate starting temperature of magnetite crystallization
- then the oxygen fugacities at this point are fixed as 10-20atm
maximum and 10-28atm minimum. Krauskopf discusses oxygen fugacities
in the same system but at 600°C, and he deduced 10-15'2atm as a
maximum and 10" atm as a minimum. He further states that it is
doubtful if O2 pressures could approach so low a figure and says
"a more reasonable lower limit for most magmatic gases would be
about 10721
Ibam the lowest possible oxygen pressure was probably about 10_24atm,

atm". Lower pressures would obtain at SOOOC, and at Bt,

but as at this low oxygen pressure magnetite -is. stable down to
38000 and it is highly probable that the haematite formed above
this temperature, the evidence suggests that the lowest oxygen

pressure was above 10_24atm.
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Fig . 127 Stability fields of iron and iron oxides in the Fe- O System .

{after Holland 1959/
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Fig. 128 Stability field of iron and iron sulphides in the Fe-S sysitem.

{after Holland 1959)
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The precise action of any reducing agents.within the system
is not fully understood, but they would obviously help to promote
the formation of magnetite rather than haematite. At Bt. Ibam
sulphides were abseﬁt, but ferrous iron was present in actinolite,
with probably a little in chlorite, and it may have exerted some
influence over the reactions. Mueller (1961) has demonstrated that
" in magmatic and metamorphic rocks any ferrbmagnesian minerals which
coexist with haematite are poor in ferrous iron, whereas those
which are stable with magnetite are ferrous-rich., It appears that
any increase in oxygen pressure which would potentially favour the
formation of haematite rather than magnetite promotes reactions
involving ferrous iron in the silicates, with the result that the

oxygen pressure is held down and haematite does not form as might
| haﬁe been expected. The overall effect of ferrous iron is summeqd
up by Freitsch (1967) as "This means that the oxygen available to
convert magnetite to haematite in mineral aséemblages is contolled
by the amount of ferrous silicates and that they act as reducing
agents in this connection". It is possible to suggest, therefore,
that at Bt. Ibam the presence of ferrous iron contributed to the

scarcity of haematite by holding down the oxygen fugacity.

A factor which may have been of major importance was the
acidity or alkalinity of the solutions depositing the iron minerals.
Mason (1943) has stated "Alkaline solutions therefore, even without
the presence of atmospheric oxygen, probably have an oxidizing
effect on magnetite, whereas acid or neutral solutions do not have
this effect", and Korshinsky (1964), who has made a long and
detailed study of metasomatic processes and deposits, believes
that the acidity-alkalinity of the ore~forming fluids is a vitally
important factor in oxidation-reduction regctions. The higher the
' acidity of the solutions the lower is the activity of oxygen, and
vice versa. Korshinsky relates this to the dissociation of water

under deep seated conditions.

oH.0 = 40" + Oy + d4e”

2

from which is derived

LMY O

where KT is a constant at temperature To. In agueous solutions the

activity of H20 varies very little, and Korshinsky believes that
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for.a given fluid flow, [e-i is also held fairly constant. The
effective result is that

Lf}4'[02] = Constant

i.e. oxygen activity is inversely related to the hydrogen ion

activity. Many geologists fromithe U.S.5.R. place great emphasis

on the acidity-alkalinity of ore solutions, which they relate primarily
to falling temperature, but also invoke other factors. Ovchinnikov
(1968) says ".... one should suggest that probably this change of -

the acidity regime is connected with the decrease of temperature...”
and "The significant raising of solution alkalinity probably

coincides with the destruction of mass of ocomplexes that simultaneously
brings about the deposition of the ore parageneses, too":

Ovchinnikov is referring to large complex ions which he believes

enhance the acidity of the solutions,

It is suggested that the relation between the acidity of
the mineralizing fluids and the oxygen activity offers an explanation
of the genesis of the types of iron ore found in Ulu Rompin. At
Bt, Ibam and Bt. Batu Puteh the only important primary iron oxide
is magnetite, whereas at Bt. Pesagi and Bt, Sanlong it is haematite.
The other obvious and important geological feature which differentiates
these pairs of deposits is the original presence of carbonate rocks
at one and their absence at the other, and there may have been a
connection between the presence of the carbonate rocks and the
deposition of magnetite. Such a relationship has been proposed by
other workers; e.g. Eastwood (1965) described the replacement
bodies of magnetite on Vancouver Island and said, "It may be that
limestone is in some way necessary in the deposition of magnetite ..."

but he does not elaborate on this statement.

The composition of most mineralizing fluids is complex,
but it is widely believed that post-magmatic fluids are initially
acid in composition (e.g. Korshinsky, 1964; Burnham, 1967;
Sangster, 1969), and there is no reason to suppose that the fluids
from the Bt. Ibam granodiorite were not acidic. Consequently the
golutions possessed a low oxygen activity, and magnetite formed in
preference to haematite; this applied to the early stages of all
the primary deposits in Ulu Rompin. At Bt. Ibam the solutions
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appear to have maintained their acidity over a long period of

time, and it is suggested that this may in some way have been
related to the presence of carbonate rocks. Reaction with a carbon—
ate would normally rapidly neutralize an acid solution, but as
descrihed earlier, by the time that the iron mineralization
commenced most of the carbonate had been converted into calc and
magnesian silicates. The carbon dioxide which was released during
these reactions could have been retained within the system initially,
provided that the overlying cover rock was sufficiently impervious,
and it is this which helped to maintain the acidity of the solutions
(probably as some form or complex of carbonic acid). The evidence
provided by the alteration of the silicate gangue minerals also
suggests the presence of carbon dioxide, as will be described later.
It would be quite possible to sustain large fugacities of carbon
dioxide without affecting the nature of the minerals produced.:
Holland (1959) has shown that even at such a modest temperature

as 600K (32700) a fugacity of over 100atm is required before
siderite forms a stable phase in the system Fe-0-S-C, and at

higher temperatures even larger fugacities would be needed.

The sudden and total cessation of magnetite formation may
have been due, at least in part, to the development of a fracture
system which permitted the carbon dioxide and other volatiles to
escape rapidly from the system. This would have contributed to the
solutions losing their acid composition, with a consequent rise in
oxygen activity. Any sudden development of an open fracture system
would also help to promote a more rapid dispersion of heat from the
zone, and there may have been a sharp, even if slight, drop in
temperature; Fig. 127 shows that if this had any effect it would
be to favour the formation of haematite at the expense of magnetite.
Such a process could explain why the very small amount of primary

haematite came right at the end of the oxide mineralization.

The same reasoning will hold for the other primary ore
bodies. At Pesagi No. 6 and Sanlong B, where carbonate rocks were
absent, magnetite very quickly gave way to haematite, but at Bt.
Batu Puteh where marble is still preserved the only primary ore
is magnetite. The only other primary body is at Bt. Hitam, but
go little is known about the geology of the country rock that it
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is not possible fo comment on any influence it may have exerted.

It is not suggested that the presence or absence of carbonates

was the only factor involved in determining whether magnetite or
haematite was deposited, but it may have made an important
contribution. There is no reason to suppose that the fluids which
formed the main primary ore bodies differed significantly in
composition, which means that any variation in the type of minerals
produced must have been due to a control at the site of ore
emplacement. It seems to be more than coincidental that where (" .
carbonates are known to have been abundant the iron oxide is

magnetite, and where absent the ore is haematite.

The final phase of iron oxide mineralization was marked
by an increase in the activity of oxygen, but this condition was
maintained for a brief period only as the amount of primary
haematite is extremely small. The increase in oxygen activity
may have been connected with an increase in the alkalinity of the
fluids, and a concomitant drop in temperature could have contributed.
Even though there is very little primary haematite it is present
in two forms, finely granular and fairly coarse micaceous, and
the fact that these two types are never found together - the
micaceous ore is only found in the calcic skarns - suggests some
local form of control. As the micaceous ore is typically found
with pyrite and quartz in irregular masses, it is possible that
this type of haematite is not related to the main oxide phase of

mineralization, but formed from quite different reactions.

Park and MacDiarmid (1970),following Kullerud, quote some
interesting equations which show that in the presence of sulphur
a silicate mineral (hedenbergite in the example quoted) can break
down to form magnetite or haematite depending on the ratio of
sulphur to silicate, plus pyrite, quartz and wollastonite. It is
interesting that apart from wollastonite this is precisely the
assemhlage found in the calcic skarns. It is possible that similar
reactions based on andradite, which is not unlike hedenbergite in

composition, produced the micaceous haematite at Bt. Ibam. It is

- also possible that the micaceous haematite and pyrite crystallized

together, or nearly so, and found the calcic rocks a receptive
host. Holland (1959) has shown that haematite and pyrite are a
stable pair, and they could form simultaneously if the fugacities
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of oxygen and sulphur were correctly balanced. Viewed in this
light, the mineralized masses in the calcic skarns could be con=
sidered an intermediate stage between the periods of high oxygen

fugacity and high sulphur fugacity.

The granular haematite is always found in magnetite ore,
and has often replaced it. No other minerals are involved, and it
seems that there has simply been a rise in the oxygen activity

which has promoted the change from magnetite to haematite.

Sulphide Mineralization

The increase in oxygen fugacity was short-lived, and was
replaced by a marked rise in the fugacity of sulphur which
initiated the phase of sulphide mineralization. A number of
sulphide and sulphosalt minerals were deposited in the ore body,
but only pyrite formed in any quantity. There is an overall
sequence for the formation of the various sulphide minerals which
is apparently invariable, but the finer details cannot always be
determined. Once the main pyrite mineralization commenced there
is no evidence that any further iron oxide minerals were deposited,
and the sulphide and oxide minerals belong to quite distinct

episodes. This indicates that there was a marked change in the

conditions of mineralization, as phase diagrams compiled by
Kullerud (1957) and fugacity diagrams of Holland (1959) show that
iron oxides and sulphides can coexist, except for the pair
haematite-pyrrhotite. For all practical purposes pyrrhotite is
absent from the Bt. Ibam ore body, which places it in a minority
type of magnetite deposit. Schwartz and Ronbeck (1940) studied
data on 130 deposits which contained magnetite and sulphides, and
of these, six contained pyrrhotite but no pyrite, 77 had both
pyrrhotite and pyrite, while 43 contained pyrite but no pyrrhotite.
From a study of this data Kullerud (1959) concluded that the partial
pressure of oxygen during sulphide formation is very low, usually
below 10 2Oatm and never exceeding 10~ 4atm (up to 600°C). The
partial pressure of sulphur on the other hand must have been much
higher, and as pyrite is the sulphide to the virtual exclusion of
pyrrhotite, it is possible to make some deductions regarding the
sulphur fugacity during mineralization. Fig., 128 is taken from
Holland (1959), and shows the stability fields of iron and iron
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sulphides in the Fe~S system. Possible temperatures during mineral-
ization are discussed later, but if the range 400°C to 500°C is taken
as covering the crystallization of most of the pyrite, it can be
detgrmined that the sulphur fugacity had maxima varying from 10—2 to
10

have allowed sulphure to condense, while lower pressures would have

atm and minima between 10'-6 and 10-9atm. Higher pressures would
resulted in the formation of pyrrhotite.

There has been very little interaction between the sulphides
and the iron oxide minerals, but a few examples have been noted in
polished sections. The most interesting is the reduction of haematite
to magnetite, even though it is only on a microscopic scale. Pyrite
has very occasionally replaced magnetite and haematite, but has more
often filled cavities and fractures. Most of the other sulphide minerals

have replaced magnetite, but it is a rare phenomenon.

There is no doubt that apart from minute quantities of molyb-
denite, pyrite was the first sulphide to crystallize. It has been
deposited not only in the ore body and skarns but in the volcanic
rocks, typically along joints, but also in the mass of the rock where

it clearly post-dates some of the secondary muscovite. The pyrite has

proved to be an important loci for replacement by later sulphides.

The paragenetic sequence for the. full suite of sulphide minerals is

not certain, but Fig. 129 shows a synthesis of the evidence ¢btained
from polished sections. Gold is clearly later than pyrite and chalco-
pyrite, but its relation to the other sulphides is unknown. The bismuth
minerals seem to occur earlier in the sequence than is considered
typical, but while bismuthinite is definitely later than pyrite its
relation to the other sulphides is not fully proved. The little
pyrrhotite in the deposit is later than pyrite but otherwise unplaced,

and arsenopyrite has not been observed in contact with other sulphides.

The completion of the sulphide mineralization marked the end

of the main primary ore genesis at Bt. Ibam.

Transfer of Materials

Throughout the period of formation of the skarns and the

oxide and sulphide mineralization there was an extensive movement of
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Molybdenite

Pyrite

Tetradymite ' °
Bismuthinite . o
Chalcopyrite —
Sphalerite » -—
Galena -
Tennantite .

Sec. sulphides -eseo

Fig. 129 Paragenetic "sequence of the sulphides in the Bt Ibam ore
body. The lengths of the lines are roughly proportional to
the abundances .
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materials, and as stated earlier, the direction of "flow" must have
been from the footwall side towards the hangingwall side. The
elements introduced into the skarns and ore zone in important
quantities were iron and silica and possible a little alumina, and
the main components removed were lime and carbon dioxide. The passage
of the fluids whichcarried these materials affected the enclosing
volcanic rocks, the most widespread reaction being the formation of
sericite. Chemical analyses show that most of the volcanic rocks

now contain a high alumina content, which is probably due to the
removal of some lime and alkalies., The passage of the silica and
iron related to the oxide phase of mineralization left no enhance~
ment of these elements in the volcanic rocks. There is a small
number of examples of volcanic rock from immediately beneath the
skarns which show higher than average values of lime and magnesia,
and it is probable that these components were derived from the over-
lying ore zone during mineralization. Some of the original lime and
carbon dioxide expelled from the dolomite may be represented in the
calcite veins found throughout the area, but most has been completely

removed.

Physical Conditions During Metamorphism and Metasomatism

As the writer relates the processes of metamorphism and meta-—
somatism to the intrusion of the granodiorite it is necessary to
make some’ estimate of the P=T conditions during the emplacement of
the magma and subsequent mineralization.
As was stated in chapter V, the Ulu Rompin granodiorites are high
level intrusions and can be placed in the Epizone of Buddington (1959),
which extends from the surface to about six miles, with the normal
level of intrusion being about four miles. Schneiderhohn (1961)
estimated that the most frequent depth of granitic intrusions at the
time of solidifidation was three to eight kilometres i.e. two to
five miles, but Ovchinnikov (1968) asserts that ore-forming fluids
associated with granitic rocks must have originated within five kilo-
metres of the surface, as below this depth "the rocks greatly change
their physical and chemical properties" and "become impermeable to
solutions", There is no evidence at Bt. Ibam which allows the original
depth of the intrusion to be determined precisely, largely due to
poor exposure which makes it impossible to reconstruct the palaeo-
stratigraphy and structure, but from the evidence which is available,
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and a comparison with other Malayan intrusives, it is safe to assume
that the granodiorite was not emplaced very deep below the surface.
Buddington's average of four miles is probably in excess of the depth
of the Ulu Rompin intrusions, and this figure can be taken as an
extreme lower limit. Load pressure increases at a rate of approxi-
mately 250 to 300 bars/km (400 to 480 bars/mile) depending on the
type of rocks involved, which means that the lithostatic  pressure

at a depth of four miles cannot have been more than 1920 bars, and
was probably less. The nature of the overlying rocks, plus the fact
that the granodiorite was probably emplaced less than four miles from
the surface, leads the writer to the conclusion that the lithostatic .
or load pressure was within the range 1000 to 1500 bars, with 2000
bars as the extreme limit. The pressure conditions within the carbonate

rocks would be the same.

Having made an estimate of the confining pressure it is then
possible to make some predictions regarding the temperature of the
magma during its emplacement. Fig. 130 shows a pressure-temperature
graph, the basis of which has been taken from Kullerud (1959). He
combined the beginning-of-melting curve of a natural tholeitic basalt
as determined by Yoder and Tilley (1956), with the minimum melting
curve of granite constructed by Tuttle and Bowen (1953). The granite
depicted on the graph contained 72% silica and the basalt 49% silica.
The melting temperature of igneous rocks increases with a composition
change from acid to basic, and it seems not unreasonable to assume
that the temperature can be roughly correlated with the silica content.
On the graph shown in Fig. 130 the writer has plotted a third curve
which lies one quarter of the distance from the granite to basalt
curves, and this represents about 66% silica, which is very close to
the average for the Ulu Rompin granodiorites. If the limits of the
probable confining pressures are projected onto the 66% silica curve,
a temperature range of 74000 to 78000 is obtained, ﬁhich shows that
the pressure variation does not greatly affect the temperatures. It

is concluded that the temperature of the Ulu Rompin granodiorite at
| the time of its intrusion was approximately 760°C. Winkler (1967)
gives the temperature of granitic intrusions as 700°C to 80000, and
Goranson (1931) melted granite in the laboratory at 700°C under 1000atm
water pressure. Larsen (1945) used a value of 820°C for the quartz
diorite magma in the Californian batholith, and Buseck (1966)
accepted this temperature for the granodiorite which is related to
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the contact deposits at Concepcion del Oro, Mexico. Sangster (1969)
calculated that the intrusions associated with the magnetite deposits
in southwestern British Colombia also had a temperature of 820°C:

the Canadian rocks contain less silica (62.5%) than those found at
Ulu Rompin, and are thought to have been subjected to confining
pressures of less than 1000 a%m, 80 one would expect the temperature

to be higher than that in the magma at Ulu Rompin.

The other important factor which governs the rise in
the rocks surrounding an intfusion'is their original temperature.
According to Winkler (1967) the minimum geothermal gradient is
10°C/km and "on the continent, beyond a depth of several kilometres,
a geothermal gradient of 20°C/km is considered 'normal!'". Turner and
Verhoogen (1960) give an average figure of 30°C/km, while Barth
(1962) says that 20°C/km is the average value, élthough wide
variations have been recorded. Accepting an average value of 20°C/km
gives a temperature of about 120%C at a depth of four miles, but
allowing for a somewhat shallower depth of intrusion 100%¢ is taken
as a fair estimate of the original temperature of the country rocks.
Jaeger (1957) has made some theoretical calculations on the possible
temperatures attained adjacent to intrusives, and his conclusion is
that at the contact the country rock is heated to a temperature
which is slightly greater than 60% of the tempergture of the intrusive
mass, plus the temperature of the invaded rocks. Taking a temperature
of 76000 for the intrusion and 100%¢ for the country rocks, it is
concluded that the temperature at the contact of the Bt. Ibam grano-
diorite waslabout 55000. One important qualification for which
allowance must be made is the effect of the transfer of heat by
volatiles. Jaeger based his calculations on the heating of the
country rocks by conduction, but if volatiles are important they will
disperse the heat over a wider area and produce slightly lower
temperatures at the contact. The figure of 55000 therefore, is taken
as an upper limit for the contact rocks, and the maximum temperature
was probably slightly below this and in the range SOOOC to 550°C.
The original carbonate rocks were very close to the intrusive and
are classed as contact rocks. Other workers have given estimates of
the temperétures developed adjacent to granitic intrusives, and many
of these are in good agreement with the figures deduced for the Ulu

Rompin granodiorites. Winkler (1967) quotes an intrusion temperature
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of 700°C which gives a temperature at the contact of 420°C plus the
temperature of the invaded rocks, i.e. at Ulu Rompin the figure would
be 520°C. Turner (1968) says "In summary, the respective cooling
models of Lovering, Jaeger and Hori suggest the following inferences:
Temperatures at contacts are normally 500°C to 550°C »e0." Buseck
(1966) calculated that the maximum contact temperature at Concepcion
del Oro was about 500°C, but this seems to be slightly low in view
of his assumption that the temperature of the intrusion was 820°C.
The figures for the Ulu Rompin rocks are obviously estimates rather
than precise calculations as a number of assumptions have been made,
but they can, nevertheless, be critically examined to see if they
are consistent with the mineral assemblages found in the rocks. It
is gratifying to find that the assemblages are fully compatible

with the suggested range of temperatures.

In an earlier section it was stated that the mineralogy of
the calcic skarns and magnesian rocks showed that they fell in the
albite~epidote~hornfels facies and occasionally passed into the
lowest part of the hornblende-~hornfels facies. According to Winkler
(1967) the hornblende~hornfels facies begins at 535o + 1500 at 1000
bars and 540° + 20°C at 2000 bars, while Turner and Verhoogen (1960)
say "we tentatively correlate the hornblende hornfels facies with
temperatures of about 5500 to 700°C in the pressure range P H0 =
1000-3000 bars ...." A few years later however, Turner (1968) came
to a different conclusion,; and after stating that "Even less
satisfactory is the boundary between this facies" i.e. albite-epidote~
hornfels "and the hornblende-hornfels facies", he reduced the
temperature of the lowest part of the hornblende~hornfels facies to
between 4200 and 45000, and included the whole of the albite-epidote-
hornfels facies within a 50°C temperature interval. It is not
altogether clear why he reduced the minimum temperature of the
hornblende-hornfels facies by 100°C, but the higher figures seem to
be in better accord with many of the known temperatures of formation

of diagnostic minerals.

Some of the individual minerals in the skarn and gangue can
be considered in the light of possible temperature conditions.
According to Metz and Winkler (1964) diopside forms from tremolite +

calcite + quartz at a temperature of around 500% at confining
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pressures which vary from 1000 to 3000 bars. The temperature is also
dependent on the carbon dioxide concentration in contact with the
rocks, but the effect is only marked at very low concentrations.

= P
H20
diopside forms at 540°C and 1400 bars. The scarcity of diopside

Turner (1968) states that where water is present and P C0,
strongly suggests that the necessary temperature of formaiion was
rarely attained. Chlorite reacts with quartz to form either gedrite

or anthophyllite + cordierite, and this reaction has been determined
as ocourring at 560° ¥ 10°C at 2000 bars and 530° + 10° at 500 bars,
with an interpolated value of 540° 4+ 10°C at 1000 bars (Winkler, 1965).
The presence of abundant chlorite shows that these temperatures

were seldom, if ever, reached. The stability of the tremolite-
actinolite series has been studied by Hellner et al (1965), and

they report that actinolite (Fe 60% Mg 40%) has a lower stability
limit of 360°C at 1000 atm. Anthophyllite was shown by the same
workers to be stable above approximately 500°C, but at this tempera~
ture the mineral contained a large proportion of iron and the mag-
nesian varieties were only stable at even higher temperatures.

Epidote is reported to have a temperature of formation which varies
from approximately 30000 at the lower end (Stringham, 1952) to

between 400o and 500°C at the upper end (Ramberg, 1949 and Rosenqvist,
1952). Using data obtained by Merrin (1960), Sangster (1969) deduced
that af 1000 bars the upper stability limit of epidote is 480°C.

Andradite is stable over a wide range of temperatures, but because
of the identity of its associated minerals it -must have formed at
moderate temperatures in the Bt., Ibam deposit, and that this is
feasible is fully substantiated by synthetic studies. Andradite has
been synthesized at SOOOC.and 500 bars by Christophe-Michel=Levy
(1956), and at 480°C and only 150 atm by Jagitsch (1956).

All the above data is compatible with a suggested maximum
temperature during the formation of the skarns and gangue of between

500° and 550°C.

It can be seen from the preceding paragraphs that the
silicate minerals give some useful indications of temperature con—
ditions, but unfortunately the metallic minerals, both oxide and
sulphide, are not as helpful. There are a number of minerals and

mineral associations which are frquently used as geothermometers,
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but they are not well developed in the Bt. Ibam area.

The only sample of sphalerite for which a chemical com~
position can be determined occurs in veins with no associated minerals,
and for all practical purposes pyrrhotite is absent from the entire
deposit. From the composition of the sphalerite as determined by a
cell size calculation = Zn.85Fe.1SS = a temperature of formation of
- about 42500 is indicated, although this cannot be precise as there
is no wéy of determining if there was sufficient FeS available within
the system to promote equilibrium. Lovering (1958) pointed out that
if it cannot be proved that equilibrium conditions prevailed during
the grystailization of the sphalerite, then the apparent temperature
of formation will be a minimum figure, Titaniferous magnetite.can
have some use as a temperature indicator, but the Bt. Ibam ore is
extremely low in titanium. Magnetite is by far the most abundant
ore mineral, but it can form under such widely varying conditions
that by itself it reveals nothing about the temperatures prevailing
at the time of its formation, although it indicates that the oxygen

activity was low.

Chalcopyrite obtained from a small vein below the ore body
showed well developed twinning in polished section, and this can be
due to inversion of the high temperature cubic form to the low
temperature tetragonal mineral. Yund and Kullerud (1966) have

determined this inversion temperature as 547° + 5°C, but the tempera~

ture is lowered with increasing pressure, although only at the rate
of approximately 400/1000 bars., None of the other chalcopyrite
samples encountered by the writer showed any sign of twinning, which
suggests that the sample in the vein is atypical, and that the
chalcopyrite in the ore body formed below the inversion temperature.
There is some evidence (Shadlun, 1953) that stress can produce
twinning in chalcopyrite which looks identical to inversion twinning,
but at Bt. Ibam the chalcopyrite seems to be later than the main
faulting movements, although local stresses could conceivable have
caused the twinning in the vein material, All that can be deduced
with reasonable onfidence is that most of the chalcopyrite formed
below 54000. Chalcopyrite is sometimes found as exsolution lamellae
in sphalerite, showing that these particular grains crystallized at

a temperature which permitted solid solution between the minerals.
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Experimental studies have shown that sphalerite-chalcopyrite inter—
growths are homogenized at about 400°C (Park & MacDiarmid, 1970),

and Lovering (1958) states that exsolution blebs of chalcopyrite in
sphalerite indicates a temperature of formation above 35000. It is
deduced that sphalerite and chalcopyrite formed above 40000 and below
540°C.

It is certain that the temperatures which prevailed during
metallization were lower than the maximum reached during skarnifica-
tion i.e. 500?'to 55000. If the temperatures had risen significantly
during the deposition of the ore minerals, then the assemblages of
silicate minerals would show more characteristics of the hornblende-—

hornfels facies.

Late~Stage Mineralization

Subsequent to the main oxide and sulphide mineralization
solutions at moderate to low temperatures were still active, an
important product being siderite. The late~stage minerals are
typically found in Veins, but along section N. 10,400 siderite may
elso have partially replaced the acid volcanic rocks. Other productis
found in veins are quartz and calcite, and rare barytes and zeolites.
Both siderite and barytes have been encountered in veinlets cutting
the granodiorite, so they were obviously intruded after the magma
had solidified and the mass become jointed. Barytes was deposited
later than the siderite, The solutions which deposited the siderite
found in the acid volcanic rocks along N. 10,400 must have encountered
sphalerite or other zinc mineralization during their circulation,
and by reaction acquired the elevated zinc content which the siderite
now containe; the siderite veinlets which cut the granodiorite
contain no significant zinc., The bulk of the zincian siderite is
confined to the southern end of the ore body, and its location is
possibly controlled by a postulated fault on or near N. 10,400,
and the proven zinc mineralization at depth. Quartz and calcite are
plentiful in some areas, and in a few veins it is apparent that the
calcite has followed and partially replaced the quartz., The lecation
of a number of quartz veins has been controlled by faults and

fractures., The largest masses of quartz are found in the skarns,

where it is accompanied by micaceous haematite and pyrite in podse
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of mineralization. Quartz has been deposited over a long period of
time; the preservation of fresh actinolite, chlorite and fragmented
magneﬁite in silicified masses suggests that this particular quartz
formed relatively early during the main phase of mineralization,

but most is a late-stage product.

Siderite, calcite and barytes were deposited from solutions
which»mpsf have contained 003" and SO4". Some of the barium could
have been leached from the acid volcanic rocks, as these usually
contain a significant barium content., The iron and manganese in the
siderite are possibly a residue from the original granodiorite magma,
or they could have been leached from the solidified intrusive mass.
Another poséible source of the iron is pyrite,which is widely diss-

eminated throughout the volcanic rocks.

Hydrothermal Alteration

There has been a long history of alteration, and in the
volcanic rocks it is often extremely difficult or impossible to
distinguish those products due to hypogene processes from those
caused by supergene action. Many geologists have commented on this
problem, as for example Grim (1953) who says "The study of the alter—
ation products associated with many ore bodies is complicated by the
difficulty of distinguishing between hypogene and supergene products".
The alteration sequence must have started during the passage of the
early mineralizing solutions, when the volcanic rocks suffered
minerglogical and textural changes. Rare biotite was formed, and
gome of the quartz phenocrysts recrystallized to a fine quartz mosaic.
The groundmass, which was probably ash or glass or a mixture of both,
recrystallized to a fine granular aggregate. Thé only important
alteration products are kaolinite and sericite, and while their
presence can give some clues as to the nature of the generating
solutions, any speculation has toc be made with care. There is no
doubt however, that some of the sericite and larger flakes of musco-
vite have resulted from hydrothermal processes, as pyrite can be

found moulded round mica flakes.

It is significant that the only samples of really hard

volcanic rock come from core in some of the deepest drill holes,
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while the nearer-surface rocks are usually soft, and most of the
exposed rocks are extremely soft and often a pure clay. This strongly
suggests that weathering has been responsible for the physical
decomposition of the volcanic rocks, which in its turn appears to be
largely due to the formation of kaolinite. It is concluded, therefors,
that most of the sericite is of hydrothermal origin but much of the

kaolinite is probably supergene.

At room temperature sericite is only stable within the vary
narrow pH range of 9.5 to 10.5 (Garrels, 1957), but a rise in temp~
erature and a change in the chemical conditions can profoundly modify
this. Both a rise in temperature and an increase in the K" concentra~
tion can shift the stability field of sericite to lower pH values
(Gruner, 1944), and a combination of the two would presumably enhance
the effect. Gruner (1939) has shown that sericite can form from
solutions with a pH of about one (determined when cold) at tempera-
tures over 35000. Sericite could well have formed as a result of the
action of the solutions which deposited the magnetite and are thought
to have been acidic, and as the volcanic rocks are rich in potash,

K" would have been available in abundance. Sericite is stable to

over 600°C (Yoder and Eugster, 1955), which is well above the temperas
ture envisaged for the early solutions. Although kaolinite is formed
preferentially in an acid environment the temperatures of the early
solutions, and probably the xt concentration, would be too high to
allow itfto develop. Kaolinite is stable up to a temperature slightly
over 400°¢ (Roy and Osborn, 1952). As the temperature dropped the
alkalinity of the solutions probably rose, so the formation of
kaolinite would still have been inhibited. By the time that pyritiza-—
tion was affecting the volcanic rocks it would appear that much of

the sericite had been formed.

It is not always clear at what stage the chlorite formed,
but some is definitely later than pyrite as it is devloped round
grains of this mineral, presumably extracting some iron. A little
chlorite has formed by the alteration of feldspar in situ, but it
is also found in veinlets. The latter usually contain calcite, and

these veins may have been filled by material expelled from the ore
body.
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There is no discernible zonation of the alteration products,
and apart from a few samples immediately adjacent to the ore body,
it is impossible to distinguish samples of volcanic rock from Bt

Ibam from others collected far away.

The changes within the ore body were largely confined to the
replacement of actinolite and chlorite by talc. The latter mineral
has been prepared at all temperatures under 800° (Deer, Howie and
Zussman vol. 3, 1962). Turner (1948) quotes equations which show
that reaction between carbon dioxide and tremolite (actinolite) or
chlorite in constant volume reactions can produce talc, and such
reactions would readily explain the widespread occurrence of talc
which pseudomorphs the fibrous amphibole and the flaky chlorite.
These reactions are described as taking place "At the lower tempera-—
tures in the greenschist facies", which is in accord with the evi-
dence at Bt. Ibam. If carbon dioxide was an important constituent
in the formation of talc, then it provides additional support for
the suggestion already advanced that the carbon dioxide was retained
within the system until the end of magnetite deposition. At very low
temperatures talc is unstable in the presence of excess lime and
carbon dioxide and gives way to magnesite, and as this mineral has
not been identified at Bt. Ibam, it indicates that the lime and
carbon dioxide expelled from the original dolomite had been completely

removed by the time that low temperature conditions prevailed.

It is possible that some of the magnetite was oxidized to
martite during the phase of hydrothermal alteration, but the extent
of the reaction must have been small as most martite is of super-
'gene origin. There is a reasonably consistent pattern of increased
alteration with proximity to the surface, but some rare reversals

may indicate martite of hypogene origin.,

Supergene Alteration

Alteration under conditions of low temperature and pressure
has extensively modified the original Bt. Ibam ore body and country
rocks, and made an important contribution to the geological features
as found today. The most widespread changes have been kaolinization

in the volcanic rocks, oxidation — with or without hydration - of
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the primary magnetite, and the development of ‘laterite. The mine
authorities attribute considerable economic benefits to the action
- of supergene alteration, but the writer is no in complete agreement

with this assessment.

Within the volcanic rocks very large quantities of kaolinite
have been formed, and some of the near-surface rocks are virtually
a pure kaolinite-quartz mixture. The formation of kaolinite indicates
an acid environment, and the effect of the carbonic acid normally
found in rainwater would be greatly enhanced by the weak solutions
of sulphuric acid produced by the decomposition of the widely
disseminated pyrite. As Loughnan (1969) says, although sulphides
"are not abundant in silicate rocks .... their influence on rock
weathering" is M"locally quite marked ....". Another factor thch
mgy have contributed to the development of kaolinite in the volcanic
rocks is the virtual absence of calcium. Grim (1953) reports that
"When present in the environment, calcium particularly appears to
retard the formation of kaolinite", but as has been shown in chapter
ITI, the volcanic rocks are extremely low in lime. The same argument
is not applicable to the hydrothermal solutions which, although
they were probably acidic, were too hot to permit the formation of
kaolinite. The main source of kaolinite has been feldspar, but with
advanced alteration both mica and chlorite have been decomposed.
Much of the kaolinite has formed in situ, buﬁ some has been
transported and deposited in veinlets. This is well displayed in
the rocks close to the hangingwall contact which are cut by myriads
of small joints, many of which are filled with kaolinite. It is
likely that volume changes during mineralization caused tensions to
develop in the brittle volcanic rocks which consequently fractured,
the resulting joints forming ideal passageways for solutions when

the rocks came within the zone of weathering.

Simultaneously with the formation of kaolinite, pyrite has
been altered to iron hydroxides, and these are responsible for the
widespread colouration in shades of red, brown, orange etg. found
in the volcanic rocks. Most of the colouration is completely
irregular, but occasionally a banded appearance is produced where
closely spaced veinlets of pyrite were originally present. Limonitic

material has been deposited along some fractures and joints in the




341

volcanic rocks, and the main north to south fault which cuts both
the ore body and country rock contains a mixture of iron and mangan-
ese oxides and hydroxides, in addition to quartz. Nodules and small
concretionary masses of iron hydroxides have been important in the

development of laterite.

Towards the southern end of the mine, and especially near to
section N. 10,400, zincian siderite has been extensively altered to
goethite, some of which has remained in situ as coronas on siderite
grains, but most has been transported in solution and deposited else-
where. It is largely to the action of these mobile solutions that

the writer attributes the present distribution pattern of zinc.

Within the ore body weathering processes have attacked the
ore minerals and gangue. Magnetite has been replaced by martite and
goethite, and in general there is a gradation from the extensively
altered magnetite near surface to fresher ore at depth. Martite has
preferentially attacked grain peripheries and along cracks, and every
gradation can be found from a few lamellae of martite to martite
pseudomorphs with minute relics of magnetite. Some of the goethite
which has replaced magnetite in situ is distinctly granular, but by
far the greater part of the goethite is found in colloform masses.
The circulating colloidal solutions have played an important role in
the distribution pattern of zinc and, to a lesser extent, copper.
Because of the very large surface area of colloidal particles they
have a high surface energy (Barton, 1959), and the ability to absorb
ions. The writer believes that most of the copper and zinc ions
released by the breakdown of chalcopyrite and sphalerite-zincian
siderite respectively were absorbed by the colloidal solutions, and
incorporated in the structure of the goethite when it was eventually
deposited. The fact that the concentrations of copper and zinc in
the.goethite rapidly vary is probably due to fluctuations in the rate
at which the elements became available. There must have been some
intermingling of solutions as primary sources of copper and zinc are
not typicaily found together, but the zone through which the colloidal
solutions moved was relatively restricted, as zinc has not been trans~
ported to the northern half of the ore body in large quantities, and
the same applies to copper with respect to the southern half. The
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)
main movements of the colloidal solutions must have been in a vertical

rather than a lgteral direction.

Some of the goethite masses are intimately associated with
colloidal haematite, which suggests that there has been a delicate
control over the crystallization from colloidal solutions. The
precise nature of the control is unknown, but Valeton (1972) discussed
the system F6203-H20 and concluded "The factors governing crystall-
ization of specific phases are: Eh, pH, concentration of the solution,
~ other ions in solution, ageing conditions of the gels, and temperature,
among others". According to Garrels (1959) the first precipitate is
a hydrous oxide of indefinite water content, but whether this becomes
goethite or haematite is apparently dictated by compositional
differences in the solutions., The petrographic evidence shows that
goethite and haematite did not coexist, and for most of the time the

conditions favoured the formation of goethite.

An important function of goethite has been to act as a
cementing agent. There is no doubt that if goethite had not been so
widely distributed most of the high grade magnetite ore would have
been highly friable. Following the breakdown of the grain to grain
adhesion because of the development of peripheral martite, the
goefhite found entry along the intergrain channels and firmly
cemented the whole mass. In the patches of friable ore which are
8till preserved there is virtually no goethite. Goethite has also
formed solid masses along parts of the footwall and hangingwall

contact zones, probably because they proved to be easy channels of

movement, partly by a cementing action and partly by replacement.

Goethite has extensively replaced the gangue minerals, and
the process of replacement can be traced in some polished sections.
A number of samples showed a delicate network of gothite where it
had followed the cleavages in amphibole grains, but as alteration
advanced the delicate threads broadened and eventually coalesced
t0 produce a solid mass, One of the few patches of banded ore in
the Bt. Ibam ore body showed a gradual change from alternating bands
of magnetite and talc to solid goethite in which the banding was
clearly preserved. Close to the surface some of the massive chlorite

rock has been altered to a tenacious limonitic clay.
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N It is in the treatment of the gangue minerals within the-
weathering zone that the writer disagrees with the mine authorities.
They postulate that supergene activity actively leached out the
silicate minerals, thereby leaving an enriched iron ore near the
surface. A company report suggested that some 324 by volume of
silicates in the 'protore' had been removed by leaching, of which
20% is now accounted for by intergranular space and 124 by collapse,
particularly along the hangingwall side. It is also suggested that
some magnetite formed from the circulating meteoric waters. The
writer believes that the gangue minerals close to the ground surface
have been replaced progressively by goethite, which requires that
most of the original silica, alumina and magnesia was removed as
part of the regction. The difference between the two interpretations
is that the mine geologists remove the silicates by simple leaching,
thereby leaving a volume deficiency, whereas the writer believes
they were released as a direct result of replacement by goethite,
The company's theory implies that there should be an overall distri-
bution pattern of iron values which is horizontal or roughly parallel
with the ground surface, but there is no evidence for this, and in
fact very high grade ore can be found in some of the deepest levels
of the ore body. There must have been some -volume changes as a
result of all the mineralogical reactions which took place, but
there is no evidence for the large changes postulated in some company
reports. As a result of accomodation to small volume changes the ore
body has progressively slipped down the footwall contact, producing

the well-marked plane of movement described in chapter VI,

The secondary copper minerals have been formed as a direct
result of supergene processes. The presence of chalcanthite shows
that sulphate-bearing solutions have been active, and indeed are
still in circulation, so the commonly accepted method of supergene
copper formation which involves reaction between sulphide minerals
and copper sulphate solutions (e.g. Batemen, 1955) has almost
certainly been operative. The breakdown of pyrite would produce
abundant sulphate ions to maintain the reactions. The crystallization
of the chalcanthite can be interpreted as breaking the sequence of
reactions involved in the formation of secondary copper sulphides.,
A large part of the secondary sulphides have formed by direct
replacement of earlier sulphides, and it is rare to find the

secondary copper minerals far removed from the primary chalcopyrite.
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There is no clearly marked zone of copper enrichment, and much of the
present: distribution closely reflects the primary dispersion. There
is some indication that the most favourable zone for secondary
reactions has been just above the water table, but this must have
fluctuated as is shown by the age relationships between the secondary
sulphides and oxidized products. It is not uncommon to find evidence
that cuprite, which must have formed above the water table in a zone
of freely flowing oxidizing waters, is earlier than some of the
secondary sulphides. The copper within the oxidizing zone has shown
more mobility than that which formed the secondary‘sulphides. Native
copper has always crystallized in open spaces where solutions could
freely circulate, but most of the secondary sulphides are typically
found in the body of the samples. Native copper seems to have acted

" as a catalyst for the precipitation of suprite in some zones, Where
calcite was present within the oxidizing zone the acid cupriferous
solutions have reacted to produce malachite and, very rarely, azurite.
The secondary copper sulphides have attacked most of the earlier

sulphides, and on rare occasions magnetite.

The weathering solutions have leached some silica from the
near—surface rocks and deposited it at lower levels as opaline quartz,
particularly along joints. Some of this quartz is intimately associated
with cuprite. Just to the north of the Bt. Ibam ore body in the area
round Bt. Sanam the leaching of silica has been very effective, and
has left behind a small deposit of low grade ferriferous bauxite.

As weathering gradually broke down the volcanic rocks to a
clay the ground surface was progressively lowered, with the result
that along parts of its outcrop the iron ore formed striking cliffs
protruding above the general level., The small cliffs of iron ore
could not stand indefinitely, and they gradually collapsed to form
the important accumulations of boulder ore found on the ridge slopes

below the outcrops.

The Bukit Pesagi and Bukit Sanlong Ore Bodies

The original Japanese prospectors interpreted the iron ore
as a segregation product from the acid magma which had produced the

country rock, identified by them as liparite. During the intensive
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prospecting operations of Rompin Mining Co. ideas changed gradually.
At one time it was thought that the primary ore bodies were situated
just above dioritic stocks and had been derived by segregation from
the original magma, but subsequent deep drilling showed the presence
of substantial pyrite below the iron oxide bodies, and it was then

suggested that the oxide bodies had formed by oxidation of pyrite.

The important factors which distinguish the primary ore bodies
from the Bt. Ibam body are:

1. The only important primary iron mineral is haematite, although
magnetite was the first to crystallize.

2. The gangue is decomposed country rock, and there are no calc
or magnesian silicates.

3. The country rock is sheared, the intensity of shearing
increasing towards the ore bodies. ‘

4. There has been some scattered haematite mineralization in the
country rock immediately adjacent to the main ore bodies,

5. Pyrite forms substantial masses below the haematite bodies,

Item one shows that initially the mineralizing fluids possessed a
low oxygen activity, but this rapidly gave way to more oxidizing
conditions., Items two, three and four taken together provide good
evidence that the control over the loci of mineralization was
gtructural and not lithological. Theré is little doubt that Pesagi 6
and Sanlong B ore bodies occupy the sites of shear zones, which must
have provided easy access channels for the ore solutions and thereby

determined the location of the mineralization.

The original fluids were probably similar in type to those
which deposited the Bt. Ibam ore body, i.e. acidic and possessing a
low oxygen activity. The first oxide mineral to crystallize was
magnetite, but in the large ore bodies this soon gave way to haematite,
which attacked the magnetite and left only the small relics seen in
polished sections., By analogy with the Bt, Ibam deposit it is
guggested that the change from magnetite to haematite deposition
may have been connected with a rise in the alkalinity of the solutions.
The fact thgt thé mineralization is located in fracture zones
probably means that any volatiles would have been able to escape

fairly easily, as the dover rocks were unlikely to have formed an
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impervious trap. This would have two effects; firstly, because of
the volatiles taking heat with them the temperature would be lowered
which would help to promote the formation of haematite, and secondly,
the acidic fluids would be neutralized by reaction with the country
rock, and unlike the position at Bt. Ibam there were no special
factors helping to sustéin the acidity of the fluids. The lack of
ferrous iron at the sites of mineralization could also have contribu-
ted to the early formation of haematite, as ferrous iron appears to
act as a reducing agent by helping to maintain a low level of oxygen
activity. In some of the very small pods of ore the mineralization
has been restricted to magnetite,lwhioh has subsequently suffered
extensive oxidation. In these bodies all primary oxide mineralization

ceased before the start of haematite crystallization.

Much of.the haematite shows asbundant evidence of being a
primary product; it occurs as specularite crystals with a good euhedral
shape, as micaceous ores, and it is extensively twinned, none of
these features being typical of supergene ore, It is usually quite
easy to distinguish the secondary haematite, as it is in colloform

and earthy masses associated with goethite.

The oxide phase was brought tb4én end by a rise in the sulphur
fugacity, which initiated the formation of pyrite. Some of the fluids
followed the same maiﬁ entry channels, i.e., the shear zones, but
were blocked when they encountered the recently deposited haematite
magsses, and so the massive pyrite is found 1mmed1ate1y below the
oxide bodies. In the Pesagi 6 and Sanlong B ore bodies the rise in
sulphur -values with depth is due solely to this fact. The evidence
from polished sections, plus some macroscopic evidence, confirms
that the pyrite is later than the haematite. The suggestion put
forward by some company geologists that the oxide ores have formed
by oxidation of massive pyrite is incorrect. Apart from the evidence
 that the sulphide is later, the ore bodies are not of a type which

is formed in a supergene environment.

In addition to forming the massive bodies, pyrite has been
very widely disseminated throughout the country rock as fine grains

and veinlets.




347

The only important product of hydrothermal alteration has

been sericite, which is abundant in some of the volcanic rocks.

Supergene alteration has reduced the near-surface volcanic
rocks to a kaolinite-quartz mixture as at Bt. Ibam, but there has
been one development which is not found at Bt. Ibam, and it is
probably the result of differences in topography. Round Bt. Pesagi
and Bt. Sanlong there are extensive superficial sheet-like bodies
of ore, which are made up of secondary iron material and relics of
small primary bodies which have completely disintegrated. The
secondary ore is in effect a thickened iron pan, and is roughly
parallel with the ground surface. It appears to have formed at or
close to the water table on the rounded upper slopes of the hills;
it is not found on steep slopes. The iron has been derived partly
from the disseminated pyrite and partly from small primary bodies,
the latter providing iron taken into solution and detritus of
haematite. The fragments of the primary ore have been cemented into
the solid masses of secondary material. The conditions essential
to the formation of this type of ore appear to be a fairly gentle
topography, and a periodic oscillation in the level of the water

table caused by the seasonal monsoon rainfall.

The Bukit Hitam Ore Body

A company report states that the Bt. Hitam deposit formed in
a skarn, but this conslusion is based on very flimsy evidence. There
are some limonitic pseudomorphs of a dodecahedral mineral which the
company report identifies as garnet, but the writer believes they
were originally magnetite, which typically displays this crystal
form throughout the Ulu Rompin mineralized zone. Also, analyses of
rock samples made in the company's laboratories show low magnesia
and lime while the writer has detected relatively high barium, all
of which indicates that the rocks are acid volcanics and that skarn
as found at Bt. Ibam is not present. Because of the extreme decom-
position of the country rocks there is little concrete evidence
regarding the genesis of the body. It is located just above a
granodiorite stock and the ore mineral is magnetite, so it bears
a general similarity to the Bt. Ibam body but lacks the skarn and

magnesian rocks,
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_ It is suggested that the magnetite may have completely re-—
placed a small carbonate lens or lenses, which had not been subjected
to skarnification prior to mineralization. Acomparison may be drawn
with the Bt. Batu Puteh deposit where coarse marble is still pre-
served, except that at Bt. Hitam the carbonates have been completely
replaced. The hypothesis developed earlier for the Bt. Ibam deposit
suggesté that there is a connection between the crystallization of
magnetite and the presence of carbonate rock, and this may be

applicable to the Bt. Hitam deposit,

The Bukit Batu Puteh Ore Body

There are two features which distinguish this deposit from
the others in Ulu Rompin; it does not appear to be closely associated
with an intrusive body, and it lies outside the narrow belt of country
in which the other primary bodies are located. The failure to locate
an intrusive body is negative evidence only, but as discussed earlier
in chapter V, the magnetic anomaly map suggests that there is no near-

gsurface intrusion at Bt. Batu Puteh,

Fairly pure, coarse-grained marble is found in the decomposed
acid volcanic rocks, and it is reasonable to assume that the control
over the location of the mineralization has been lithological as
there is no evidence which suggests a structural control. The iron
ore is magnetite, which is typically associated with a brown clay,
although it is also very close to marble. The writer has not seen
any sampbes which actually show magnetite in marble, but the evidence
is,§parse, and it may be necessary to await large-scale excavations
before a clear picture emerges, It is suggested that the magnetite
has replaced marble and any unreplaced fragments of marble in the
iron ore subsequently removed by hydrothermal alteration or weathering.
The absence of any skarn minerals may be due to the absence of a

nearby intrusive body.

Bukit Sanam and Other Minor Deposits

Diamond drilling has produced evidence which suggests that
there may be a small primary ore body at Bt. Sanam, but the data is

far from conclusive. Most of the ore in this and the other minor
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deposits is of secondary origin, and has formed by a process of

enrichment. The details have been discussed previously in chapter XVIII.
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XX ORIGIN AND TRANSPORT OF THE IRON

Source of the Iron

As discussed in the previous ohapter, it is highly probable
that the Ulu Rompin ore deposits formed as a conseqﬁence of the
intrusion of granodiorite magma, but this does not necessarily mean
that the iron and other elements had their origin within the cooling
magma. The magma would have provided heat and active fluids, but there
is no firm evidence as to the ultimate source of the iron and other
elements involved in the mineralization. A sedimentary or volcanogenic
origin is ruled out, but there are several alternative sources from
which magmatic fluids could have obtained their useful constituents,

and these can be listed under two main headings.

By segregation or fractionation from

1. The cooling magma which formed the granodiorite stocks.

2. The same magma, but at a deeper level in the crust.

By 1eaching from

3. The solid or partially solidified granodiorite.
4. The volcanic country rocks.

5. Rocks of unknown composition at a deep level in the crust.

A completely different mechanism which could have been operative
is leaching andredeposition via meteoric waters heated by the grano-
diorite, but this is not a convincing alternative. Many workers have
noted the close association between non=titaniferous magnetite deposits
and intrusive rocks of a restricted compositional range — typically
hornblende granite, adamellite, granodiorite and alaskite - which
strongly suggests that the composition of the intrusive is an import-—
ant factor, whereas an intrusive of any composition could supply the
heat necessary to raise the temperatire of meteoric waters. It is
thought to be most unlikely that the Ulu Rompin ores formed from

meteoric waters.

Due to very poor exposure and lack of drill core there is
1little information on the internal characteristics of the granodiorite,
but those parts which have been examined invariably contain magnetite -

company geologists have reported up to 10% - and the intrusive is the
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dominant influence on the regional magnetic pattern, Iron is also
present in silicate minerals such as hornblende and biotite. It would
appear the the granodiorite was, at least theoretically, fully capable
" of supplying the iron. One cubic mile of granodiorite with 2% Fe
contains 220 million téns of iron, which is equivalent to about 300
million tons of magnetite. In contrast, it seems unlikely that the
acid volcanic rocks would have provided a ready source of iron. Much
of the iron in the analyses of volcanic rocks presented in chapter IIT
is contained in pyrite, which is later than themagnetite mineralization,
and goefhitic material deposited from weathering solutions. The com=
position of the volcanic rocks at depth is unknown, but the evidence
suggests that they are unlikely to be significantly different from
those near the surface, and so will be poor in iron. Invoking the
presence of other iron-rich rocks at depth is pure speculation.
Immediately to the west of the Ulu Rompin mineralized zone there are
large areas of highly ferriferous sediménts, and although these are
probably younger than the Ulu Rompin rocks, if similar types were
present at depth they could supply anfsample gource of iron. It is
concluded that the iron involved in the mineralization was derived
from the granodiorite, but whether or not the iron was present from
the time of the initial formation of the magma or acquired by assimi-

lation during its rise through the crust is not known.

The granodiorite could have released the iron in hydrothermal
fluids separated from the cooling magma, or fluids which were origin-
ally unmineralized may have leached iron from the solid or partially
golidified rock. The latter mechanism has been demonstrated convinc-
ingly in the magnetite deposits of Iron Springs District, Utah, where
Mackin (1968) showed that deuteric solutions leached iron from
ferromagnesian minerals in the quartz monzonite or granodiorite
porphyry intrusives. In a more generalized conclusion, Buddington
(1966) has suggested that alaskites originate in a hornblende granite
from which iron=bearing solutions had been extracted. He notes the

association of both igneous rock types with magnetite concentrations
in the states 6f New York and New Jersey, U.S.A., and the fact that
hornblende granite grades into alaskite. It is unfortunate that
there is not sufficient evidence on the Ulu Rompin granodiorites on
which such hypotheses can be tested; information on the internal

features is essential, but at Ulu Rompin only the peripheries have
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been exposed or drilled.

The known outer margins of the granodiorite stocks are rich
in iron, which implies that if leaching has been an effective mechanism
it has affected the internal and deeper parts of the intrusion. As
the highest parts of the intrusion have been among the last to form,
the quantity of iron in the margins can be interpreted as evidence
of an increasing enrichment of iron in the final stages of crystal-
lization, which could lead to the formation of iron-rich fluids.
Although the evidence at present available is not sufficient to allow
firm conclusions to be drawn, the writer favours the formation of
iron-rich fluids from the granodiorite by a process of fractionation

rather than by leaching.

Transport of the Iron

An ore~forming fluid is a. highly complex system and its
pfecise nature is still uncertain. It is clear, however, that water
. is invariably the most important single constituent, and is the medium
in which the other products are normally carried. Although proof of
the existence of an iron ore magma has been discovered in South America
(Park, 1961), there is nothing to suggest that one was ever present
in the Ulu Rompin area, and the mineralization should be explained

in terms of an aqueous system.

The temperature and pressure conditions have been discussed
in the previous chapter, where it was also stated that the fluids
were initially acidic. The acid nature of the fluids was probably"

due to the presence of constituents such as chlorine, fluorine and

sulphur dioxide. There have been a number of studies of solutions
and gases in active volcanic areas, and the emanations are typically
acidic. The classic studies of the Valley of Ten Thousand Smokes,
Alaska (Zies, 1929; Fenner, 1933) showed that HCl, HF and H2SO4 were
pregsent in abundance. The acid nature of the fluids in Ulu Rompin

probably contributed to their low oxygen activity.

Many of the minerals found in a hydrothermal ore deposit are
virtually insoluble in water, so it is clear that the minerals were
not transported in simple solution. Various mechanisms have been

proposed to explain the transport of the constituents in an aqueous



353

solution, and for the Ulu Rompin deposits chlorite and chloride
complexes may provide the answer. There is a great deal of evidence
that chloride ions play an extremely important role in ore fluids.
According to Rosler and Lange (1972) "Most hydrothermal solutions are
slightly dissociated electrolytic solutions rich in alkali chloride".
The material found in many fluid inclusions is thought to be represent-
ative of the mineralizing solutions, and the evidence is summarized
by Stanton (1972) who says that they "were highly séline, contained
high concentrations of chloride ions and 002, and were of neutral to
slightly acid pH". Modern solutions can also show high chloride; two
samples from the Salton Sea geothermal area in California each con-—
tained 155,000 ppm chlorine, with about 50,000 ppm sodium and 17,000
ppm potassium (Skinner et al, 1967), while three of the brine pools
in the Red Sea contain on average 156,200; 155,200 and 42,000 ppm
chloride respectively (Degens & Ross, 1969).

In the Valley of Ten Thousand Smokes, where magnetite was the
earliest of the ore minerals to be deposited from the fumaroles,
Zies (1929) suggested that the iron was transported as a halide

vapour and magnetite formed according to the reaction

Fe2016 + FeCl2 + 4H20=== Fe304 + 8HC1

It is likely that the temperatures during the formation of this
magnetite were considerably higher than those which obtained at Ulu

Rompin, as temperatures up to 650°C were measured in the fumaroles.

It seems reasonable to suggest that at Ulu Rompin the iron
could have been transported in the form of'chlorides, and possibly
gome chloride complexes. Below 550°C (the maximum temperature at Ulu
Rompin) ferric chloride can dissociate partially to form ferrous ’
chloride and chlorine, so both ferric and ferrous ions would have
been available. Holser and Schneer (1961) have prepared magnetite
from acid solutions of ferric and ferrous chlorides at temperatures
and pressures not significantly different from those which retained
at Ulu Rompin. Ovchinnikov et al (1964) have stressed the importance
of chloride complexes in the extraction, transportation and deposition
of metals in ore deposits, and have some experimental data to support

their suggestions. They point to the formation of complex compounds

such as Na(FeCl 4) and K(FeCl 4) when weakly acidic solutions of
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sodium and potassium chlorides attack natural rocks and minerals
which contain iron; other metals can react similarly and form chloride

* complexes,

Although the iron could possibly have been carried in the
form of simple chlorides in solution, the copper, 2zinc, lead and
bismuth which were deposited as sulphides may have been carried in
chloride complexes. Helgeson (1964) has shown that many metallic
elements can form complexes, and their order of stability coincides
with the usual order of deposition of the ore minerals in nature.
Ovchinnikov et al (1964) suggest that the complexes of alkali chlorides
and heavy metal chlorides are quite stable, and the sulphides of the
metal will not form until the conplexes have broken down. This may |
have been connected with a change from acid to neutral or weakly '
alkaline conditions, which, as has already been discussed, possibly :

coincided with the cessation of magnetite crystallization at Ulu Rompin. .
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XXI MINING METHODS AND QUALITY CONTROL

Mining Methods

. The primary ore bodies at Bt. Ibam and Pesagi 6 are worked
in open pits with 20 ft terraced benches., The workings are kept free
draining, an importent factor as rainfall is very heavy, but in the
later stages of mining in Bt. Ibam some pumping will be necessary to
de~water the lowest workings. The ore bodies have been worked
progressively downdip from their outcrops, and the nature of the wall
rocks has been of vital importance in the design of the pits., Apart
from isolated pockets, the country rocks have been decomposed and
are often jointed and they have little inherent strength, so it has
been necessgry to leave the walls with a lower batter than would
have been poséible with stronger wall rocks. At Bt. Ibam a:great
deal of stripping has been required on the hangingwall side to
follow the ore body in depth, while the footwall has been cut back
to about 250--30o i.e. a lower angle than the ore body. The decom-
posed nature of the wall rocks has its compensations, as much of

the waste can be removed without recourse to blasting.

ﬁinigg continues 24 hours a day six days per week, Sunday
being utilized for servicing and repairs. One evening blast per day
is sufficient to keep the treatment plant supplied for the following
24 hours. Due to the variable physical characteristics of the ore
the blast has to be carefully planned to ensure proper breakage.
The broken ore is loaded by 4% cubic yard shovels into rear-dump
trucks which carry up to 70 tons of ore, Three shovels are adequate
to operate the ore removal and stripping in the Bt. Ibam pit. There

are four products from this pit;

1. Ore sent directly to the treatment plant.

2. Low grade magnetite ore which is stockpiled for magnetic
separation,

3. Heavily contaminated ore which is stockpiled.

4. Waste which is dumped.

Mining continues throughout the year, but during the monsoon season
the operations are occasionally halted, largely because of bad
"conditions along the haulage roads.




356

Treatment Plant

One main plant serves all the Ulu Rompin deposits, but a
subsidiary magnetic separation plant is needed to treat some of the
low~grade pyritic magnetite ore. The usual treatment is based on
sizing and washing. The lump product, +3" to -8", is washed and then
stockpiled, while the fine ore is recovered using cyclones and spiral

classifiers, and then stockpiled.

Transportation

The treated ore is taken from the mine to the coastal instal~
lations in 40 ton bottom-dump wagons via the company's narrow gauge
railway. The ore~carrying ships, which have to stand out to sea
because of shallow wémer conditions, are loaded from lighters towed
by launches, During the period of the northeast monsoon from
November to April the loading operations have to be suspended, and

the ore is stockpiled to await the next shipping season.

Quality Control

As there is considerable variation in the chemical composition
of the ore body, it is necessary to exercise a very close control
over all stages of production from mining to shipping. The quality
control system is based on the provision of a large number of
chemical analyses on samples taken at different stages of production,
the extensive use of stockpiles for the different grades of ore, and
blending during the loading operations. To cope with the large
numbers of analyses which are required, highly automated laboratories
have been established at the mine and the loading centre on the
coast., The bulk of the work is carried out with a direct reading
spectrometer with tape machine, a cathode ray polarograph, and a

spectrophotometer.,

The ore is sampled at five separate stages;

1. During prospecting.

2. The debris from blast hole driliing.

3. On the conveyor belts which lead from the treatment plant.
4. At the rail loading point.

5. At the jetty loading point.
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The results from (1) and (2) permit a close estimation to be made of
the bulk composition of an individual blast, stage (3) checks the
feed to the mine stockpiles, but stages (4) and (5) are the most
important. Each ore train and lighter is sampled automatically during
loading, a 200 kg sample being taken for every 75 tons loaded. The
samples are crushed and split to 5 kg, dried and ground to =100 mesh
and sent to the laboratory. Each train énd lighter is additionally
sampled for sizing tests. The rail sahples are analyéed for Fe; Cu,
Zn, Bi, As and S, the results being ready within 90 minutes i.e,
before the train reaches the coast, so the Quality Control Officer
knows which stockpile is appropriate for each wagon load. The samples
taken from the lighters are analysed for Fe, Cu, Zn and Bi, the
results being ready before the lighter is unloéded.‘The lighter
samples are 1axer analysed for Fe, Fe0, Cu, Zn, Bi, 4s, P, Mn, Tioz,
A1203, S, Sn02, Pb, Cal, MgO and s102, the composition of a complete
shipment being calculated from weighted analyses. This final com-
position can be checked against analyses made by the purchaser at

the unloading point, and in the event of a dispute an independent

laboratory acts as arbitrator.
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