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ABSTRACT

At the present time massive stratiform sulphide deposits:
are widely regarded as having an exhalative-sedimentary origin,
The appliecability of this view to the Rio Tinto deposits has
been tested by investigating whether or not there is evidence in
the essentially pyritic San Dionisio ore body of the regional
metamorphic and tectonic aetivity. The stratigraphic conformity
and the shape of the lode suggest that its present configuration
may have been derived by folding during the first phase of deforme
ation which affected the volecanic and sedimentary country roeks.

The granular structure of the massive ore has been system~
atised by distinguishing several mierostruetural assemblages.
Almost every type of mierostructure 1s eharacterised by the
presence of euhedral compositional zoning in the eomponent pyrite
grains. By examining possible modes of reerystallisation in the
natural environment it has been shown that the zoning is not a
metamorphic feature, but records the transient grain shapes
during the primary depositional history of the lode. The main
grain size and shape characteristies of the pyrite aggregates
are défined independently by zone struetures and represent
primary growth fabries whieh were not deteetably modified by
recrystallisation. The instability of the compositional zoning
under metamorphie eonditions permitting volume diffusion in the
pyrite lattice was demonstrated im a series of week-long experi=
ments in which the natural ore was recrystallised in the solid
state at temperatures between 600°C and 700°C.

From the morphology of the lode contacts and of internal
primary marker surfaces it is argued that if the lode has been
folded there should be evidence of observable displacements
spaced at distances in the oxrder of a few grain diameters ox
less, Except for fine grained pyrite ellipses, which origin-
ated from amorphous spherical precipitates and were distorted
in a non-crystalline state, there is no record in the micro-
structure of the ore that the initial growth fabrics were
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deformed during the regional folding. Primary growth structures
in the pyrite aggregates are shown to have retained their
original forms, and the structure, distribution and arrangement
of primary intragranular zones is found to be inconsistent with
the predicted effects of cataclastic deformation and mechanical
and diffusional plastic deformation. Slickensides were
apparently produced during an elastic deformation involving
cyclic movements along isolated fracture planes, Friable zones
of ore along the axis of the main syncline are re-interpreted in
terms of leaching activity for which there is also considerable
evidence in the microstructure of the pyrite aggregates,
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CHAPTER 1

ROD 0

Massive, stratiform sulphide deposits have world-wide
occurrence but their main features and possible modes of origin
have probably received most attention  in Canada, the Soviet
Union, Japan, the U.S., Spain, Norway, Germany - and Australia
(see for example Stanton, 1960; Zavaritsky, 1950; Nishio, 1940;
Kinkel et al., 19%6; -Williams, 1962; Vokes, 1963; Ramdohr,
1953; Solomon, 1965). Stratiform sulphide deposits are charac-
terised by a simple mineralogy and by -structural conformity with
the local stratigraphic or tectonic environment. The mineral
assemblages are dominated by pyrite, pyrrhotite, chalcopyrite,
sphalerite and galena. Many ore bodies are aseentially pyritic
and among these the deposits in southern Spain are outstanding
examples,

Early appraisals of the composition, structure and geologi-

cal environment of stratiform pyrite deposits favoured an epi-
genetic, hydrothermal replacement origin (see for example
Williams, 19343 Stickney, 1915). Subsequently, a possible
genetic connection between the deposition of the ores and their
volcanic host rocks has become widely recognised, and at present
there are many stratiform ores for which it is commonly accepted
that their origin can be regarded as essentially syngenetic and
closely associated with the regional volcanism (see e.q.
Zavaritsky, 1943; Tvalchrelidze and Buadze, 1967; Imai, 1960;
Hutchinson, 1965; Kinkel, 1966; Williams, 1962; Higashimoto,
1960). The main relationships involved in the contemporaneous
deposition of sulphides and volcanics were outlined by Oftedahl
(1958) in his theory of exhalative-sedimentary ore genesis.
The spatial propinquity of ore deposits and volcanic host rocks
forms the basis of this theory. Kinkel (1966) and Hutchinson
(1965) have also attempted to substantiate the volcanic origin
of many ancient stratiform deposits by pointing out their
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similarity to younger deposits whose volcanic associations are
either evident at present or can be adduced with much greater
certainty. These arguments have led Kinkel (1962, 1966) to
believe that the Rio Tinto, La Zarza and Tharsis deposits in
southern Spain are closely related to the volcanic activity-
associated with the deposition of the underlying host rocks.
Just previously to this Williams (1962) had reviewed his earlier
ideas on the origin of the Rio Tinto ores and arrived at a
similar conclusion,

The volcanic origin of many stratiform deposits occurring
in folded and metamorphosed country rocks has frequently been
confirmed by reports that the sulphide ores show evidence of
deformation. For example, slickensides (Zavaritsky, 1950),
elongate sulphide grains (Page, 1963; Vokes, 1963; Kanehira,
1959), small scale folds and flowage structures (Solomon, 1965;
Vokes, 1963; Kalliokoski, 1965) and cataclastic structures
(Hutchinson, 1965; Domarev, 1956) have been taken to indicate
that the sulphide ores were involved in a regional tectonic
(folding) event. Emplacement of stratiform deposits earlier
than the regional tectonic/metamorphic activity has also been
inferred from reports of evidence that the sulphide ores have
been recrystallised. The main features adduced in support of
recrystallisation are the development of euhedral pyrite crystals
{Stanton, 1960; Vokes, 1963; Kalliokoski, 1965), the develop-
ment of polygonal grain-boundary configurations in polycrystall-
ine aggregates (Stanton, 1964), a decreasing incidence of collo=-
form structures with increasing metamorphic grade (Zavaritsky,
1943; Yamaoka, 1962), an increase in grain size with increasing
metamorphic grade (Hutchinson, 1965; Vokes, 1962; King, 1959)
and an increase in the volume ratio pyrite:pyrrhotite with
increasing metamorphic grade (Hutchinson, 1965).

In contrast to prevalent views (see for example Hutchinson,
1965; Sharpe, 1965) on the origin of the Canadian deposits,
Boyle and Davis (1964) and Boyle(1965) claim that the stratiform
ores in the New Brunswick district are epigenetic. This



3

conclusion is largely based on the mineralogical identity between
the stratiform deposits and coexisting vein deposits which
undoubtedly post-date the regional folding. Boyle (1965) also
notes that the Larder U deposit in New Brunswick is discordant
with the stratigraphic succession., His maps indicate that this
ore body is parallel to the regional cleavage, thus implying

that its emplacement was controlled by, and therefore post-dates
the main folding event in the region. Campbell and Irvine (1960)
described asimilar relationship for several stratiform deposits
in British Columbia., Suffel (1965) has also acknowledged the
discrepancy that arises where the structure of supposedly
exhalative~sedimentary ore bodies is controlled by tectonic
features. However, he points out that this relationship may be
explicable in terms of remobilisation. Hanson (1920) considered
that stratiform deposits parallel to the regional cleavage were
post=tectonic, and therefore of epigenetic origin.,

In addition to the criticism raised by Boyle, there are
other aspects of the exhalative-sedimentary theory which suggests
that this mode of origin is not applicable to all stratiform
sulphide deposits, For example, Davidson (1963) has questioned
the adequacy of volcanic exhalations in providing the required
composition and amount of sulphide material found in natural
deposits, Worthington (1965) pointed out that several stratiform
ores in the southern Appalachians occur in a clastic sedimentary
succession where volcanics, and thus the immediate source of the -
sulphides, are either absent or a very mimox part of the sequence.
Byers (1960) reports that the steep-dipping Coronation and Birch
Lake deposits in Canada show vertical compositional zoning; this
feature strongly suggests that the lodes were originally emplaced
in their present orientation. Finally, it is worthwhile pointing
out that two modes of origin are currently attributed to the .
massive pyritic ores in the Ural and Caucasus Mountains (see for
example Tvalchrelldze and Buadze, 1967; Yakovlev, Zarayskiy and
Starostin, 1966). Somg deposits are believed to form in close
association with effusive volcanic activity, whilst others are

<



thought to originate by hydrothermal metasomatism related to
comparatively deep~seated intrusions, which in turn are connected
with the same magma source as the surface volcanism.. A sub-
volcanic origin for stratiform ores might account for the spatial
relationship between the sulphide deposits and their volcanic
host rocks, and at the same time provide an explanation for the
emplacement of the sulphides in strata which are already folded
or tilted.

An exhalative -sedimentary origin has bean attributed to
several of the massive pyrite deposits in southern Spain on the
basis of their occurrence near the top of a succession of volcan=-

ic host rocks. Other implications of this origin have not been
examined, though Hutchings (1963) reports that the La Ratera
deposit is locally conformable with the regional elaty cleavage
and Kinkel (1962) claims that the Rio Tinto deposits show
evidence of cataclastic deformation. In comparison to the
North American, Norwegian, Russian and Japanese deposits there
has been no serious attempt to test the exhalative-sedimentary
origin of the Spanish ores by investigating the deformation and
metamorphic effects which the deposits should have been subjected
to during the Hercynian orogeny.

The object of this study is to clarify the origin of the
Rio Tinto deposits, and in particular the San Dionisio lode, by
a direct examination of the metamorphic and structural implica=-
tions of genetic theories based on primary deposition of the
sulphides in a flat-lying horizon.
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CHAPTER 2
AL A ONAL G A
2.1 BReagional Geoloaical Environment

The Rio Tinto deposits, situated approximately 65 kms.
north-west of Sevilla, are the -best known ore bodies in the
south of the Iberian Peninsula, The stratigraphy of the
western part of this region, especially in Portugal, has been
extensively studied by McGillavry and his co-workers, aﬁd
although the detailed succession in the Province of Huelva is
less clearly known, important generalisations can be made,

The regional geology is shown in fig. 2.1l. Pre-Cambrian
and Cambrian gneisses, schists amd other relatively high grade

metamorphic rocks outcrop in the north of the area, and are
separated from a zone of Tertiary deposits to the south of
the River Guadalquivir, by an extensive belt of Paleozoic
rocks (D, Williams, 1934, p. 595). The latter are mainly
Devonian to Carboniferous in age, and apart from occasional
strata indicative of shallow water deposition, they consist
chiefly of: (1) a lower series of rocks belonging to a
volcanic facies, and (2) an upper sequence of rocks belonging
to a non-volcanic, deepwater, clastic facies., The Paleozoic
rocks, which according to McGillavry (1962) represent a
eugeosynclinal sequence, are intruded by essentially concordant
granites in the north, and have been subjected to extensive
Hercynian folding and to regional metamorphism producing
mineral assemblages indicative of the lower greenschist facies,
A large number of conformable, pyritic deposits, typified by
those at RioTinto, are confined exclusively to this belt of
Paleozoic rocks (fig. 2.1).

Several of the pyritic deposits of south-west Spain and
Portugal have now been studied. Although only a few of these
studies are published, a large volume of descriptive
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information, in the form of unpublished theses, was available
at the time the present investigation was carried out. It

is not within the scope of this thesis to summarise the vast
accumulation of data collected in earlier studies, and thereby
to demonstrate the essential similarity of the pyrite deposits
throughout the ore~bearing zone, because to some extent this
conspectus has been attempted previously. For example, it

is evident from such comparisons as those published by Edge
(1926), Finlayson (1910), and Kinkel (1962) that the broad
reglonal setting and megascopic features of the Rio Tinto ore
bodies are duplicated in other well known deposits of the
Province, though in detail differences are apparent. The
information contained in several unpublished theses (Barringer,
1954; Apps, 1961; Seaward & Rexworthy, 1963; Hutchings, 1963;
Elliott, 1966) and in "Pyritas de Huelva' (Finedo Vara, 1963)
indicates that similar comparisons can be extended to the
entire ore~bearing zone, including the lesser known and smaller
deposits of the Province of Huelva,

The evidence drawn on in proposing the essentially uniform
character of these deposits is entirely descriptive and non=-
genetic, The number of theories promulgated in the past to
account for the origin of one or more of the deposits bears no
relation to variations in the type of the deposit, and is
purely the result of changing interpretations of an essentially
constant assemblage of facts, Indeed, it is probably safe to
venture the statement that at present it is principally
because of the uniformity of the ore~bearing zone that a large
body of opinion would concur with the views of D, Williams
(1962) and Kinkel (1962) in assigning a single origin (i.e.
volcanic~exhalative) to all the deposits in the region.

2.2 Local Geological Environment

At Rio Tinto a number of tabular to complexly shaped,
almost monomineralic pyrite ore bodies lie, broadly speaking,
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on an othexrwise conformable contact between a heterogeneous
succession of underlying volcanic rocks and an overlying
sequence of quartz-rich, clastic sediments (fig. 2.2) which
have been assigned to the Visdan stage of the Lower Carbon-
iferous (Gonzalo y Tarin, 1888, .p. 663). The principal ore
bodies are grouped on the southern flank, the eastern nose

and the north-eastern "roof" of a regional, east-west trending
anticline, the core of which is occupied by volcanic rocks

(D. Williams, 1934, Plate 26)., Similar ore bodies are also
found, probably on the same contact, a few miles to the north
of Rio Tinto (e.g. Pefia de Hierro, Chaparrita, and San Miguel;
see Apps. 1961).

The San Dionisio ore body is the largest of the Rio Tinto
group of deposits, being some 1000 m. long, and when unfolded,
having an estimated thickness of 25 to 100 m. and a maximum
width of at least 550 m. The lode is continuous on its upper
levels with a small deposit (the Eduardo Mass) in the east,
and the latter in turn is separated from the next largest ore
body in the group (South Lode) by a prominent fault zone (the
Eduardo Fault). All three of these deposits occur on the
southern flank of the main anticlinal structure in the mine
area (fig. 2.2).

2.3 e Stratigraphic Successi at Rio Tinto

Before proceeding with a detailed description of the
individual rock units in the immediate vicinity of the San
Dionisio ore body, it is important to outline the general
character of the stratigraphic succession in the mine area.
It is now well established (D. Williams, 1962; Kinkel, 1962)
that at Rio Tinto, La Zarza, Tharsis and probably several of the
other deposits in the Province, the stratigraphic sequence
can be divided into two main formations.

The upper formation consists principally of pelitic °
sediments, The lower formation consists of a heterogeneous
sequence of volcanic rocks, composed mainly of lavas, which
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passes upwards gradationally into a zone of fine grained,
tuffaceous or fragmental pyroclastic rocks. Most of the
massive sulphide ore bodies lie within, or near to, this zone
of pyroclastic deposits.

Although many descriptions of the igneous rocks (excluding
the granites in the north) were biased towards the then
prevalent view that these rocks were intrusive (e.g. Finlayson,
1910; G. Williams, 1932, D, Williams, 1934), a number of
investigators (e.g. Fourmarier, 1928; Collins, 1922) suggested
a volcanic origin for several or all of the igneous rocks,
Within recent years new evidence has been broughtforward in
support of the volcanic affinities of these rocks, and it can
now be safely said that an extrusive origin is widely accepted
(D. Williams, 1962; Kinkel, 1962). Some additional observa-
tions presented by Elliott (1966), and the descriptions that
follow, corroborate the volcanic origin of the igneous rocks
at Rio Tinto.

Rock Type Descriptions: In the footwall succession immediately
below the San Dionisio ore body, five mappable rock units are
recognisable (see fig. 2.3). Although some of these have

been given specific names in the past, this practice will not
be adhered to here. For descriptive purposes the units are
numbered 1, 2, 3, 4 and 5,

Unit 1l consists of fine grained rocks, often massive and
green coloured in the field, They are dominantly composed of
approximately equal amounts of micaceous minerals and quartz,
the latter occasionally occuming as large grains or as
relatively coarse grained aggregates. Quartz veins and stock-
work ore are almost entirely restricted to this unit, which
immediately underlies the ore body along the entire eastern
two~-thirds of the northern flank of the main synclinal structure
(fig. 2.3).

Unit 2  1is characterised by rocks having a porphyritic
fabric. Phenocrysts, mainly of quartz, and less frequently
of plagioclase and alkali feldspar, occur together with a few
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grains of calcite, in a matrix of quartz and micaceous minerals.
The feldspar phenocrysts often tend to develop euhgdral shapes,
whereas the phenocrystic quartz is generally rounded, weakly

to strongly embayed and often exhibits secondary growth
fringes. Rocks of this unit directly underlie the ore body

in the north-western sector of the opencast, along the

southern flank of the main synclinal structure, and in the
southern anticline (fig. 2.3).

Upit 3 consists predominantly of rocks mineralogically
similar to those of unit 2, but which have a distinctly less
marked porphyritic fabric. Interbanded with these rocks, and
characteristic of this unit, are lenses of pelitic material.

Unit 4 is characterised by fine grained, megascopically
banded rocks, consisting of intercalations (in the order of
1 - 10 cms. thick) of pelitic and psammitic material, The
mineralogy of these rocks is dominated by quartz and micaceous
minerals,

Unit 5 consists of conglomeratic rocks (the "slate-
conglomerate™ described by D. Williams, 1934, p. 599) in which
rounded to ellipsoidal, fine grained, quartzitic pebbles (in
the order of 0.25 = 10 cms. in diameter) are contained in a
pelitic matrix of quartz and micaceous minerals,

Apart from their association with rock types such as
those having a glassy texture, a tuffaceous nature, a graded-
bedded or a flow-bandad structure, the main field evidence for
the volcanic origin of the rock types of units 1 to 5 is the
total absence of intrusive contacts. In addition, and in
spite of the probable modification of primary textures caused
both by shearing and the widespread replacement of earlier
minerals by chlorite, calcite, epidote and mica, there is
mineralogical and microstructural evidence of the volcanic
nature of these units. For example, the overall fabric and
the habit of phenocrysts in unit 2 suggests that this rock
type was initially a flow or a tuff. In unit 1 the unusually

large grains occasionally found in the fine grained matrix
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may be satisfactorily interpreted as phenocrysts; moreover,
the massive and highly cohexrent nature of this rock suggests
that it has an extrusive volcanic origin, Especially when
considered in the wider context of the overall stratigraphic
succession, there seems little doubt that the rock types of
units 1 to 5 were derived either directly or indirectly from
a volcanic provenance. Rock types-identical to units 1 and 2
underlie a large part of the La Zarza deposit.

Two rock units occur above the San Dionisio ore body.
The lower of these {(unit 6, see fig. 2.3) is characteristic
of the junction between the main volcanic and non=-volcanic
sequences, and-appears to be more or -less continuous on a
regional scale., The rocks comprising this unit are psammo=
pelétic, and somtimes megascopically banded; they are less
fissile than the overlying slates and show predominantly
lateral colour variations through red, yellow, cream and green
to grey (fig. 2.3). These rocks are composed of quartz,
chlorite and micaceous minerals, Thin calcite~rich bands
(ca. 1 - 5 cms. thick) occur as sporadic intercalations in
the reddish coloured psammo~pelites in the west of the opencast.
On the 29th. floor, in the underground workings to the east, an
apparently fragmental rock type immediately overlies the ore
body, as a lens in unit 6. This rock contains unusually
large (ca. 1 - 2 mm., in diameter) single grains and aggregates
of quartz set in a micaceous groundmass; it is the only member
of unit 6 which can, with reasonable certainty, be ascribed to
a volcanic provenance, The fine grained rocks comprising the
bulk of the unit are also thought to have a volcanic origin
(D. Willdiams, 1962).

Bands of jasper (0.5-1 m. thick) and of dense black pelétic
rocks (1=20 cms, thick) are occasionally found at the base of unit
6. These dense black pelétic bands have generally been referred
to, both at Rio Tinto and elsewhere in the Province, (®e Kinkel,
1962, p.1072)as carbonaceous shales. Analyses of two typical
samples of this rock (taken from immediately above the San
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Dionisio lode) show an average carbon tenor of 0.83%, a value
which is little different from the 0.,62% carbon content
reported by D. Williams (1934, p. 599) for the grey-black
shales comprising the main pelitic formation overlying the ore
bodies. The intense black colour of these slates may be due
to disseminations of finely particulate sulphide, and claims
that they indicate reducing conditions of deposition must
therefore be regarded with caution,

The upper stratigraphic unit at Rio Tinto (ynit 7, see
fig. 2.3) consists of grey to black, dominantly pelitic rocks.

Intercalations of psammitic material are of common, though
local occurrence in the slate succession. The mineralogy of
this unit is dominated by quartz, chlorite and micaceous
minerals.

2.4

isio Ore Body.

The San Dionisio ore body lies between the main volcanic
succession and the overlying unit 6, and can be satisfactorily
regarded as an integral part of the bedded succession. A
generalised statement of thistype can be extended to apply to
the La Zarza deposit and probably also to most of the pyrite
deposits in the Province. The upper contact of the San
Dionisio ore body displays complete stratigraphic conformity
on a mappable scale (fig. 2.3). Its lower contact is locally
unconformable (i.e. at the boundaries between units 2 and 3
and units 2 and 1; see fig. 2.3), and although this may
indicate a real stratigraphic or structural discontinuity, it

is more probably a reflection of the manifestly lenticular and

interfingering arrangement of the various rock units in the
volcanic succession., The conformable nature of the direct
contact between unit 6 and the underlying volcanic succession,
a feature which can be observed to the west of the ore body, is
indicative of the absence of a stratigraphic discontinuity at
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the base of the latter. Small scale cross=cutting relation-
ships between the ore body contact and bedding in the overlying
and underlying sediments have not been observed,
Megascopically, theore body is remarkably homogeneous,
It consists almost entirely of massive pyritic ore, containing
in the order of 5% of sphalerite and chalcopyrite combined,
together with minor amounts of galena, arsenopyrite and tetra-
hedrite; in addition, Bateman (1927, p. 587) lists a group
of rare sulphides, arsenides and selenides, A number of
secondary minerals are alsc reported by Bateman (1927, p. 591)
and D. Will“.-ms (1934, p. 634). Assay results show that
whereas there is little regularity in the distribution of Pb-Zn

values, the primary copper content of the ore body exhibits a
consistent increase tcmrards its base, reaching the highest
values adjacent to the heavily stockworked footwall rocks (D.
Williams, 1934, p., 620 - 3). Sub-units within the ore body
cannot be distinguished since, except in local marginal areas
field observations do not permit the recognition or delimitation
of zones or bands of ore which are mineralogically or textur-
ally distinct (see sect. 3.1).

Isolated in the eastern half of the northern 1limb of the
main ore body syncline, a number of volcanic/sedimentary
"horses" were encountered in the old min workings (D. Williams,
1934, p. 624 -~ 5). These bodies, which were remarkably
extensive and regular, had a plate-like form and their
orientation was approximately conformable with that of the ore
body contacts, A rock type identical to that of unit 2,
described above, made up a large part of these "horses™ and
was frequently intercalated with bands of pelitic material or
a rock type similar to that in unit 6.

“he upper contact of the ore body is almost always quite
abrupt, though local transitional boundaries have been

reported by some investigators (e.g. D. Williams, 1934, p. 613).
Disseminated mineralisation in the hanging wall rocks is
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extremely sparse, On the 18th., 19th. and 20th levels, at
the crest of the southern anticline, a stockwork ore has been
observed in unit 6.

The lower contact of the lode shows various degrees of
definition which can be largely correlated with the state of
mineralisation of the adjacent wall rocks. Wherever the foot-
wall volcanics are unmineralised (e.g. in the western one-
third of the opencas#, see fig. 2.3) the contact is sharply
defined. Where the footwall rocks contain much disseminated
mineralisation the contact tends to become gradational, though
locally it is sharply defined. As the zone of stockwork and
intensely mineralised volcanics is approached, the gradational

nature of the contact becomes increasingly marked.

The stockwork ore (D. Williams, 1934, p. 627) appears 8s
8 complex, three dimensional network of essentially sulphide-
bearing veins with an average thickness of approximately 2 =
3 cms. The orientation of the veins cannot be related to
any immediately obvious pattern, Vein walls are sharply
defined and, not uncommonly, they can be matched; the rock
material between individual veins is mineralised. The
incidence of stockwork veins and the intensity of disseminated
mineralisation decreases with depth below the ore body and,
in addition, it shows a lateral variation (fig. 2.3). Sulphide
minerals in the zone of stockwork and disseminated mineralis-
ation are relatively richer in copper than those in the over-
lying massive ore (D. Williams, 1934, p. 623).

Wall rock alteration is a prominent feature of the San
Dionisio ore body and is remarkable for its lack of regular
distribution. In some areas perfectly fresh hanging wall
rocks extend up to the ore body contact, whereas in other
places thim veneers of heavily bleached, fine grained rocks

intervene along the contact and may rapidly expand up to

thicknesses in the order of 5 - 10 m. Apart from heavily
chloritised rocks, which occur within and extend to the north
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of the stockwork ore zone (D. Williams, 1934, p. 603), the
foot wall volcanics show no alteration which can be related
to the proximity of the ore body.

2.5 Reai 0Gca

Although the regional aspects of the tectonic history of
south-east Spain and Portugal have been known for a long time,

the detailed geometric and time relationships have not been

appreciated until recently, and then only in a few, relatively
small areas., The pioneering geological studies of Gonzalo y
Tarin (1888) demonstrated the major importance of a system of
east-west trending folds, plunging gently towards the east
and west; these folds determine, and their orientation can
be inferred from, the regional outcrop pattern of mappable
stratigraphic units.

Subsequent, though areally less extensive surveys (e.g.
D. Williams, 1934; G. Williams, 1933) confirmed the general
picture established by Gonzalo y Tarin. More recently, Bard
(1965), Rambaud Perez (1963) and Febrel Molinero (1965) have
succeeded in recognising different tectonic events in the
overall structural history of the area, and have attempted to
date and work out the geometry of the different fold systems.

A summary of the present state of knowledge of the
structural history of this part of the Iberian Peninsula is
given below:

(1) All the deformation can be ascribed to two periods of
folding and a final phase of faulting.

(2) Ubiquitous, first generation E.-W. folds are represented
both by large and small scale, open to isoclinal
structures, overturned generally to the south, with
frequent and often strong plunge changes, These folds
correspond to the structures recognised by Gonzalo y
Tarin and, as further noted by him, comprise the most
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prominent fold system in the Province. - These first
generation folds are accompanied by an axial plane slaty
cleavage,

(3) Second generation folds are characterised by their
style, their relatively small scale (wave-lengths measured
in the order of centimetres or metres) and by their
localised occurrence; they are usually absent from the

more competent rock types. Folds belonging to this

system are accompanied by an axial plane fracture cleavage
(the existence of which was occasionally recognised by
earlier workers - e.g. G. Williams, 1933, p. 24) and
generally appear to have a moderate dip to the south and
an east-west strike. (See, for example, Febrel Molinero,
1965).

(4) All folding movements occurred during the Hercynian
orogeny (G. Williams, 1933, p. 5; Bard, 1965, p. 336).

(5) Regional metamorphism was contemporaneous with the first
period of folding (Bard, 1965, p. 323).

(6) Extensive faulting occurred after all fold movements,
and has been dated as late Hercynian (Bard, 1965, p. 323).

At Rio Tinto the first comprehensive geological survey by
D. Williams (1934), established the existence of major east-
west trending folds and revealed the structural continuity of
the area with that of the rest of the Province. Subsequent
work in the area confirmed these findings, and Rambaud Perez
(1963, p. 88 - 91) went a step further in partly describing

the geometry of the major fold system.

The investigations described in this thesis were thus
commenced in the light of a fairly thorough background know=-
ledge of the local and regional setting. Most importantly,
the broad structural relationships of the various Rio Tinto ore
bodies were known or could easily be deduced - i.e. the ore
bodies were distributed along an important stratigraphic
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boundary, the three=-dimensional form of the latter defining a
major east-west trending and easterly plunging anticline or
anticlinorium (see Rambaud Perez, 1963, fig., on p. 93).

The San Dionisio ore body was mapped in three dimensions
by D. Willt¢ams (Mines Plans, 1928 - 32) who recognised ite con=
tinuous distribution in the form of a syncline and part of an

adjacent anticline (see fig. 2.8). The broad scale conformity

of the ore body was evident from its confinement to the
boundary between the underlying volcanic sequence and the over=-
lying non-volcanic sequence. The detailed nature of the con=-
formity relationship was, however, not known and since the
occurrence of any cross=cutting features may have important
implications concerning either ore migration during deformation
or a primary replacement process, it was decided to evaluate as
closely as possible the degree of conformity of the ore body
contact with respect to the orientation of badding in the
immediately surrounding country rocks.

The limitations of surface mapping in this endeavour are
directly related to the closeness to the ore body of mappable
stratigraphic units, It was therefore proposed to carry out
a structural analysis of the ore body contact and the country
rocks, in the hope that a correlation of these analyses would
provide a more detailed picture of the conformity relationships.

2.6 S a i i a
’ V- ] I! E !I Sa Dn - - O E !

The strugtural history which has been established for the
area in the immediate precincts of the San Dionisio ore body is
applicable to a large part of the surrounding region, and
involves two successive folding phases and a final period of
faulting. '

Eixst aenexation folds are most commonly observed as






Plate 2,1 First generation fold in the fine grained clastic
sediments (unit 7) overlying the ore body. The
regional slaty cleavage (Sl) trends vertically
in the illustration and is parallel to the axial
plane of the syncline in the less competent
layers.

Pla 2. Second generation folds in the fine grained
sediments (unit 6) immediately overlying the ore
body. The fold profiles are asymmetrical and
their axial plane is defined by a fracture cleavage
(52) which trends vertically in the illustration.
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Equal area, lower hemisphere, stereographic projections. -

Orientation of cleavages and fold axes in the pelitic rocks
overlying the San Dionisio lode.

E}HEEE 2.4 550 roles to slaty cleavage (Sl). Contours 1, 3,10,28 p.c. per one
— p-Cc.area.
Figure 2.5(a) 143 first generation fold axes (bedding/sl intersections) in the
rocks overlying the western one third of the lode. Contours 1,4,7, 11l p.c. per

one p.c. area.

Figure 2.5(b) 221 first generation f£old axes in the rocks overlying the eastern
two thirds of the lode. Contours 1,3,7,1l p.c. per one p.c. area

Figure 2.6 45 poles to fracture cleavage (S2). Contours 1,2,5 p.c. per one
p.c. area,

Figqure 2.7 146 second generation fold axes (S;/S; intersections).

Contours 2,10, 20 p.c. per one p.c. area.
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minor structures in units 6 and 7 (where small scale bedded
units show frequent and regular repetition) and are rarely
observed in the volcanic sequence underlying the ore body,

where manifestations of bedding are confined almost entirely
to the mappable boundaries of units 1 to 5. These structures

deform bedding and have an axial plane, slaty cleavage (denoted
Sl), which shows less penetrative characteristics in the more
competent volcanics and quartzitic beds. Fold profiles tend
to be tight to isoclinal in all rock types (Plate 2.1), though
relatively open folds occur locally. The geometry of small
scale, first generation structures can be correlated with the
orientation of major folds of bedding as defined by the outcrop
pattern of mappable stratigraphic units.

Axial planes of first phase folds show a high degree of
preferred orientation (fig. 2.4), with a statistical strike
east-west and a dip of 80° north (see also, Rambaud Perez, 1963,
p. 89 - 90),

The orientation of first generation fold ax:s (determined
by measurement of the orientation of bedding-Sl intersections)
is plotted on stereographic projections in figs. 2.5 (a) and
(b). The predominantly west=-plunging orientations shown in
fig. 2.5 (a) were collected in the western half of the opencast
mine, mainly from the pelitic rocks overlying the ore body.

The predominantly east-plunging orientations shown in fig., 2.5

(b) were collected from the rocks overlying the lode in the
eastern half of the opencast mine, and in the rocks exposed at
the surface immediately above the underground workings. From
these orientation diagrams it is evident that the first
generation fold axe® show a marked plunge reversal at approx-
imately one third of the distance along the lode from its
western extremity..

It seems reasonable to expect a change in some aspects of
the structural pattern of first phase folds across the boundary
between the relatively incompetent pelitic rocks overlying the
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ore body and the more competent, underlying volcanics. This
question is difficult to assess directly, however, since
suitable markers of the deformation (i.e. small scale bedding)
are rarely observed in the volcanics. Where small scale

bedding does occur first generation folds are developed on the

same scale as in the pelitic rocks of unit 7.

The stockwork veins in the north face of Corta Atalaya
were studied in order to clarify the time relationship between
their emplacement and the deformation of the volcanics.

Apart from extremely rare occurrences where the stockwork veins
have complexly curved shapes, there is no indication of regular
fold structures defined by the sulphide veins. The config~-
uration of many veins is gemntly undulose, but throughout the
stockwork zone there are numerous instances where single veins
extend over distances of several metres with approximately the
same orientation. On the scale of more than a single bench
wall gentle warps may exist, but would be difficult to diste
inguish from curved orientations which are a part of the
original vein system. An unusual modification of the stockwork
ore occurs appeoximately midway along the crest of the southern
anticline, immediately above the massive ore body. Here the
stockwork veins tend to show a preferred orientation in the
plans of the regional slaty cleavage, Sl.

In summary, it appears that there are two conflicting

manifestations of the deformation of the volcanics in the
stockwork ore zone: (1) the deformation of bedding involves
the development of small scale, first generation folds, (2)
the stockwork veins, although structurally complex, do not
exhibit recognisable small scale folds. From these observa-
tions it is concluded that the stockwork veins were emplaced
after the regional first phase folding,

Second deneration folds are confined to the less competent
rock types, and show their best development in the pelitic rocks
of unit 7. These folds deform both bedding and the slaty
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Figure 2.8 Three~dimensional form of the San
Dionisio ore body (compiled by Rambaud Perez, 1963).




19

cleavage, Sl‘ In contrast to first phase folds, the second
generation structures have a notably less penetrative (Fracture
cleavage) axial plane surface (denoted by 82). Second phase
folds are developed only on a small scale, There is no
evidence, either from direct observations or, indirectly,
through orientation patterns showing regular changes in the
attitude of Sl’ that folds belonging to this system are
responsible for minor or major features of the outcrop pattern.
Wave~lengths are typically in the order of millimetres or centi-
metres, though in the eompetent volcanics, second generation
folds are developed only on a microscopic scale, In addition
to the axial plane cleavage, the profiles of second phase folds
(Plate 2,2) are characteristic and generally show obvious
differences when compared with those of first generation
structures (compare Plates 2,1 and 2.2).

The axial plane cleavage (82) shows a high degree of pre-
ferred orientation, striking east-west and dipping 60° south
(fig. 2.6). The measured, constant orientation of second
phase fold axes (fig. 2.7), which lie at the intersection of
Sl and 82, reflects the uniform orientation of Sl and 82.
Unlike first phase folds, those of the second generation plunge
consistently at low angles to the east and show no major plunge
reversal over the investigated area,

On Slcleavage surfaces, where the lineations defining the
orientation of second phase fold axes are measured, there are
often two sets of orenulations intersecting at an oblique angle
(usually not exceeding 20°). The intersection of a well
defined strain~-slip cleavage (the measured 82) on S; corresponds
to one set of crenulations (the measured second phase fold
axes), whereas, for the other set, a corresponding form surface
is either absent or very difficult to discern. Therefore,
although the second generation fold system refers collectively
to all structures responsible for the deformation of Sl’ it is
geometrically rather complex and not fully represented by the
orientation diagrams of figs., 2.6 and 2.7. The two coexisting
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sets of crenulations may constitute a conjugate fold system
involving contemporaneous deformation.

Faulting is not common in the vicinity of the San Dionisio
lode. At the eastern extremity of the ore body, and separating
it from the next ore body to the east (South Lode), the largest
fault in the mine area outcrops over a distance of several
kilometres, trending approximately north-south and having a
major horizontal displacement of some 200 m, (D. Williams,
1934, p. 609 and Plate 26), D. Williams' map (1934) shows
several less prominent faults which are readily visible in the
north face of the opencast mine. These structures, however,
can probably better be regarded simply as fractures since,
judging by the continuity of mappable stratigraphic units in
the area of the faults (see fig. 2.3, and D, Williams, 1934,
Plate 26), there is no evidence of associated displacements.

2.7 c i i ) S Dionjsio O

The three dimensional shape of the ore body has been
reconstructed in a simplified form from the Mines plans by
Rambaud Perez (1963, fig. on p. 92), and is reproduced in fig.
2.8, The five profiles shown in fig. 2.9 are representative
of the detailed sectional configuration of the lode. It is
evident from these figures that the ore body occupies a syn-
clinal and part of a contiguous anticlinal structure. Super=-
imposed on these major structures, especially in the axial
region of the main syncline, are a number of minor crenulations,
the profiles of which conform broadly with, though are more
irregular than, those of the major structures.

The east-west trend and the steep orientation of the axial
plane to the major anticlinal and syiclinal structures defined
by the ore body indicate that these structures belong to the
fizsd generation fold system of the region. The plunges of
the axes of these structures have been determined graphically
(see the full lines in fig. 2.10) from profiles constructed
through the ore body, and in the eastern two-~thirds of the
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latter are statistically parallel to first generation fold
axes in the overlying metasediments (fig. 2.5 (b)). In the
western one-third of the ore body, the axes of major structures

plunge to the east (fig. 2.10) whereas first generation fold

axes in the immediately overlying metasediments plunge to the
west (fig. 2.5(a)).

The prominent crenulations along the upper contact of the
ore body (s2se fig. 2.9) locally show anomolous profiles and it
is not immediately apparent that they represent first generation
folds. Since it is possible that these structures may, in
part, represent primary depositional features, it is instructive
to consider their form in further detail,

Apart from their locally anomolous shapes, which may be
due to migration or to the needs of accommodation during deform-
ation, the profiles of most of these structures are fairly
regular and correspond well with those of the major folds of
the ore body. In several instances, where profiles of fairly
constant shape appear repeatedly over considerable distances
(50 - 100 m.) along their strike, it appears reasonable to con-
clude that single, continuous structures are imvolved. For
such structures, the orientation of their crestal lines has
been determined graphically (see the broken lines in fig. 2.10),

and it is evident that they plunge in directions broadlya

comparable with the orientation of the major folds of the ore
body (compare the full and broken lines in fig. 2.10). The
geometry of these crenulations is therefore essentially con-
sistent with that of the first generation folds. |
The statistical orientation pattern for the lode contacts
provides additional confirmation of the validity of assigning
the various fold structures of the contacts to the first phase
fold system. Approximately 400 measurements of the orientation
of the lode contacts at different localities were recorded on
the original mines plans compiled by D. Williams, These have
been assembled in fig, 2.11l, whence it is evident that the
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strong girdle distribution defines a fold axis whose orient~
ation coincides with: (1) the average orientation of the same
fold axis reconstructed graphically (fig. 2.10), and (2) the
orientation of first generation fold axes in the sediments

overlying the eastern two=-thirds of the ore body (fig. 2.5 (b)).

2.8 S S at] 0
Contacts

The conformity relationship between the ore body contact
and bedding in the country rocks, as determined by surface
mapping, could not be gorpoborated in detail by the correlation
of structural data. It had been hoped to do this for small
areas, either by comparing the orientation of the ore body
contact with any regular banding in the ore body and with
bedding in the sediments, or by comparing the orientation of
fold axes (of the same generation) of all three of these sur-
faces, The degree of correlation obtained would then have
provided some measure of the conformity of the surfaces involved,
Comparisons of the first type represent the most direct approach,
whereas those of the second type yield a measure of the con-
formity in two dimensions only.

The absence of bedding in the immediately underlying
volcanic sequence makes structural eorrelations along the lower

contact of the ore body impossible. The stratigraphic status

of this contact cannot, therefore, be clarified further than
has already been done by surface mapping. Even in the most
favourable circumstances (i.e. had it been possible to observe
manifestations of bedding in the volcanics), the task would
have been a difficult one, simply because of the difficulty of
assigning a position of constant significance to a frequently
gradational boundary. Despite these problems it is note-
worthy that in the next ore body to the east (South Lode) the
conformity relationship is more easily established; slate
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bands occur in the footwall volcanics and are parallel to the
lower contact of the lode (D. Williams, pers. comm.).

Between the upper contact of the San Dionisio lode and the
upper contact of unit 6 (the only other zone where useful
correlations might be attempted), little evidence is available
to improve upon the picture of the conformity relationship as

already established by surface mapping. Because of the

prevalence of small scale tight folds in the pelitic sediments
overlying the ore body, it is evident that meaningful correla-
tions between the orientation of bedding and the ore body
contact cannot be made on the basis of widely spaced date,
since significant correlations can only be made within the
dimensions of single folds, Orientation data could not be
collected (i.e. were not observable) at sufficiently close
intervals to meet this condition. Hence, although several
instances were noted where widely spaced orientation data
indicate a parallelism between the upper ore body contact and
the bedding in unit 6, these observations have little real
significance,

For similar reasons, there is little to be achieved by
attempting to correlate the orientations of fold axes of the
ore body contact and of bedding in unit 6. Fold axes in unit
6 are known to show large and rapid changes in plunge. The
orientation of fold axes of the ore body contact can only be
determined graphically, from profiles constructed at regular
intervals through the ore body. The orientations thus

obtained are limited in their accuracy by the distance between

the floor plans from which the profiles are constructed (wsusally
12.5 m.), and they represent only the average attitude of a fold
axis at a particular locality. Any changes in orientation from
one floor to the next could not be detected, thereby preventing
any comparisons with the rapid variations of fold axis
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orientation in unit 6 (contacts are shown on the floor plans
of intermediate cuts between the main levels in some parts of
the mine, but these cuts are of little use because of their
limited extent and the low plunge angle of the fold axes).






Plate 3.1

Megascopically banded ore near the lower contact
of the lode.

Stockwork vein (high~reflecting) and disseminated
mineralisation in the volcanics underlying the
ore body, The disseminated mineralisation is
concentrated in the darker coloured layers in

the volcanics,

First generation folds in the banded ore. Along
the upper margin of the specimen the axial plane
cleavage is defined by alternating laminae of
pyrite, sphalerite and gangue minerals. Other
bands are defined principally by compositional
changes, and textural variations of pyrite and
gangue minerals.,

First generation similar-fold in banded ore

composed of pyrite and gangue minerals,
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CHAPTER 3

The stratiform lode, as distinct from the adjacent stock-
work zone, can be subdivided into two main parts, which are
readily distinguishable in the field. More than ninety per
cent of the lode consists of compact, fine grained pyrite,
generally known as passi ore, the remainder consisting of
megascopically banded oxe. Although the occurrence of banded
sulphides is strictly localised there is no sharp boundary
between the two types of ore. However, their megascopic
features are quite different, and it is convenient in this
chapter to describe the banded and massive ores under separate
headings.

3.1 Banded Ore

Small-scale mineralogical and textural banding occurs at
a few localities along or near to the upper and lower contacts

of the ore body. Banded ore has also been reported Q. Williams

1934, p. 625; Finlayson, 1910, p. 413) from the immediate
vicinity of the "horses" in the old mine workings, and especially
from the small contiguous ore body, the Eduardo Mass.

Along the lower contact banding (Plate 3.1) occurs only
where the lode contact is gradational, and even then it is but
rarely observed. In the nearby stockwork gome the disseminated
mineralisation tends to be more concentrated in certain litholo=~
gically distinct layers in the volcanic host rocks (Plate 3.2).
All the banding observed along the lower contact of the lode
is planar and approximately parallel to the trend of the
northern bounday of the lode, definition of the banding being
due to the variation of the gangue content aad Bo grain size
variation of the pyrite.

Where banding occurs along the upper contact of the lode






Plates 3.5 and 3.6 Pyrite (high=-reflecting)~gangue (low-

reflecting) intercalations in the banded ore.
In both specimens the coarse pyrite grains tend
to define a lamination oblique to the banding;
in the upper right of Plate 3.6 the oblique
lamination 1is exceptionally penetrative.

Euhedral pyrite porphyroblasts in the sediments
of unit 6. These grains are frequently elongate,
and their long axes tend to be aligned parallel
to the strain slip cleavage/slaty cleavage inter—

]

section,

—

Pyrite laminae (high~-reflecting) parallel to
bedding (trending horizontally) and the strain
slip cleavage (trending diagonally) in the
slates of unit 7.
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it is sharply defined and readily visible in the field. Its

orientation is generally parallel to the upper contact of the
lode and, statistically at least, to the local orientation of
bedding in the overlying metasediments. Where the banding is
not parallel to the lode contact and bedding, it is parallel to
the local slaty cleavage, or fracture cleavage. At one local-
ity bands were observed in the form of fold structures (Plates
3.3, 3.4) whose orientation corresponds with that of the
regional first generation folds. The axial plane surface to
some of these folds is defined by sulphide layering (Plate 3.3).
Most occurrences of banded ore along the upper contact are
manifested by alternating layers of pyrite and gangue minerals
(Plates 3.5, 3.6). Banding is also conspicuous where pyrite
and gangue layers alternate with-bands of chalcopyrite,
sphalerite and galena (Plate 3,3}, Compositional layering is
usually accentuated by grain size and other textural variations,
the grain size changes being especially prominent in pyrite
layers. The larger grains of pyrite are frequently concen=-
trated along the boundary of individual layers (Plate 3.5),

and in many cases they tend to define a lineation oblique to

the banding (Plate 3.6).

At some localities above the lode sparse disseminated
mineralisation persists up to at least ten metres from the
contact. Isolated pyrite porphyroblasts (Plate 3.7), which
constitute part of this disseminated mineralisation, are
entirely restricted to the most homogeneous host sediments
(i.e. unit 6). In the overlying slates, discrete laminae of
pyrite are confined to the bedding plames between pelitic and
quartzitic layers, and to bands parallel to the fracture
cleavage. (Plate 3,8).
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Figure 3.1 Sample localities.
surfaces and polished surfaces were prepared.
flat-ground surfaces were prepared.

Full circles denote samples for which flat-ground

Open circles denote samples for which

The extreme eastern and western section lines

are shown on fig. 2.3. Sections 2300 to 2000 are spaced at 25 m. intervals along the
axis of the San Dionisio lode. '
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Massive Ore
Field Characteristics

Fresh and weathered exposures of the massive ore are

characterised by their remarkable homogeneity. Apart
from joints and slickensides (sects. 3.2.3 and 3.2.4), the
sulphide aggregate is essentially dense, free of gangue,
and isotropic.

Over most of the lode the megascopic appearance of
the massive ore at different localities is identical.
However, there are recognisable variations, well apprec=-
iated by the miners who distinguish three types of ore
according to their strength or stability in mining
operations.

In some parts of the lode the miners can point out
vague zones of very hard oxe, where much of the ore is
certainly more compact than elsewhere, However, since
the very hard ore is not restricted to these zones, the
latter are better described as areas where the amount of
very hard ore is considerably greater than usual. It
would be virtually impossible, however, to map the dist-
ribution of the hard and less hard types of ore.

Variations of coherency which occur over a few square

metres may also occur over a few square centimetres, and
$here is no significant way to establish a scale at which
to delimit equivalent boundaries. Changes of physical
character are essentially continuous and may be extremely
subtle, so that distinguishing between the two types of
ore can be a real problem. The vague limits of the ore
types indicated by the miners are a fair description of
their distribution; +the hard ore is said to occupy a
smaller volume than the less hard ore, and occurs in more
or less equidimensional zones ranging up to several tens
of metres across.

The third and most distinctive type of ore recognised
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by the miners is an abnormally friable aggregate. This
material occurs in isolated patches called "husillos’,

whose location, as shown on the mine plans, is largely

confined to a zone which coincides with the axial region
of the main synclinal structure.. The most friable
aggregates which crumble under a light hammer blow, grade
outwards into normal coherent ore. Typical developments
of this material are highly porous and sometimes contain
quartz veins.

Apart from the foregoing subdivision of the massive
ore, no other manifestations of an internal structure of
the lode as a whole can be discerned. For example, no
major stratification or other laminar features similar to
those in the country rocks can be recognised. Exposures
reqrlting from mining operations are almost entirely com=-
posed of joint or pre-existing fracture surfaces. These
surfaces show artificial markings (including horizontal
and vertical laminar markings) due to weathering, and
their appearance is virtually identical throughout the
lode.

The character and apparent uniformity of natural
exposures presents a major problem in any attempt to

study the composition of the lode. Actually the massive

ore is not homogeneous, for it exhibits several important
structures which are not visible in the field but are
readily apparent on flat-ground surfaces, and sometimes
on fresh fracture surfaces. It is possible to study
these structures in small specimens, but their continuity
and inter-relationship is largely unknown since there is
no means of making direct observations of the real com-
position of the ore over con tinuous exposures in the






Plate 3.9 The typical internal structure of samples of
compact massive ore which appear isotropic on
freshly fractured surfaces.

Pla 3,10 Structures defined by strong grain
size differentiation in the massive ore.
Megascopic pore spaces appear black,
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field.

3.2.2, Megasgcopic Structure

The descriptions presented here are a summary of

observations made on approximately 70 hand specimens
collected from different parts of the lode (see fig. 3.1
for localities). These specimens were sawn in half, and
one of the faces ground flat. Fifteen of the samples
were oriented, and for these the ground face was cut at
right angles to the plunge of the lode. Some samples
were serially sectioned, and on a few others three faces
were sawn at right angles. Two large specimens
(approximately cubic, with one foot sides) were collected
to test the continuity of structures observed in hand
specimens. These were oriented and four serial sections
were cut from each, at right angles to the plunge of the
lode,

The heterogeneity of the ore is principally determined
by the grain size of the pyrite and by porosity variations.
On ground surfaces, low-reflecting areas represent a finer
grain size than higher-reflecting areas. Pore space
(non-reflecting) is virtually ubiquitous and is present
in the normal compact ore as well as in the friable zones

in the axial region of the main syncline. The existence

of pores, rather than the presence of chalcopyrite,
sphalerite and galena, is undoubtedly the main factor in
determining the average density of the ore (given as

4,5 - 4,8 by Finlayson, 1910, p. 413, and 4,7 by D«
Williams, 1934, p. 625), which is below the theoretical
density (5.1) of pyrite.

Samples taken from the most homogeneous parts of the
massive ore are almost fully dense and split with a con-
choidal fracture. Freshly fractured specimens appear to
be quite isotropic, but this is invariably misleading






Structures defined by grain size differentiation
in an almost fully dense sample of the massive
ore,

Intersecting coarse grained bands (high-

reflecting) defining vein-like structures which
are also evident on freshly fractured surfaces.

The fine grained host aggregate {(low-reflecting)

represents the maximum homogeneity of the massive
ore as observed on flat-ground surfaces.
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and ground surfaces nearly always reveal distinct hetero-
geneities. Aggregates which are effectively isotropic
(for example, the fine grained component of the specimen
shown in Plate 3.13) never persist over areas of more

than a few square centimetres, which suggests than there

are no continuous, large volumes of ore which are truly
homogeneous.

Typical samples of massive ore are predominantly
fine grained and contain irregular and semi=-continuous
patches of coarse grained pyrite (Plate 3.9). The size
of the coarse grained areas varies from a few to several
hundreds of grains, and their boundary with the fine
grained matrix may be gradational or abrupt. There is
no regular arrangement of the different grain size com-
ponents, and the overall structure of the aggregates is
vague and difficult to characterise.

In most of the massive ore the different grain size
components of an aggregate are strongly differentiated.
Different grain sizes occur in well defined continuous
areas, and the resulting structures are comparatively
simple and regular, For example, predominantly fine
grained aggregates sometimes contain isolated, sub=-equant
patches of coarse grained pyrite (Plate 3.10). In many
samples the areas containing different grain size com-

ponents are not isolated and the full extension of the

structures they define are unknown (Plates 3.11, 3,12),
The boundaries between different grain size areas are
usually sharp and fairly smooth, but interfingering
boundaries are some times observed (Plate 3.12), and these
tend to be gradational. Large pore spaces are preferent-
ijally associated with the coarse grained areas (Plate 3.10).
Plane and contorted laminar structures are a common
feature of the massive ore, and their megascopic appearance
is duplicated in the microstructure. Some of the most






Plate 3,14

Serial sections at right angles to the plunge of
the lode, and oriented such that the double
headed arrow is parallel to, and indicates the
down=dip direction of the regional slaty cleavage.
Sections (a) and (b) are approximately 1 cm.
apart; section (c¢) is spaced approximately 15 cm,
from section (b).

The sections illustrate that most structures
persist for only short distances parallel to their
strike - i.e, from section (a) to section (b), but
not to section (¢). The most persistent feature
is the extensive fragment zone which occurs at
the bottom right of each section.

In all three sections there is an overall
laminar structure which trends parallel to the
regional slaty cleavage.

In section (c¢) two extensive, though diffuse,
coarse grained bands are denoted by arrays of the
symbols A and B. To the immediate left of the
band denoted B is a third layer containing several
lenticular aggregates of coarse grained pyrite.

Narrow, high~reflecting and transgressive
veins are composed of chalcopyrite.

A number of fold structures is indicated
by the arrows marked F. The microstructure of
the folds at F2 is jllustrated in Plate 3,20.

3\

i
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sharply defined coarse grained laminar structures

resemble veins (Plate 3.13). However, the most prominent
veins are composed of chalcopyrite and these may extend
over distances of several centimetres, transecting all
structural features of the host pyrite aggregate (Plate
3.14).

Layered assemblages of conformable bands are
developed on all scales, Wherever oriented samples were
collected, the attitude of the layering could be estab-
lished by cutting two sections at right anglss. In all
oriented samples where a laminar structure is developed
(6 of those collected) the strike of the layering is
approximately east-west, and its dip ranges from sub-
horizontal to approximately vertical. These orientations
correspond to the attitudes of bedding and the cleavages
in the country rocks.

Variations in the amount of chalcopyrite and
sphalerite usually define only vague laminations.
Abnormally high concentrations of galena define the most
prominent polymineralic bands. Elongate pore spaces
and zones of pore space. sometimes define penetrative
laminar structures which are usually transgressive to
other types of banding (Plate 3.15)., Simple types of
banding in monomineralic pyrite aggregates are defined by
variations of grain size, grain shape or pore space
demnsity. Most layering structures are defined by simult-
aneous variations of all these factors. Generally this
amounts to a complete change in the fabric (see Chapter 4)
of the aggregate, and the resulting differences can be
readily discerned on ground surfaces,

From bands and lenses one or two grains wide and a
few grains long, there is a complete gradation to mega=-
scopic structures which, themselves, are frequently com=-
plex and composed of conformable sub-zones reflecting
minor variations of the fabric. Single continuous bands






P

ate

Serial sections at right angles to the plunge of
the lode, and oriented such that the double
headed arrow is parallel to, and indicates the
down~dip direction of the regional slaty cleavage.

Sections (a) and (b) are approximately 1 cm.

apart; section (c) is spaced approximately 10 cm.
from section (b).

A gross layering structure dips at approx-
imately 45° north and is defined by a preferred
orientation of discrete fine grained aggregates
which occur with complex and variable forms. The
gross banding persists parallel to its strike,
but in the same direction the detailed structure
changes rapidly.

The lowest-reflecting aggregates (S) are
composed of pyrite spheres and ellipses.

Pore space is represented by the non-
reflecting centres and is partly confined to
narrow laminar zones (see for example the areas
indicated P) which are oriented parallel to the
regional fracture cleavage.

In section (a) part of a fold structure
appears to be evident in the area indicated F.
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which constitute part of a layered assemblage are
generally not extensive. In one of the large specimens
that were serially sectioned more or less continuous

bands extend over several centimetres, but are vaguely
defined and do not persist parallel to their strike (see
for example the bands denoted by the symbols A and B in
Plate 3.14 (c¢)). In the other large specimens fine
grained aggregates occupy lenticular, irregular and sub=-
angular bands which are broadly conformable and define a
gross layering structure (Plate 3.15). Groups of coarse
grained lenses occupy a broad laminar zone to the left of
the band marked B in Plate 3,14 (c). Small groups of
fine grained lenses are frequently seen in hand specimens.
Several other non~laminar structures are evident in
the section illustrated in Plate 3,14. Much of the
coarse grained material is irregularly distributed, part
of it occupying comparatively extensive and vaguely
defined arcas interconnected by narrow intersecting bands.
Locally there are broad laminar zones of corase grained
pyrite, but their shape rapidly degenerates by thickening
and thinning and by interconnection with other bands,
Some boundaries against the finer grained material are

sharp and gently curved, others are diffuse, and some are

defined by the development of a network structure.
Despite the vague and transgressive nature of many of
these features, there is a fairly penetrative layering
parallel to the regional slaty cleavage (orientation
shown by the double headed arrow),

In samples which exhibit a lamination the layering
is frequently distorted and defines a wide variety of fold
structures. Scveral fold profiles can be observed in
Plate 3.14 (a2a). On the left of the section narrow
coarse grained bands exhibit ptygmatic~-fold profiles (Fl),
and at the upper centre concentric-folds (indicated Fyo






Plates 3,16 and 3,17 Concentric folds defined by coarse

grained bands of pyrite which are evident only
in the microstructure. The folded band in
Plate 3,16 is connected to an extensive, non=
banded and similarly coarse grained aggregate.
In Plate 3,17 +the folded bands terminate
abruptly, and were perhaps previously connected,

Plate 3.18 Detailed microstructure of the folds shown in
Pla 3 a . The coarse grained bands
are largely composed of elongate grains which
are radially arranged with their long axes approx-
imately at right angles to the boundary of the
band. The adjoining aggregate consists mainly
of discrete elliptically shaped structures com=
posed of fine grained pyrite (see Chapter 5).
The long axes of the ellipses are parallel to the
axial plane of the folds, but tend to become
parallel to the limbs of the folds near the coarse
grained bands.



33

and also illustrated in Plate 3.20) are developed in a
similar band, Plates 3.16 and 3.17 illustrate concentric=-
folds in another sample , and Plate 3.19 (a) depicts part
of a similar~fold profile in a third specimen. Part of

a fold structure (F) appears to be evident in the centre
of Plate 3.15 (a). In the section shown in Plate 3.14
(c) the coarse grained band marked A exhibits a folded
shape, Below this band (in the area indisated F) are
numerous fine laminations which are either highly con=-
torted and wrap around the main profile, or have a more
uniform trend parallel to the axial plane orientation;
less well defined folds are also evident in the centre of
this specimen. Folded bands do not extend for distances
of more than a few centimetres, and are typically inter-
sected by other contorted or laminar bands (Plate 3.14
(a)), or are connected to extensive massive aggregates
(Plate 3.16).

The axial plane surface of most fold structures is
defined by some type of laminar feature which is evident
either megascopically (see the folds indicated F, in Plate
3.14 (a)), or at least in the microstructure. Definition
of the axial plane in the microstructure is due to a
preferred orientation of one of the following features:

(1) the major axes of discrete elliptically shaped

structures composed of fine grained pyrite (see Chapter

5) (Plates 3.18, 3.19 (b), (2) the long axes of elongate
grains of pyrite (see sect. 4.2) (Plate 4.61), or (3) the
long axes of inequant interstices which may be voidal or
filled by chalcopyrite or sphalerite (Plate 3,20).

Away from the individual bands that define the fold struc=-
tures, the lamination produced by these features is
strictly parallel to the axial plane (see Plate 3,18 and
the lower centre of Plate 3,20). Near the boundaries of
some of the.folded bands, the laminar structure deviates






Plate 3,194

Part of a similar-fold structure defined by
alternating coarse and fine grained bands which
are evident only in the microstructure. The
coarse grained layers are composed of radially
arranged grains. In the lower band the intra-
granular zone structures indicate that all grains
have grown from one side of the band; similar
patterns of zoning are contiguous across the

grain boundaries, The central fine grained

band is composed of discrete elliptical structures
which are illustrated in detail in Plate 3.19 B:
the long axes of the ellipses are parallel to the
axial plane of the fold in the crestal region, but
tend to become parallel to the coarse grained band
in the 1limb region,

illustrates the microstructure in the area
enclosed by the rectangular frame near the apex

of the fold shown in Plate 3,19 A.






Unetched micrestructure of the folds indicated at
F, in Plate 3.14 (a). Several bands define the
fold structures and are mainly distinguished by
variations in the density of the pyrite aggregate.

The axial plane of the central anticline
and the syncline at the right trends vertically
(parallel to the regional slaty cleavage), and
in the lower part of the illustration is defined
by elongate ingexrstices occupied by chalcopyrite
and sphalerite. In some bands similar inter-
stices are oriented parallel to the limbs of the
folds, and tend to deviate towards the axial
plane orientation in the crestal regions.

A second lamination (parallel to the
regional fracture cleavage) trends from the upper
laeft to the lower right of the illustration, and
is well developed in the central bands where the
definition is due to a preferred orientation of
elongate, voidal and occupied interstices.
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from the axial plane orientation and tends to assume a
symmetrically fanned arrangement. In the relatively
high=reflecting layers defining the folds shown in Plate
3.20 a lamination is developed parallel to the limbs of
the folds, and shows a gradual transition to the axial
plane orientation in the cre#tal regions,

Fold profiles were observed in three of the ordented
samples, Apart from ptygmatic-folds, which have variable
orientations, all these structures trend east-west, and
their axial plane surfaces dip vertically or steeply to
the north. These orientations correspond to the attitude
of the first generation fold system in the country rocks,
In two other. oriented specimens elongate grains define a
layering structure which is identical to the axial plane
lamination associated with folds; in one other sample
fine grained elliptical structures define a semi-penetrative
lamination; in all three of these specimens the orienta-
tion of the layering is approximately parallel to the
regional slaty cleavage - i.e. the axial plane cleavage of
first generation folds. In the folds shgwn in Plate 3.20,
a second laminar structure (trending from the upper left
to the lower right of the illustration) transects the
axial plane surface, and its orientation corresponds to
that of the fracture cleavage in the country rocks (i.e.
the axial plane cleavage of the second generation fold

system). In the sections illustrated in Plate 3,15,
elongate voids and laminar zones of pore space have a
preferred orientation which corresponds to the regional
fracture cleavage orientation.

Tointi
Joints are a characteristic feature of the massive ore
where they are far more promiment than in the surrounding
metasediments, There are two dominant systems; one
trends north~south and dips steeply to vertically, and
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the other is sub-horizontal. Joint planes belonging to
the north~-south trending system are normally spaced at
distances in the order of a few centimetres or less,

The sub~horizontal system is considerably less penetrative,
and shows spacings in the order of a metre between prom-
inent joints.

Joints in the massive ore ars nptably planar, and
may be either filled (with sphalerite, chalcopyrite or
quartz) or unfilled. Displacements at right angles to
the joint faces range from a few microns to approximately
half a millimetre. The overall planarity of the joint
planes gives way in detail to a fine surface relief which
can be correlated with the underlying grain structure.
Counterparts of single grains or groups of grains can
always be accurately matched across the joint faces. The
normal displacements across opposing joint surfaces and
the absence of lateral displacements suggest that most
joints are tensional structures,

Progressive readjustments of the stress conditions
in the lode due to mining excavations cannot account for
the development of the large majority of the joints. 1In
both the opencast and underground workings where residual
stresses within the ore body are, respectively, largely
and only partly relieved, the orientation and incidence
of joints remains the same.

For three main reasons it is unlikely that the joints
are consolidation phenomena developed in initially flat
lying deposits which were subsequently folded: (1) the
idea of consolidation as applied to clastic sediments in
general has little application to cyystalline deposits
such as those represented by the sulphide ore bodies.
From the first stage of their history following the close
of mineralisation, the sulphide deposits have been co-
herent and can be regarded as rigid, elastic bodies,

(2) consolidation joints involving essentially dilational
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strain are unlikely to survive a later compressional
folding phase, and (3) the joints do not exhibit folded
configurations.

The development of jointing in both the lode and
the country rocks can be related to the overall tectonic
history of the region. At the stratigraphic level of the
ore deposit folding must have taken place under a consid=-
erable depth of cover (i.e, that represented by some
3000 - 4000 metres of overlying sediment). Since the

development of jointing postdates the regional fold
system, it is reasonable to suppose that the joint systems
now exposed in rocks at the Earth's surface developed in
response to alterations in internal stress conditions
consequent upon uplift and denudation of the folded
stratigraphic pile. This interpretation is also con=-
sistent with the symmetry relationship between the joint
systems and the regional first phase fold axes.

The presence of a joint system in the ore body does
not clarify the time relationship between the deposition
of the lode and the development of the regional first
phase fold system, The probable development of the
jointing during regional uplift bears no implication as
to the time at which the lode was formed. In oxder to
account for the observation that jointing postdates the
regional fold system, it can be assumed that, prior to
uplift, the ore body was eithey: (1) initially present as
part of a flat-lying stratigraphic succession and sub-
sequently folded, or (2) introduced in its present con=
figuration into an already folded structure.

3.2.4 glickensides

Occurrence, Structural Relatjonships and Evolution
Partially to highly polished slickenside planes are con=-
spicuous features of the massive ore, In the axial






Plate 3.21

Pla 3

Part of a highly polished and weakly striated
slickenside plane.. Gentle undulations of the sur-
face trend parallel to the striation direction
(vertical) and are manifested by the alternating
high- and low-reflecting areas.. Narrow trans-
verse fractures are approximately normal to the
striation direction.

Part of a highly polished slickenside plane
showing complex curvature and deep striations.
Near the lower margin of the specimen the slicken-
side plane becomes locally discontinuous. At the
upper margin the slickenside terminates abruptly
and does not extend into the surrounding aggregate
from which this specimen was taken,

Microstructure of a heavily striated slickenside
surface. The major striation direction trends
horizontally. Subsidiary striations are oblique
and are truncated at the edges of the major
striation zones.

Flat-ground surface oriented at right angles to
three slickenside planes (Sl’ S, and 83) and
parallel to their striation directions, The
plane Sl terminates at its left-hand extremity in
the massive aggregate, The planes 82 and 83 show
matching surface configurations; small scale
structures (manifested by reflectivity variations)
in the massive aggregate can be correlated across
these planes.
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region of the main synclinal structure, the slickensides
are abundant and are often spaced as closely as a few
millimetres apart. Single planes have continuous areal
extensions ranging from several square metres, down to a
square millimetre or less. The slickensides are strictly
discontinuous features, and termimate within the ore
body. The most extensive structures (Plate 3.21) tend
to be planar, weakly striated and spaced at intervals of
a metre or more. The less extensive planes (Plate 3.22)
tend to be strongly curved, heavily striated and more
closely spaced. Some slickensides occur in the form of
fracture planes whose surfaces exhibit numerous discon=
nected slickenside patches, On a given plane there is
generally only one, sometimes two, and rarely more, sets
of striations; each set has a constant orientation with-
in a few degrees, and one of the sets is always much more
conspicuous than the others (Plate 3.23). The slicken=
side planes, and their associated striations, show
highly variable orientations on all scales,

Opposing slickenside planes are either in almost
perfect contact or separated by distances of up to
approximately 50 microns, The intervening space may be
either voidal or wholly or partly occupied by quartz or
a compact and extremely fine grained, dull black deposit.
The undeformed crystal faces of infilling quartz indicate
a late stage of deposition.

A remarkable feature of the slickensides is the
total absence of displacements in the plane of the
slickenside. This is most conclusively demonstrated by
their frequently abrupt termination within massive
undeformed aggregates (Plates 3,22, 3.24). Further
evidence 1s provided by the matching shape of opposing
slickenside planes, Plate 3.24 illustrates the typical
configuration of slickenside planes in sections normal
to the plane and parallel to the predominant striation






Plates 3.25 and 3,26 Each plate illustrates the microstruc~

Plate 3.27

Pla 3,28 a

ture at two different localities, approximately
100 microns apart, along the same slickenside
plane. In Plate 3,25 the main features of the
grain stoucture can be correlated across opposite
sides of the slickenside. In Plate 3,26 the
microstructure is truncated at the slickenside.

Etched microstructure of a naturally polished
slickenside surface. The major striation
direction trends vertically.

The coarse grained bands (high-reflecting)
exhibit microstructures corresponding to the
primary fabrics of the massive ore. The fine
grained bands (low-reflecting) are resrystallised
equivalents of the primary aggregates and their
detailed microstructure is illustrated in Plates

3,28 to 3,33.

3 Etched microstructure of the ultra fine
grained zones on naturally polished slickenside
surfaces. In the optical photomicrograph
Plate 3,28 the small grains are not properly
resolved; several large grains are disseminated
through the fine grained matrix. The micro-
structure of the ultra fine grained aggregate
is shown in the electron photomicrograph Plate

3,29,
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direction., Areas of relatively sharp curvature separate
adjacent regions which are either planar or gently

curved, At all points the opposing faces match accurately.
Since it can be shown that the surrounding sulphide
aggregate, which is part of the normal massive ore, is
undeformed (see Chapter 8), there can be no major offsets
along the slickenside plane. Differential movements
between rigid blecks along complexly shaped planes of this
type necessitate, in general, that there are considerable
areas over which no contact is maintained from the outset
of the movement. Such areas could not acquire a polish.
Observations, however, show that (except for local gaps
unrelated to changes in the orientation of the slickenside
surface). the entire area of slickenside planes is
polished, Hence, contact must have been maintained at
all points, and he: bulk displacements can have taken
place at any stage during the polishing process.

Attempts to correlate the grain stmucture across the
slickenside planes lead to contradictory results. Across
some planes matching grains or groups of grains are
ubiquitous (Plate 3.24), thus substantiating the fore-
going conclusion that bulk displacements are absent.
Across other planes (Plates 3.25, 3.,26) the granular
structure . ~.. . can be correlated at most points along
the surface (Plate 3.25), though there are notable
exceptions where certain parts of the microstructure are
trancated and do not appear on both sides of the slicken-
side (Plate 3.26).

It is obvious that the slickensides are neither
pseudomorphic nor tensional features, and that they must
represent shear planes, The absence of bulk lateral
displacements is not without precedent, and is indeed a
characteristic feature of shear joints. Nevertheless,
the polished character of the surfaces must be ascribed
to differential movements, By assuming a non=-uniform
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stress environment close to the upper limit of the elastic
region for the sulphide aggregate it is possible to
account for these movements, for the absence of disglace-
ments, and for the discontinuity of the shear planes.

In regions where the stress difference was
sufficiently high shear failure would occur and the
fracture planes thus formed would propogate until they
encountered lower differential stresses in some part of
the surrounding region. Due to lack of cohesion across
the shear planes, displacements would ensue. These dis-
placements would always be small since they could only be
taken up by elastic strain in the surrounding coherent
aggregate. Moreover, if the elastic strain is sub-
sequently recovered, there will be no direct evidence for
the ear}ier displacements, In spite of the usual implic-
ations concerning movements along slickenside planes in
most deformed rocks, there segms to be no reason why the
polish observed on these sulphide surfaces could not have
been produced by extremely small displacements., Evidence
suggesting that the movements were cyclic (see below)
lends additional support to this view.

At the smallest scale of observations, in sections
parallel to the striation direction, the planarity, and
in the case of curved planes, the local planarity, of
slickenside faces is retained (Plates 3.25, 3.26). 1In
view of the microstructure of the sulphide aggregates, it
might be expected that the orientation of the initial
shear plane would show local departures from regularity
(e.g. deviations along grain boundaries intersecting the
shear plane at low angles). The discrepancy between
the observed and predicted configuration of the shear
plane suggests that the slickenside surfaces do not co-
incide precisely with the earliest configuration of the
shear planes.

The development of planar surfaces from initially
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irreqular shear planes could be accomplished by granu=-
lation and the removal of material from "high spots™
during the movement episode.. It seems probable that for
such a process to be effective the movements would need
to be cyclic, and this can be readily envisaged in terms
of minor stress fluctuations, Under these conditions
the granulated material could be reduced to such an
extremely fine grain size as to function as an effective
polishing agent. The fine grained black deposit fre=-
quently present between adjacent slickenside faces con=-
stitutes the most direct evidence of granulated material
removed from the initial shear planes. The normal dis-
placements between opposing slickenside planes might
partly be due to the effects of the granular material in
maintaining separation between the planes. Truncation
of the microstructure at certain points along many
slickensides provides further confirmation of the removal
of material.

Polished slickenside surfaces are frequently as highly
reflecting as artificially polished surfaces, and can be
directly observed under the microscope. On etched sur=-
faces two types of microstructure can be seen to occupy
separate, laminar or broadly lenticular zones trending
parallel to the major striation direction (Plate 3,27).
The two types of microstructure are most readily distin-
guished by their large grain size difference, Some
zones (the high-reflecting areas in Plate 3,27) exhibit
a relatively coarse grained fabric which is identical to
the microstructure observed in sections polished at
right angles to the slickenside plane, and corresponds
to one or other of the primary fabrics of the massive
ore (Chapter 4).

The second type of microstructre occurs in fine
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3 3.3 Etched microstructures of the
fine grained zones on naturally polished slicken=-

side suxrfaces.
The grain size in aggregates such as those

shown in Plates 3,28 and 3,29 increases contin-
uously, and where the microstructure can be
resolved optically (Plate 3.30) the fine grained
zones consist of compact aggregates of polygonal,
unzoned grains. Equant grain aggregates grade
into fabrics composed of unzoned, elongate
grains whose long axes are parallel to the
striation direction (Plate 3,31); some of these
aggregates contain discontinuous rows of symmet-
rically oriented grains whose long axes are:
oblique to the striation direction (Plate 3,32).

Etched microstructure of the contact between

fine and coarse grained zones on naturally

polished slickenside surfaces. The microstructure
of the fine grained aggregate determines the
detailed configuration of the contact. The
marginal grains tend to exhibit euhedral termina-
tions.
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grain size bands and although distinctive, it exhibits
several variations.

Some zones are extremely fine grained and uniform;
their microstructure cannot be effectively resolved by
optical microscopy (Plate 3.28), but in one specimen
observed using a scanning electron microscope, the grain
structure was well defined (Plate 3.29). Some parts of
these aggregates appear to be remarkably homogeneous, but
other areas contain disseminated larger grains (Plate
3,28) which may even reach sizes sufficiently large to
suggest that they belong to a coarse grained fabric mone.

Other fine grained fabric zones on the slickenside
planes consist of alternating bands, lenses and broadly
elongate patches of unzoned equant (Plate 3.30) and
elongate (Plate 3.3l) grains. Equant grains average
about 5 microns in diameter, but range in size from the
sub-microscopic aggregates described in the preceding
paragraph to approximately 10 microns. The size range
for elongate grains is approximately the same as that for
equant grains, ard their axial ratio ranges up to a max-
imum of about 5:1. The elongate grains have a strong
preferred orientation parallel to the striation direction,
though occasional parrow bands consist of two symmetrical
layers of obliquely oriented grains (Plate 3.32).

The transition between the fine amd coarse grained
zones of the slickenside planes is usually abrupt. The
gross form of boumndary between the two zones is sometimes
remarkably linear (Plate 3.27), but in detail is definmed
by the microstructure of the fine grained fabric (Plate
3.33).

Sections polished at right angles to the slickenside
plane show that the fire grained zones are restricted to
an extremely thin surface layer (estimated maximum thick=-
ness, approximately 2 - 3 microns).

The microstructure of the fine grained fabric zones
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on the slickenside planes has virtually unique properties,
and has not been observed elsewhere in the banded oxr
massive ore. The confinement of fine grained zones to a
narrow surface layer, and their elongation and internal
banding parallel to the striation direction, strongly
suggest:. the origin of these fabrics is directly connected
with the evolution of the slickenside planes themselves,
Moreover, their association with linear zones of a recog-
nisable primary fabric suggests that the fine grained

zon es were derived from a pre-existing primary fabric.

It seems reasonable to conclude that the fine grained
fabrics were produced by recrystallisation, and that this
process was activated by the heat generated during the
slickenside movements, and possibly faciliteted by ¢he
development of plastic strain in a narrow surface layer.

3.2.5 Leaching Zones

In many parts of the massive ore body there are local

zones characterised by an abnormally high concentration
of pore space. The voids are generally not lined by
euhedral crystals, and are therefore dissimilar to the
more widely occurring euhedral interstices (sect. 4.6.1),
which are primary growth featurs, Although many of the
pores are either partly or completely occupied by quartz,
their infilling is not significant in the present context
and the analogous terms pore space and void will be used
throughout.

The porous zones considered here occur in seweral
different forms. Many of them are found in the normal
compact ore which is coherent and stable under normal
mining conditions. However, their major development is
in the friable zones, or "husillos!, which occur in the
axial region of the main synclinal structure. In these
zones the bulk pore space density of the ore is abnormally
high; the porous zones are interconnected, and the






Plate 3,35

Microstructure of part of a large pore space
infilled by quartz. Variously shaped fragments
occupy part of the void, and locally show match-
ing boundary relations, both between neighbouring
fragments and with the walls of the void.

A large pore space infilled by quartz and con=-
taining numerous fragments which are confined to
a narrow marginal zone.,

Flat-ground surface showing the €ragmental struc~
ture of the massive sulphide in friable zones
("huisillos®) of the ore body. The high-reflec~-
ting areas, which correspond to the normal massive
ore, are almost fully compact, but are traversed
by highly elongate pores (Plate 3.39) which show
a preferred orientation. Several large voids
(non-reflecting) occur in the upper right of the
section.

In the central and lower left parts of the
section a low-reflecting, interstitial matrix
surrounds discrete massive fragments which are
locally connected to the enclosing compact aggre-
gate, The microstructure of the matrix zones is
illustrated in Plates 3,37 and _3.38.
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resulting mechanical stablity of the ore is considerably
less than elsewhere.

Megascopic pore zones consist of isolated and inter-
connected voids with dimensions ranging from a few microns
to several millimetres., The distribution of the voids
may be confined to narrow undulose zones or spread over
wide, sharply or vaguely defined areas. Several examples
are illustrated in Plate 3.15. In this specimen most of
the voilds occur in the coarse grained areas, and are
entirely absent from the finest grain size bands, a
relationship which is frequently observed. Linear zones
of pores are strongly developed and have approximately

the same orientation, transgressive to the main layering

structure. Narrow pore zones pass into more extensive
areas of voids, which are either irregular in shape or
partly conformable with the layering, Several of the
smaller non-laminar areas are effectively isolated.

Some contain a remarkably high pore space volume, whilst
in others the voids are more sparsely disseminated,
Sharply delimited and extensive areas containing a high
pore space volume are also evident in the bottom right
of the sections illustrated in Plate 3.14.

Discrete pore spaces almost invariably contain
numerous isolated fragments whose internal microstructure
is identical to that of the surrounding compact aggregate.
In large pore spaces, which are readily visible to the
naked eye, the fragments tend to be confined to the margin
of the void (Plate 3.34), and unless observed microscop-
ically, they can easily be confused with the surrounding
compact aggregate. Neighbousing voids, which appear to
the naked eye to be isolated are frequently intimately

connected through continuous interstitial pore space

associated with clusters of fragments, In some voids,
especially those which are elongate, the confinement of
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. Typical developments of the fragmental
structures occurring in the interstitial matrix
zones shown in the central and lower left parts of
the section illustrated in Plate 3,36.

In Plate 3,37 the fragments are characterised
by delicate shapes, extensive interconnections and
matching boundaries.

In Plate 3,38 the surrounding massive aggre-
gate terminates abruptly at the fragment zone. At
the upper left of the illustration several frag-
ments show matching boundaries against the margin
of the massive aggregate. Within the fragment
zone matching fragments occur only locally, in
small groups; most fragments are completely iso-
lated, but some appear to represent an intermediate
state of sub-division, Many fragments exhibit
delicately shaped boundaries.

Microstructure of highly elongate pores associated
with the fragment zones shown in Plate 3,36.

The boundaries of these voids are approxim=-
ately parallel sided but their detailed configura=-
tion is characterised by delicate irregularities.
Several of the elongate voids them®sdlves contain
small fragment zones,

Cataclastic structure of a pyrite aggregate illust-
rated by Edwards (1947, fig. 38).
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fragments to a narrow marginal zone is extremely well
marked (Plate 3,35).

In the friable ore zones, or "husillos", the extreme
development of pore space frequently results in extetsive
aggregates which exhibit distinctive fragmental structures.
A typical example is illustrated in Plate 3,363 the high
reflecting areas are composed of almost fully compact
pyrite aggregates and are traversed by highly elongate
pores (Plate 3.39) which show a strong preferred orient-
ation, Megascopic, sub=-angular voids are also conspic-
uous. The central and lower left parts of the specimen
illustrated in Plate 3.36 consist of small massive

fragwents surrounded by a lower-reflecting, interstitial

matrix which contains a high pore volume and is iteelf com-
posed of microscopic fragments isolated in a virtually
continuous void, Typical fragmental structures of the
interstitial matrix are illustrated in Plates 3,37 and
3.38.

The fragmental character of many porous regions bears
a marked resemblance to breccia structures, and it is
instruetive to consider their origin from this viewpoint.
In fact there are several structural features which are
inconsistent with this interpretation, and which indicate
that leaching is the major factor responsible for the
development and configuration of the pore spaces.

It seems probable that many previous references to
cataclastic structures in pyrite aggregates are directly
concemned with structures occurring in the as@ociations
described above. Claims have been made for the occurrence
of cataclastic phenomena in the Rio Tinto deposits (see

e.g. Kinkel, 1962, p. 1077), but no illustrations or
detailed descriptions are available to judge whether these
so-called cataclastic phenomena are really equivalent to
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the structures described here, Cataclastic structures
illustrated by Edwards (1947, fig. 38), however, can
probably be regarded as analogous to the cataclastic
phenomena previously ascribed to certain parts of the Rio
Tinto deposits. The structures illustrated by Edwards
(reproduced in Plate 3.,40) bear considerable resemblance
to the fragmental structures described above. Judging
from other illustrations in the literature (e.g. Vokes,
1963, fig. 14; Hutchinson, 1965, fig., 14 - 17; Ramdohr,
1953, fig, 173), and from observations made in several
other massive pyritic ore bodies from the Huelva Province,
Norway and Canada, it seems likely that many of the points
of interpretation discussed below may have widespread

application.,

Wherever fragmental structures occur it can always
be shown that the surrounding compact aggregate has not
been deformed. This conclusion is most obvious where the
fragmental zones are isolated (Plate 3.15). If movements
occurred in these zones, there could have been no contin=
uity of the displacements into the surrounding compact
aggregate., All porous zones are in fact isolated within
the massive ore body, either at the scale of the micro-
structure, or over greater areas, where it may be necessary
to study larger specimens or outcrops in order to establish
the extension of particular zones, Where the fragmental
zones are penetrative and widely distributed their isola=~
tion is not apparent in hand specimens. However, even in
these imstances there is sufficient continuity and accurate
packing in the overall structure to indicate that there
have been no megascopic displacements (Plate 3.36).

Several features indicate that there were no dis~

placements in the €ragmental zones themselves:
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Where the total pore space volume is comparatively

low (Plate 3.37), the incidence of matching fragment
boundaries is extremely high, Even where the pore
volume is at a maximum, many fragments can be fitted
together in small groups (Plate 3.38). ~ On the basis
of their matching boundaries, adjacent fragments can
often be linked together in continuous traverses
extending over the entirety of a fragment zone, At
several points the m rginal fragments show matching
relatione with the boundary wall (Plate 3.38). The
internal microstructure of neighbouring fragments can
be correlated to the same extent that fragments can
be matched by their boundary conformity. If later

displacements had occurred in the fragmental zones,
the observed incidence and precision of matching frag-
ment structures could not be expected to persist.

Many fragments exhibit delicate shapes which include
smoothly curved, re-entrant and projecting forms
(PlLates 3.34, 3,37, 3,38). These features could not
be expected either to originate oxr to persist during
a movement episode which involved brittle fracturing
and attrition,

Where the pore space volume is low (Plate 3.37) many
fragments are not entirely isolated, but are connected
to neighbouring fragments by narrow btidges. In fact
a large number of fragments are better described as
connected to, rather than disconnected from, their
neighbours, Several fragments are intersected by
narrow, parallel sided pores and appear to represent
an early stage of sub-division. Where the pore

space volume is high (Plate 3.38), most fragments
appear to be isolated, though even here some are

bridged and others seem to be in an intermediate stage
of sub-~division. These features cannot be explained
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in terms of brecciation since they effectively invale
idate the existence of discrete fragments which could
behave independently.

The boundary between fragmental zones and the sur-
rounding compact aggregate is characteristically
sharp. This suggests that a possible fragmentation
mechanism might involve exfoliation of successive
fragments from the wall of a large pre-existing pore
space, The non-uniform stress concentration sur~
rounding a cavity might produce the requisite stress
conditions %7 initiate such a process, comparable on
a small scale to the rock bursting phenomena
encountered in mining practice,

Using the brittle strength data for pyrite
given by Robertson (1955, fig. 20), and assuming
elliptical pores with an axial ratio of 2:1, it was
calculated from the equations given by Ford (1963,
p. 305) that exfoliation would occur at a depth of
burial of about 15,000 feet. Although this mechan=
ism appears to be feasible in principle, it is
extremely difficult to evaluate since the assumption
of an initial large pore space cannot be independently
confirmed. Moreover, the magnitude of the stress
at the cavity can only be determined within vague
limits, The principal factor controlling the stress
concentration is the actual configuration of the pore
space, and this is unknown.

In the microstructure of the fragmental zones
there is considerable evidence to suggest that an
exfoliation mechanism was not operative, Fragments
detached from the pore wall would be likely to
fracture along one or two approximately plane sur-
faces (i.e. shear planes), and neighbouring fragments
would have equivalent boundary morphologies corres=-
ponding to the shape of the fracture plane. Hence,
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the presence of non-matching, re-entrant and
delicately shaped fragment boundaries is inconsistent
with exfoliation. Bridged fragments cannot be
accounted for by this mechanism since they imply that
parallel fragment boundaries terminating at a bridge
do not represent fracture surfeaaas at all.  Fragment
boundaries terminating at a bridge do not generally
define wedge shaped structures, which implies that
the fragments have not been rotated about a fulcrum
at the bridge.

In all occurrences of the fragmental zones, the shape of
many parts of the walls of the zones is characterised by
protrusions, embayments and other irregular forms (Plates
3.34, 3.37, 3.38). These features are typical manifest-
ations of leaching, and are well known in the supergene

environment of many types of ore deposits. Their

occurrence in the fragmental zones suggests that the
development of the pore space is due to active dissolution
in a pre-existing compact aggregate, Several other
features in the microstructure support this interpretation,
and cannot be accounted for in terms of mechanical
disturbance.

In the early stages of leaching, when only small
amounts of material have been removed, the dissolution
channels will be relatively narrow and disconnected.

With continued leaching the channels become enlarged and
interconnected. During the early stages of leaching,
when the dissolution channels are narrow, the effects due
to any differences in the dissolution rates on opposite
sides of a given channelway will be small in comparison
to the accumulated effects at advanced stages. In terms
of the resulting microstructure, these trends mean that:

1) at early stages of leaching:
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a) the total pore volume is low;

b) the aggregate is sub-divided by narrow, semi=-
continuous channelways into a number of bridged
or extensively connected fragments;

c) the channelways tend to be parallel sided, and
neighbouring fragments have matching boundaries,

2) 1 e 0 ing:
a) the total pore volume is high;

b) the aggregate is sub~-divided by wide, continuous
channelways into a number of isolated fragments;

c) opposite sides of the channelways acquire
different shapes by dissolving at different
rates, and neighbouring fragments have non-
matching boundaries,

The predictions listed under (1) and (2) above show
a close correspondence with the microstructure of the
fragmental zones illustrated in Plates 3.37 and 3.38,

respectively. The agreement between the obsexrved and
predicted microstructures holds, not only for each zone
as a whole, but also for local areas in Plate 3.37 where
the pore space volume is abnormally high, and for local
areas in Plate 3.38 where the pore space volume is
abnormally low. In view of these correlations and the
characteristic shapes of many fragments, it is concluded
that the fragmental aggregates represent zones of
leaching.
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MICROS 8 ] Q

On ground surfaces of the massive ore, megascopic .
structures (sect. 3.2.2) (e.g. banding) are defined by sharp

and subtle colour-differences and by variations of indefinite
textural patterns. To a large extent many of these changes
reflect variations of the average grain size, However, this is
a gross simplification of the actual variations involved, as it
is usually impossible to describe and distinguish different
aggregates in terms of their grain size alone. The micro=-
structure of polycrystalline aggregates is determined by many
factors, among which the following are the most important:
(1) grain size, (2) grain size distribution, (3) areal distribu-
tion of the grain size range, (4) grain shape, (5) grain arrange~
ment, (6) internal grain structure, (7) distribution of pores
and interstitial sites. In reality, all these factors show
wide and variously combined variations, and the resulting micro-
structures ¢over an enormous range of different types.

No previous attempts have been made to describe the grain
structure of the massive ore, and there are no comprehensive
descriptions of other similar types of pyritic deposits. As a

record of the genesis of the ore there are many signifdcant

features in the microstructure, and in connection with deformation
and recrystallisation, the microstructure of the ore is extremely
important, Consequently an attempt has been made during the
present study to describe and systematise the microstructural
features of the massive ore.

The results of this attempt have led to the development of
a classification scheme, in which several different types of
microstructure are distinguished., Some of the sub~divisions in
this scheme are well defined (sects. 4.2, 4.3, 4.4), but some
types of microstructure are closely inter-rélated (sect. 4.1)
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and their separate classification must be largely an arbitrary
decision, Almost certainly, parts of this scheme will need
to be revised when sampling is extended to other parts of the
ore body. However, the essential similarity of the micro-
structure in many samples already collected from widely diffe

-erent parts of the lode suggests that the geaezxal form ¢f bthe

classification is fairly well established.

Descriptions of the microstructures are presented in the
following sections of this chapter. They summarise observations
on approximately 70 polished sections, the locations of which
are shown in fig. 3.1, Except where it is explicitly stated
to the contrary, these descriptions refer only to pyrite
aggregates which, however, may contain up to a maximum of about
10% of other sulphide minerals or gangue.

4.1 Massive Fabrigcs
Throughout the lode there is an extensive range of fine
and coarse grained aggregates which exhibit a common
tendency to be isotropic over volumes of a few cubic
centimetres or more. These aggregates display fabrics
which are described by the term passgive. Among the
massive fabrics it is convenient to distinguish three

main groups, namely, massive-discrete, massive=homogepsous,
and massive-composite. The basis for this sub=division

rests largely on criteria relating to grain size. This
type of distinction depends greatly on scale, At large

scales, massive fabrics tend to be composite, At small
scales they become homogeneous, and at intermediate
scales, the classification can be continuously altered by
arbitrary selection of particular volumes. Over large
volumes the microstructure is extremely variable, and
cannot be properly treated in any generalised way. It
is obviously necessary to attempt some kind of system-
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atisation, and the distinctions which are employed here
have been devised for that purpose.

It should be stressed that there is in fact @o sharp
distinction between most specific microstructures. The

massive-~discrete fabrics are an exception to this and

can usually be readily distinguished. There is an
extremely close connection between the massive~homogeneous
and massive=-composite fabrices, and it must be emphasised
that the proposed dividing linel®tween them is necessarily
flexible; dependence on scale is of prime importance, but
even when the scale is carefully chosen it is difficult

to classify many aggregates, In the following descrip-
tions the main emphasis is laid on typical developments

of the three groups of massive fabrics,

There are many aggregates whose fabrics are completely
defined when the scale is a fairly constant factor, the
scale being then determined as a continuous area containing
in the order of hundreds of grains. The absolute
dimensions of this area are highly variable and depend on
the average grain size, The more isotropic fabrics can
be defined over areas containing much less than hundreds
of grains. When grouquf only a few grains are consid-
ered, all aggregates belonging to the massive fabrics are
essentially homogeneous, though at this scale it is

scarcely meaningful to retain the concept of a fabric
since single grains have then become the dominant entity.

Taken together, the three groups of massive fabrics
constitute the largest volume contribution to the total
sulphide ore, Judging from the samples collected for
this study, it is estimated that the massive fabrics com=-
prise somewhere in the region of 75% ~ 90% of the lode.
Of this, the massive-homogeneous and massive-composite
fabrics comprise more than two-thirds.

4.1.1 Massive=Discrete Fabrics

The total grain size variation in the massive-discrete






Plate 4,1

Plate 4,2

Massive~Discrete Fabrics

General aspect of the planar network structure
showing the distribution of fine grained bands
in a coarse grained host aggregate.

The fine grained area represents part of an
angular zoned structure, showing the typical
plane boundaries and sharp definition against
the surrounding coarse grained matrix.

Isolated spherical grain aggregates showing
concentric layering and a radial grain arrange-~
ment,

Isolated elliptical aggregate showing the
characteristic radial grain arrangement and
symmetrical grain-size variation.
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fabrics ranges from approximately 1 to 100 microns.
Although the grain size distribution is usually complex,
it is clear that the maximum and minimum grain sizes
occur with the lowest frequency. If the whole range of
these fabrics is taken together, the most common grain -
diameters range between approximately 10 and 50 microns.
The manner in which different types of grains
(characterised by size, shape and internal structure} are

arranged constitutes the distinguishing feature of the
massive~discrete fabrics. There are several different
types of grain arrangement, and these define specific
structures which serve as the most suitable basis for a
systematic description,

4,1.1 (1) Plapaz Network Sitructures (Plate 4.1) are defined by
intersecting arrays of comparatively narrow, fine
grained bands contained in a predominant coarse
grained matrix. The fine grained bands exhibit a
random orientation, and a planar or smoothly curved
configuration, Individual bands are usually only
one or two grains wide and have a maximum separation
in the order of a few tens of grain diameters.

Their microstructure is characterised by the following
features:
(i) The terminal boundaries of the grains facing the
matrix tend to be suhedral.
(ii) The grain shapes are frequently elongate at

right angles to the trend of the band.

(iii) 1Internal growth zone structures exhibit a pre-
ferred orientation indicating that the dominant
growth direction was normal to the trend of the
band, and on both sides of its centre, towards
the neighbouring matrix,

(iv) The central region is frequently defined by an
abnormally high inclusion density, or by a semi~
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continuous pore space showing morphological
features characteristic of leaching.

4.1.1 (2) Angular Zopned Structures (Plate 4,2) are character-

4.1.1 (3)

ised by numerous combinations of special types of
grain arrangement which occur together, and are
confined to strictly independent regions sharply
distinguished from the host aggregate. These iso-
lated regions are angular and have overall shapes
which can generally be described as equant or tabular.
The dimensions of single structures is in the order
of 1 or 2 mm,

The internal zonal patterns of the angular
structures is complex and variable, A semi=-contin-
uous banding parallel to the outline of the structure
frequently tends to develop close to the margin.

The resulting overall concentric structure degener-
ates towards the central region, but may be vaguely
evident in the gross arzangement of other internal
structures, Multiple concentric zones sometimes
occur at a number of centres, and are either irreg-
ular in shape, or distinctly spherical or elliptical,
In some structures the zoning takes the form of a
moxre or less penetrative layering with a constant
trend parallel to one of the major boundaries of the
structure.

Definition of the zonal pattern is due to varying
microstructural assemblages. Internal layering is
sometimes defined by a preferred orientation of
elongate grains, and the microstructure of the
boundary region is essentially the same as that of
the fine grained bands which characterise the planar
network structures described above,

sphezical. Sub-Spherical and Elliptical Struci

are defined by polycrystalline aggregates, and are
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Plates 4,5 and 4.6 Two examples of incompletely developed

Plate 4,7

spherical structures which are partly contin-
uous with the surrousding matrix.

Close~packed spherical and sub=spherical
structures, representing part of a continuous
aggregate containing at least a few tens of
discrete structures. Interstitial black

areas are voids; intermediate~reflecting areas
represent a8 fine grained matrix,

Detailed microstructure of close=packed,
spherical and sub-spherical grain aggregates.
The grain shapes are irregular, but tend to
be grossly elongate near the margin of the
structures. Continuity of the growth zone
patterns between adjacent marginal grains is
faintly evident along the border of the sub-
spherical structure in the lower left corner.
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either (i) disseminated or (ii) close-packed. The
diameters of these structures range between approx=-
imately O.l1 and 0.5 mm.

(1)

(1i)

Disseminated Structures usually exhibit a marked
sphericity (Plate 4.3), but regular elliptical

forms are also developed (Plate 4.,4), The
spherical form of some structures is incompletely
developed, the grain aggregate being partly
continuous with the matrix and partly delimited
by a curved border across which the transition

to the matrix is discontinuous (Plates 4.5, 4.6);

these structures are frequently joined together
in groups of two or three. Incomplete spheri-
call and elliptical aggregates are often com=-
plexely and intimately connected with the host
and their identity is not always immediately
obvious.

The component grains of disseminated sub~
spherical structures are generally elongate and
radially arranged. The orientation of intra-
granular zones indicates a predominant growth
direction away from the central region. In
elliptical aggregates the grain size and arrange-
ment tends to vary symmetxrically about the major
and minor axes of the ellipse (Plate 4.4),

Close~ c (Plates 4.7, 4.8) have
shapes which are often modified by a tendency to
occupy the interstitial space between neigh-
bouring structures. Especially where considerable

size differences exist, asymmetrical elliptical
forms are developed, but these have no preferred
orientation except in a few localised groups
consisting of up to a maximum of four or five
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individual structures. The boundaries between
neighbouring structures may be indistinct,
leaving only the internal grain structure to
define a number of discrete, equidimensional
units.

The arrangement of the component grains is
essentially radial, though the central region
tends to be isotropic, and elongate, radially
arranged grains are characteristic of only the
outer zone. Even in the outer region, however,
the elongation of grains and their radial arrange=
ment is not always clearly defined, and may be
complicated by the development of irregular
grain shapes (Plate 4.8). Intragranular zoning
indicates a predominant growth direction away
from the centre of individual structures and the
marginal region is characterised by continuity
of equivalent growRh zones between adjacent
grains,

4.1.2 Massive~Homogeneous Fabrics

The grain size characteristics for the massive~homogeneous
and massive-composite fabrics are inextricable because the
latter fabrics are essentially composite assemblages of
massive~homogeneous fabrics. The data presented below
refer to both fabric types.

The commonest grain sizes are in the range 10 - 50mi¢rons,
and the maximum or near maximum sizes approximately (1 =-
2nmJ) occur with the lowest frequency. Grains with
diameters close to the lower limit (approximately 1 -2niecrons)
make an important contribution in some aggregates,

The grain size distribution tends to be either uni-
modal or bi~-modal. In some instances, although usually
only locally, these patterns are strongly developed. Both
uni-modal and bi-modal aggregates cover the whole range of
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Plate 4.9 Aggregate showing maximum uniformity of grain
size and microstructure.

Plate 4.10 Aggregate showing typical development of
maximum grain size and structural uniformity
over comparatively large areas.

Plates 4,11 and 4,12 Aggregates showing extensive grain
size variations, and representing the common
transitional fabrics intermediate between the
end-member types characterised by single and
dual component grain size ranges.




57

grain sizes. In different bi-modal aggregates, over-
lapping of the main grain size components is a common
feature. Typically, the coarse grain size component of
one aggregate may be equivalent to the fine grain size
component of another. In bi-modal aggregates the aver-
age diameter of the fine grain size component is usually
about a half to one tenth the diameter of the coarse
grained component., This ratio is particularly applicable
when the coarse component falls in the intermediate part
of the total grain size range.

The grain size characteristics discussed above do
not necessarily account for the presence of the large
euhedral or embayed grains which have widespread occurrence,
especially in the intermediate and finer grain size
aggregates. These grains (Plates 4.25 to 4.29) have
dimensions which fall within the total grain size range,
but their occurrence produces a fabric in which the local
grain size distribution is always at least bi-modal;
the bulk fabric can be described as porphyritic. In
some instances the large isolated grains belong to the
disseminated marginal region of an adjacent coarse
grained aggregate. On other occasions they belong to
the vein structures described in sect. 4,3. However,
many of these grains have a more obscure origin. Fre-
quently they appear to have no connection with poly-
granukar aggregates of a similar grain size, and this
suggests that they may represent a separate growth event.
Where there is a tendency towards euhedralism of grain
shape the growth of these grains must precede that of the
matrix, Even where the grain shapes are characterised
by embayments, the size of the large grains almost
cexrtainly means that their growth prédates that of the
matrix,

Maximum uniformity of the massive~homogemeous fabrics
occurs in aggregates where the grain size distribution
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Plates 4.13 and 4.14 Aggregates showing typical develop=-

Plate 4,15

Plate 4.16

ments of the bi-modal grain size distribution.
In Plate 4,13 the coarse grains preferentially
enclose large interstitial sites (additional-
growth interstices); the fine grains are
scarcely resolved, but are concentrated at low-
reflecting centres,

Detailed microstructure of a bi=-modal aggre-
gate showing marked grain size differentiation,
and grouped occurrence of the fine and coarse
grains,

Detailed microstructure of a bi-modal aggre-
gate where the grain size range is less
extensive than that illustracted in Plate 4,15,
and where the fine grains tend to be correspond=-
ingly disseminated rather than concentrated in
discrete clusters.
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is uni-modal (Plates 4.9, 4.10). Over small areas the
grain size of these aggregates can be extremely uniform
and their structure virtually isotropic (Plate 4.9).
However, over larger areas there are invariably minor
grain size variations, but even here the spatial distrib-
ution of the different grain sizes is uniform and the
overall structure of the aggregate remains remarkably
homogeneous (Plate 4,10). As the grain size range inc-
reases the maximum and minimum grain sizes become more
strongly differentiated, and this trend eventually leads
to the development of a bi-modal aggregate. In the trans-
ition from fabrics where the graiﬁrﬁs uniform to fabrics
where there is 2 well-defined dual component size range,
the intermediate aggregates, such as those shown in Plates

4,11 and 4.12, probably represent the most common type of
massive~homogeneous fabric.

Bi-modal, massive-homogeneous fabrics are distinctly
concentrated in the intermediate and lower grain size
range, Their general homogeneity is apparent from the
examples illustrated in Plates 4,13 and 4,14. There axe
certainly instances in which this type of uniformity pexr-
sists over the complete area of a polished section,

Typical bi-modal aggregates are recpresented by
relatively heterogeneous assemblages of grains in which
there is no regular structure. When large areas are
considered, the overall fabric is distinctly uniform
(Plate 4.13), but over smaller areas the grain size diff-
erentiation becomes important and the details of the
fabric are much more heterogeneous (Plates 4.15, 4.16).
The coarse grained component tends to occur as single,
isolated grains, or as small groups of grains which are
frequently centred at intexrstitial sites. The finer
grained component can be regarded as an interstitial,
though discontinuous matrix,. When the difference between
the maximum and minimum grain sizes is large, the smaller






Plate 4,17

Plate 4.18

Plate 4.19

Plate 4,20

Massive=Co i 3

Aggregate showing the typically irregular shape
of coarse grained clusters and their tendency
to be surrounded by a continuous fine grained
matrix., The boundary between the two grain
size components is mainly determined by the
microstructure of the coarse grained clusters.

Singly occurring and small clusters of coarse
grains-isolated in a continuous fine grained
matrix, Arrows indicate projections extending
from the coarse grains into the surrounding
matrix,

Part of an aggregate in which the boundaries
between the coarse grained and the matrix
components are gradational.

Part of a massive~-composite fabric in which the
boundaries of the coarse grained clusters tend
to be smoothly curved and independent of the
microstructure of both grain size components,
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grains tend to be concentrated in discrete areas which

are sharply distinguished from the coarse grained clusters
(Plates 4,13, 4.14, 4.15)., With decreasing disparity
between the maximum and minimum grain sizes, the fabric
becomes increasingly uniform even in small areas, and the
smaller grains tend to be disseminated rather than concen-
trated in isolated groups (Plate 4,16).

4.1.3 Massive-Composite Fabrics
The principal feature of the massive-composite fabrics is
the presence of two major grain size components. Grains
belonging to each of the size ranges are grouped together
and occupy separate areas which are more or less sharply
defined. The overall fabric appears as clusters of grains
belonging to one of the size ranges, surrounded by a
matrix of grains belonging to the second size range
(Plates 4.17 to 4.24). The gross structural appearance
of the fabric reflects a simple bi-modal grain size dist-
ribution for the aggregate as a whole, and although this
property is sometimes complicated by a tendency for the
grain size variation to be continuous (Plate 4.19), the
two structurally isolated grain size groups can be distin-
guished, and will be referred to by the terms fine, or
matrik compopent, and coarse component.

The coarse grained component usually occupies a
smaller volume than the fine grained component, and under
these circumstances the coarse grained clusters are
essentially isolated and surrounded by a continuous fine
grained matrix (Plates 4.17, 4.18). However, even where
the coarse grained component is predominant, the fine
grains tend to be distributed over volumes which are
essentially continuous, and are rarely confined to iso~-
lated clusters. The continuity of the fine grained matrix
is best developed where there is a large grain size differ-
ence between the fine and coarse components (Plates 4,17,






Plate 4.21

Massive=Co

Detailed microstructure of a smoothly curved
boundary between a coarse grained cluster and

a matrix component. Most of the matrix grains
immediately adjacent to the coarse component
display euhedral terminations. Internal zone
structures are developed in some of the marginal
grains, and indicate a preferred growth direction
towards the coarse grained cluster.

A coarse grained cluster showing an approx-
imately tabular shape. The growth zone
structures are truncated along plane surfaces
(trending vertically on the left and right of

the cluster), on which overgrowths are super=-
imposed, The tabular s ape of the cluster is
due to the parallelism between the two truncation
surfaces.

Plates 4.23 and 4.24 Twoexamples of massive=composite

fabrics in which the coarse grained clusters
show angular shapes, and have boundary morphol-
ogies which are largely independent of the
microstructure of both grain size components.,
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4,18). Although the matrix becomes less continuous as
the grain size difference decreases (Plate 4.19), the
tendency towards an extensive rather than a localised
distribution of the fime grained component remains parked
and is a characteristic feature.

The size of the coarse grained clusters is extremely
variable, and it is difficult to specify their dimensions
for the whole range of fabrics, Clusters comprising in
the order of tens of grains are probably the most common.
An upper limit cannot properly be defined; when the
clusters contain in the order of thousands of grains, the
structures they defince are virtually macroscopic. The
minimum size for the clusters is single grains, though
this is rare, and the smaller groups generally contain at
least two or three grains (Plate 4.18).

The shape of the coarse grained clusters is variable,
and to somec extent can be correlated with the nature of
the transition zone between the coarse and the matrix
components, There are local occurrences in which the
transition zone is distinctly gradational (Plate 4.19), and
in these instances the shape of the coarse grained clusters
is irregular and difficult to characterise.

It is much more common for the coarse grained and
the matrix components to be sharply distinguished by a
sudden grain size change. Under these circumstances the
coarse grained areas define a variety of structures, but
again irregularly shaped clusters are by far the most
common (Plates 4,17, 4.18), However, a number of special
shapes are also characteristic of the coarse grained areas,
For example, the boundaries of the clusters are frequently
defined by surfaces which arc remarkably regular and which
may be either curved or planar (Plates 4.20 to 4.24).
Such boundaries commonly extend over distances amounting
to tens of grain diameters, and in many instances they
enclose the entire perimeter of a cluster (Plates 4.23,
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4,24), The resulting shape of the coarse grained aggreg-
ate may be angular or smoothly rounded. Elsewhere regu-
lar boundaries frequently comprise a part of thke total
perimeter, and produce local terminations which are either
plane or smoothly curved (Plates 4.20, 4.21, 4.22).

Where the transition between the coarse grained and
the matrix components is sharply defined, the actual border
zone is characterised by one of four types of microw’
structure:

(1) In most massive~-composite fabrics the margins of the
coarse grained clusters are predominantly defined by
the terminal boundaries of the coarse grains them-
selves (Plates 4.17, 4.18). The terminations are not
euhedral and the overall boundary morphology is
generally irregular (Plate 4,17). In some fabrics,
although the gross shape of the coarse grained clusters
is fairly regular and equant, the detailed morphology
of their boundaries is defined by embayments and
projections which transgress the microstructure of the
matrix component (see the arrowed areas in Plate 4.18),

(ii) Many coarse grained clusters which exhibit angular or
smoothly rounded shapes are defined by boundaries
which are virtually independent of the microstructure
of both the coarse grained and the matrix components
(Plates 4.20, 4.23, 4.24).

(1iii) Boundaries of the type shown in Plate 4.21 are mainly
defined by the terminations of the matrix grains. In
the zone occupied by the first one o twogpatr;x<gwudsai

e berder, He microshucture i eyscntrally identical M one
the symmetrical halvés of the flne grained
bands which characterise the planar network structure

(sect, 4.1.1 (1)).

(iv) Either the entirety or local parts of the marginal
region of some coarse grained clusters is character-
ised by the microstructure shown in Plate 4.22, Here






Plates 4.25 to 4,29 Abnormally large grains surrounded
by comparatively uniform, massive fabrics, and
showing the range of typical shape develop-
ments.

The grain in the upper left of Plate 4,25
exhibits a high degree of euhedralism,

Plates 4,26 and 4,27 illustrate relict
euhedral forms modified by marked embayments
and protrusions.

In Plates 4,28 and 4,29 the grain shapes
are distinctly anhedral.

Truncation of the internal growth zone
structures can be observed in Plates 4.27, 4,28,
4,22 and in the grain in the lower right of
Plate 4.25.
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the marginal or near-marginal grains exhibit a pre=-

ferred growth direction normal to the border and to-
wards the centre of the cluster. Their internal
growth zones are truncated along a remarkably planar
surface which often persists with constant orientation
over several grain diameters. This surface may also
be marked by an abnormal inclusion density, and its
orientation is often interrupted by local offsets or
angular or irregular projections. The surface of
truncation itself may represent the actual margin of
the coarse grained component, or as in Plate 4,28, a
narrow zone of overgrowth may separate the truncation
interface from the matrix.

4.1.4 Structure of Sinale Grains in the Massive Fabrics
Three factors determine the microscopic structure of single

grains, namely grain shape, grain boundary morphology, and
internal structure.

4.1.4 (1)

Grain Shape

The euhedralism of grains can be inferred from their
gross angularity. In etched aggregates, this infer-~
ence is thoroughly confirmed by the conformable
orientation of internal growth zones. Complete
euhedral grains are an extremely minor component of
all types of fabrics. Euhedral terminations are
characteristic of the border of interstitlal regions
(sect. 4.6).

The abnormally large grains referred to on page

57 , which are frequently disseminated through the
massive fabrics, exhibit a variety of shapes, some of
which are characterised by rather special features
and are usually less well, or less commonly, developed
in the surrounding aggregate. In some instances, the
abnormally large grains are substantially euhedral
(see the grain in the upper left of Plate 4.25).
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However, there is usually a marked tendency for
either the whole or a part of the perimeter to degen-

erate by the development of protrusions or embayments.
These features may be imposed on a gross euhedral form
(Plates 4.26, 4.27), or they may determine the entire
grain shape (Plates 4.28, 4.29)., The embayments
transect internal growth zones (Plates 4.27, 4.28,
4,29), and a second set of zones, conformable with
the embayed surface, may occur at the grain margin
(Plate 4.29). The morphological features of the sub-
hedral and anhedral grains strongly suggests that
their shape was derived by surface leaching. If this
is so, then the fact that the matrikx grains occupy
the leached embayments must mean that both the growth
and the surface dissolution of the large grains pre-
dates the deposition of the surrounding aggregate,
There are a few instances where simple elongate
grains occur in the fine grain size components of
massive~homogeneous and massive=-composite fabrics,
These grains are found only singly or in groups of up
to a maximum of about five, and are essentially iso-

lated by a matrix of equant grains. The elongate
grains are characterised by having a preferred dimen=-
sional orientation. :
' In compact aggregates the predominant grain
shapes can best be described by reference to four
end=-member types. The idealised classification,
shown in fig. 4.1, utilises a division based on the
gross dimensional ratio, and on the degree of
regularity, The terms equant and ipegquapnt in fig.
4,1 are self-explanatory; the terms regular and
irregular denote the relative complexity of grain
shape, and are defined in terms of the number of dis%
crete segments comprising a grain boundary. Consid-
ering a discrete segment as each part of the grain ;






Plates 4,30, 4,31 and 4,32 Three aggregates showing the

range of grain shapes developed in the massive
fabrics.

Advanced stages in the development of
equant-regular and inequant=irregular grain
shapes are shown in Plates 4,30 apnd 4,32,
respectively.

The most common grain shapes in the
massive fabrics are intermediate between the
end~member types, and are illustrated in Plate

uo
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boundary which is distinguished by a fairly constant
orientation, then the trend from reqular to irregular
shapes corresponds to an increasing number of seg~-
ments. The complexity aspect of shape is of course
intimately connected with the detailed grain

boundary morphology, a property which is considered
separately (sect. 4.1.4 (2)). Shape complexity is
distinguished as a separate property when the grain
boundary morphology is manifested at a scale such
that it controls the gross shape of the grain,

The development of equant-regular shapes reaches
an extreme in aggregates such as that illustrated in
Plate 4,30, These occurrences are fairly common,
but the trend towards irregularity is usually more
manifest, In massive fabrics the most common grain
shapes are of the type illustrated in Plate 4.31, and
in the equant grain group it is unusual for the shape
complexity to become very much greater than that
shown in the latter illustration. In general there
is a tendency for equant grains to exhibit regular
shapes, This trend becomes increasingly marked as
the grain size decreases from the intermediate range,
and near the lower limit of the grain size the shape
of the grains can nearly always be described as
equant-regular. At intermediate and larger grain
sizes, the effects due to the detailed grain boundary
morphology are very often inseparable from the gross
shape characteristics. Towards the upper limit of
grain size range, the details of boundary morphology
become subordinate in comparison to the gross shape,
and the latter can usually be readily classified,
Coarse grains in general tend to be equant=-regular,

In fact, complications due to boundary morph-
ology are even greater than implied above, Although
there are distinctive, fine~scale types of boundary
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structure (see (2) below), there are also structures
of a similar type developed on a larger scale. If
all these structures are considered independently of
grain size, there is no sharp sub=-division based on
their scale of development.

Despite the difficulties just mentioned, the
recognition of an irregular grain group is both nec-
essary and convenient. Once again, the grain shapes
within this group are not uniformly distributed, and
there is a distinct tendency for irregular grains to
be inequant. A typical example of an advanced dev=
elopment of this trend is shown in Plate 4.32.

These grains appear most commonly in the intermediate
grain size range. Numerous planar segments compose
the grain boundaries, and the arragement of these
grains frequently produces a vaguely recticular
pattern in the bulk aggregate. Grains of this type
comprise the close~-packed spherical structures des=-
cribed in sect. 4.1.1 (3). They also occupy small,
non-structured aggregates in other types of massive
fabrics, but the shape development shown in Plate 4,32
does not persist over areas containing more than a
few tens of grains.

The occurrence of markedly inequant, regular
grains is insignificant. Shapes falling in this
category are the elongate grains which occur in some
of the massive-discrete fabrics.

In summary, it is worthwhile to point out that
the grain shapes in the massive fabxics exhibit a
fairly definite bias to be grouped in one of two cat~
egories, namely, equant-regular and inequant-irregular.
This grouping accords with the three principal observa=-
tions, namely: (1) inequant-regular shapes are rare,
(2) equant grains tend to be fairly regular, and (3)
distinctly irregular grains tend to be inequant.






Plates 4,33 and 4.34 In both illustrations the boundaries

of the central grains exhibit coarse-scale
irregularities, but these features do not deter-
mine the gross shapes of the grains. Note that
in both cases there is a marked correlation
between grain boundary irregularities and the
succession of euhedral zones.

Serrate grain boundaries. The morphological
irregularities are developed at a much smaller

scale than those illustrated in Plates 4.33 and
4,34, Apart from a few euhedral zones, the
internal structure of the grains is almost
homogeneous.
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The bulk shape of a grain (i.e.. whether equant
or inequant) is determined by the overall growth an-
isotropy. If all growth surfaces have similar
growth rates the resulting grains are equant. In-
equant grains can develop when some surfaces have
significantly higher growth rates than others; they
may also develop when the accretion of material is
confined to certain surfaces because of the structure
of the growing aggregate or of the host matrix. The
latter factors presumably control the development of
inequant grain shapes in radially structured spherical
aggregates, and in groups of grains growing simult-
aneously from a common surface of nucleation (see also
the foliate fabrics; sects. 4.2 and 8.3,2 (3)). 1In
view of the isometric symmetry of pyrite, the wide-
spread occurrence of equant grains is only to be ex=~
pected,

4.1,4 (2) Grain Boundary Morpholoay

Grain boundary morphology is defined as the relatively

fine-scale surface structure which is independent of

the gross features of grain shape. Three main types
are recognised.

(i) The simplest boundaries are either strictly
planar or smoothly curved (Plate 4,30)., Plane
boundaries are largely restricted to subhedral
and euhedral terminations. Smoothly curved
boundaries are characteristic of the fine grain
size range, but become rapidly less important as
the grain size increases,

(ii) A second type of boundazy morphology is charact-
erised by the presence of sporadic and rather
blunt or gently curved irregularities (Plates
4,33, 4.34). The latter can frequently be
distinguished as non-shape determining features
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but as already pointed out, there are also many
instances where this distinction is virtually
impossible.

(iii) In addition to becoming increasingly gross
features, boundary irregularities may also
follow a second trend. This involves an inc-
rease in their density (i.e. decreased spacing),
and a tendency to develop sharper or even angu-
lar shapes. The resulting boundary morphology
can be described as serrate (Plate 4.35).
Typical serrate grain boundaries are not wide-
spread, and their distribution is sporadic even
in small aggregates containing a few tens of
grains.

The total external morphology of a grain, as
given by its gross shape and its grain boundary
morphology, can be developed under one of two condi-
tions. If the growth of a grain ceases before the
aggregate becomes fully dense, then the shape of the
grain is independently determined and partly controls
the shape of the contiguous grains. This condition
is at least applicable to euhedral grains,

In aggregates with a fairly uniform grain size
it is probably reasonable to assume that all grains
were nucleated simultaneously and grew under similar
conditions. Neighbouring grains accrete material
contemporaneously and finally impinge, first at a
point and then over an increasing surface area. This
surface is the grain boundary and is determined by
the competetive growth of adjacent grains, and not
independently by each grain,

The relationship between a competetively derived
grain boundary and the actual growth surface is imp=
ortant. The compositionally distinct zonation of
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single grains indicates that the predominant growth
surface consists of a number of plane grain faces
corresponding to low-index lattice orientations (see
the following sub=-section). The existence of plane
growth surfaces is not inconsistent with the develop=~
ment of the curved and other complex forms of grain
shape and grain boundary morphology described above.
Because of their compositional distinctiveness, which
is effectively correlable with a time scale, internal
growth zones indicate that the mode of accretion to
the crystal was through a layer growth mechanism,
This involves accumulation of atomic or multi~atomic
layers which themselves grow by lateral spreading
from one or more points of nucleation (Bunn and
Emmett, 1949, p. 119; Buckley, 1951, p. 206). The
more rapidly the layers spread, the more rapédly the
crystal grows at right angles to the growth face,

Rapidly spreading growth layers in one grain
will reach the grain boundary ahead of layers
spreading less rapidly in an adjacent grain, This
means that the grain boundary will be displaced to=-
wards the slower growing grain. If the growth rates
are reversed, the grain boundary migrates in the
opposite direction for the period of time that this
rate is sustained. Hence the grain boundary config-
uration depends entirely on the relative growth rates,
at different times, of adjacent grains. When the
growth rates remain fairly constant, the grain
boundary will be correspondingly regular. When the
growth rate of one grain changes, or both growth
rates change differently, the grain boundary will tend
to become irregular.

Especially in uniform grain size aggregates,
where the assumption of contemporaneous growth is
most valid, the coexistence of non-plane grain
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boundaries and euhedral zone structures must be
attributed to some kind of changing growth rate
mechanism., Restricted changes due to highly local-
ised effects (e.g. inclusion inhibition, and access-
ability of the ore solution to different growth
planes) may frequently be operative. However, in
the natural environment, there are probably two main
factors which are important in producing frequent and
perhaps even constant changes of growth rate,

The effects of changes in the supersaturation
level of the depositing solution are well known
(Buckley, 1951, p. 138). Compositional variations
of the accreting material are also likely to be
important since they could have a major effect on the
bonding and therefore the stability of the surface
layer (comparefor example the marked inhibition of
growth, and habit modifications, induced by the
addition of impurities to crystallising solutions,
Buckley, 1949, p. 243; Cabrera and Vermilyea, 1958,
p. 400), Since the growth rate of different lattice
planes is variable (Bunn, 1949, p. 134), compositional
changes will almost certainly produce different growth
rate changes for different growth planes, From ex~
perimental observations it is known that changes in
the supersaturation level lead to different changes
in the growth rates of different lattice planes
(Buckley, 1951, p. 138). For randomly oriented
nucleation, adjacent grains will frequently impinge
so that crystallographically different growth planes
come in contact. AFternatively, different growth
planes may impinge at a later stage of growth. Thus
compositional and supersaturation changes would
produce differential changes in the growth rates of
the impinging grain surfaces.

The presence of intragranular growth zones
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demonstrates that compositional variations actually

occurred during the growth event (see the following
sub-section), but there appear to be few examples
where the boundary morphology is distinctly related
to individual zones. Two such examples are illust-
rated in Plates 4.33 and 4.34. The central grain

in each of these illustrations contains euhedral zone
structures whose optical manifestation indicates that
there were several short or more extended periods of
growth characterised by a particular and fairly con-
stant composition of the accreting material. Several
of these growth stages show a marked correlation with
irregularities in the boundary against one of the
neighbouring grains.

It is also noteworthy that the general frequency
with which compositional variations (i.e. zoning)
are developed shows a broad relationship to the
associated grain boundary morphology. That is,
grains in which growth zones are poorly developed or
absent frequently have much more regular boundaries
than those in which the zone frequency is high
(compare for example Plates 4.36, 4.37 with Plates
4.38, 4,39).

However, the infrequent occurrence of well
defined correlations between the boundary morphology
and individual zones suggests that changes in the
supersaturation of the ore solutions have a major
effect in causing growth rate variations. If the
supersaturation changes were gradual, they would not,
alone, produce sharp boundary irregqularities. How=~
ever, superimposed on effective compositional changes,
which are manifestly discontinuous, they would tend
to blur the sharp irregularities due to the latter.
Various combinations of the relative effectiveness
of these two factors can probably account for most






Plate 4,38

Aggregate containing several unzoned grains
which show smooth grain boundary morphologies.

Open, euhedral zone structures. The incidence
of discrete zones in each grain is fairly
representative of most examples of the massive
fabrics. Note that the zone pattern in each
grain is essentially the same, and that there
are many grain boundaries where equivalent zones
are continuous from one grain to the next.

Open, euhedral zone structures reflecting a
high frequency and marked uniformity of the
compositional variations, Note the irregul~
arity of the grain boundary morphology, in
contrast to that shown in Plate 4.36.

Closed euhedral zone structures reflecting a
high frequency of the compositional changes.
Note the irregularity of the grain boundary
morphology, in comparison to that shown in

Plate 4,36
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of the grain boundary morphologies observed,

Internal Grain Structure

Three features characterise the internal structure
of pyrite grains, namely, compositional zoning,
inclusion concentration, and in some instances, a
radial substructure.

A Zone. Structures

In etched aggregates a striking property of all
fabrics is the high incidence of intragranular zone
structures. In the massive fabrics, these features
are not manifest in every grain (Plate 4.36), but
their distribution is such that in one form or another
they are rarely absent from more than two or three
contiguous grains. The real incidence of zoned
grains is probably higher than estimated from sect-
ional observations, since an apparent absence of
zoning may be a spurious effect due to (i) a special
position of the zone structure in relation to the
plane of observation, or (ii) a low etching rate for
the particular grain su~face exposed.

Zone structures are sometimes evident after care-
ful polishing, but are most clearly defined by the
sharp relief and reflectivity differences produced on
etching (see for example Plates 4.37 to 4.39). When
polished surfaces are heavily etched at a high rate,
regularly shaped etch pits are developed. Within the
limits of a single grain, these artefacts have a con-
stant orientation which is independent of the zonal
structure. Since it is reasonable to assume that
the etch pit shape is determined by the lattice struc-
ture, the constant orientation of the artefacts must
mean that individual zones have the same crystallo-
graphic orientation, Thus the physical distinction
between different zones is apparently related to
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/ compositional variations. This conclusion has not

been directly conflrmed but scanning of single grains
on a microprobe analyser indicates that there are
signifcant compositional changes. Variable trace

. amounts of copper were indicated by the scanning

analysis.

In describing the structure of zoned grains, it
is convenient to use the following system of termin-
ology, diagrammatically illustrated in fig. 4.2.

The bulk assemblage of zones within the limits of a
single grain is referred to as a zone structure.
When the latter is asymmetrical, three regions are
distinguished, namely, the apical, basal and lateral
reaions. The whole of a compositionally distinct
volume is referred to as a zgne or discrete gone,

whose margin is the zoae boundazy. Two main types
of zone boundary are distinguished: (1) irregular

or anhedral boundaries, which define anhedral zones,
and (2) plane, or guhedral boundaries, which define

euhedral zones. The structure of euhedral zones can
be summarised as follows. A zone sector is each
area in which the zone boundaries have a constant

or preferred orientation. Each zone in the area is
referred to as a zone seament. The major boundaries

of euhedral zones are termed guhedral boundaries, and

the short boundary that results when a single zone
does not extend to the grain boundary is referred to
as a terminal boupndary. An assemblage of terminal
boundaries constitutes a truncation surface. Closed

Zones occur where a single zone boundary closes on
itself. Open zones occur where the zone boundary
intersects the grain boundary, and truncated zones,
where the zone boundary does not intersect the grain
boundary. The region between the grain boundary and
a trunceation surface usually has an irregular form,






Plates Q

Plate 4,40

4

and 4,4 Modifying features associated
with euhedral growth zone structures.

Bulbous zones which exhibit a colloform appear-
ance are superimposed on euhedral zone structures.

Gross euhedral structures formed by groups of
interconneéted, undulose zones. The central
grain also contains several euhedral zones proper.
Note that the inclusion concentrations occur in
several discrete zones,

Euhedral to subhedral zone structures character-
ised by a central zone which exhibits a distinctly
brownish colour and a rough surface texture.
Arrows indicate grains in which the central region
cantains a separate assemblage of euhedral zones.

Truncation of euhedral zones reflecting changes
of growth habit. The same zone orientations
are truncated at several different levels in
the zone segeunce, and the habit changes were
cyclic. Note that both extremities of the
truncation surface marked T intersect the same
grain boundary,

Electron micrograph illustrating the terminal
boundaries of discrete eubedral zones, and the
overall planarity of the truncation surface.
(The grain boundary is the dark escarpment
trending horizontally). Note also the sharp
definition of the euhedral zone boundaries.
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and is referred to as an anhedxal_zone, or aphedral

reqion.

By far the most common zone structures are those
composed entirely or almost entirely of euhedral zones
(Plates 4,37, 4.38, 4.39). The zone boundaries are
nearly always strictly planar, though local irregular-
ities are often developed in the form of minor in-
dentations and interconnecting zones. Where the
grain boundary is euhedral (e.g., at interstices),
euhedral zones arc usually conformable or symmetric-
ally oriented with respcct to the grain boundary (see
for example some of the interstices in Plate 4.37).

In many instances, euhedral zones occupy the entire

grain and occur with a high frequency and/or regular

spacing (Plates 4.38, 4.39). More commonly their
distribution tends to be sporadic, and the width of
the zones variable (Plate 4.37). The number of zones
decreases with decreasing grain size, and in the
smallest grains the number of zones is frequently
reduced to one or two.

There arefzxamples in which euhedral zone
boundaries degenerate to typical anhedral boundaries.,
However, there are-two distinctive modifications of
strictly euhedral zone structures:

(i) Zones with a marked colloform appearance are
produced where bulbous irregularities are super=-
imposed on a grossly euhedral structure (Plate
4,40). Zonal structures of this type coexist ~
with the euhedral zones proper, but occur only
rarely and are always confined to the marginal
region of the largest grains,

(ii) The most frequent modifications of euhedral zones
is illustrated in Plate 4.41. These structures
are difficult to characterise, but essentially
they consist of a number of undulose, semi~-
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continuous sub=-boundaries which tend to be
interconnected and grouped together in the form
of an overall euhedral structure, Coexisting
and strictly euhedral zones are conformable with
the sub~boundary assembly.

There is one other type of euhedral to subhedral
zone structure which is fairly common and merits sep-
arate consideration. Grains in which this structure
occurs (Plate 4.42) are composed of two main parts
separated by a sharply defined boundary whose shape
may be either euhedral or partly subhedral, Where
the central zone is euhedral, its overall shape is
often markedly tabular or lath-like. The central
zone usually occupies more than half the grain and
exhibits a distinctly brownish colour and a rough sur-
face texture. Both components of the grain may be
internally homogeneous, but the interior region fre-
quently contains a separate assemblage of euhedral
zones (see the arrowed grains in Plate 4.42).

The simplest euhedral zone structures consist of
an assemblage of strictly conformable zones (see Plate
4,37, and many of the grains in Plates 4.38, 4.39).
Patterns of this type are modified by the dismissal of

some zone orientations, or by the introduction of new
orientations at one or more points in the structure
(Plate 4.43). New otriehAtations, once introduced,
may become predominant or replaced by earlier orient-
ations. These changes may be cyclic and repeated
frequently (Plate 4.43), or sporadic.

In the interior of a grain it is relatively
unoommon for euhedral zones to be discontinuous. Even
then, the discontinuity is frequently only a local
feature, and does not extend through the entire suc~
cession of zones,- Interior discontinuities appear
in the form of unzoned and irregular bulbous areas






P

Plate 4,45

0 ] Truncated euhedral zone structures,

The truncation surfaces are indicated by the
symbol T.

The truncation surface is confined to the interior
of the grain, and does not transect the entire
succession of zones.

The main euhedral zone structure appears as a
relict in the centre of the grain, and is boxrdered
by two anhedral zones which are the dominant feat=-
ures of the internal grain structure. A few inc=-
lusions occur along the truncation surfaces, In-
distinct zone patterns occur in the anhedral
region at the areas indicated A.

Only some of the truncation suxrfaces are indicated,
but in all grains the main euhedral zone structures
are disconnected from the grain boundaries over a
large part of their perimeter. In several grains
the euhedral zone structures are almost completely
isolated from the grain boundaries, Note the
plane segments of the truncation surfaces in the
areas indicated Tl.

The truncation surface is also delineated by an
array of inclusions, and is itself terminated by a
sequence of parallel sided zones which are conform-
able with part of the main euhedral zone structure.

A few inclusions are concentrated at or near both
truncation surfaces. An irregular zonal structure
in the amhedral region is indicated by the symbol A,

The truncation surface marked Tl is much less dist-
inct than that marked T2. A few inclusions are '
concentrated along the surface marked Tl. A radial
substructure occurs in the area indicated S,
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which transect an otherwise integral zone pattern

(Plate 4.45)., These structures may be complex in
detail, but it is noteworthy that they are not assoc-
iated with offsets or other modifications to the
orientation of the enclosing euhedral zones.

Almost invariably at least some of the zones
comprising an open euhedrsl zone structure extend to
and terminate at the grain boundary. In alarge
number of cases, both extremities of all, or nearly
all, the zones belonging to a single assemblage
terminate at the grain boundary (Plates 4,37, 4.38).
However, there are many instances of intragranular
truncation and the resulting internal grain structure
may exhibit one or a comhination of several different
forms.,

There are some instances where the grain struc-
ture 1s dominated by features associated with the
truncation of euhedral zones. For example, in a
few single occurring grains and small clusters of
grains, the main euhedral zone structures are largely
obliterated and appear as insular relicts which are
almost completely isolated from the enclosing grain
boundary (Plates 4,46, 4.47). From these occurrences,
there is a complete gradation (Plates 4.48 to 4.53)
to the most common case where the truncation surface
occurs close to the grain boundary and isolates a
relatively narrow region which extends for only a
short distance around the perimeter of the grain
(Plates 4.54, 4.55, 4.56).

In grains containing closed euhedral zone
structures, the truncation surface may occur at any
point around the margin of the grain, and its loca-
tion appears to show no preferential relationship to
the internal zone structure. In grains containing
open euhedral zones, truncation is frequently restric-
ted to the lateral regions of the zone structure






Plates 4,51 to 4.56 Truncated euhedral zone structures, The

Plate 4,54

Plate &)

truncation surfaces are indicated by the symbol T.

A sequence of conformable zones is superimposed on
the truncation surface. The innermost zones are
undulose, corresponding to the shape of the trunc-
ation surface, but the outermost zones are euhedral
and conformable with the main interior zone struct=-
ure.

The surfaces marked Tl exhibit an overall planar con-
figuration, but also contain a number of small in-
dentations. The surface marked T2 is composed of

and coexists .
several cuspate segments,with a plane grain boundary.

The euhedral zone structures are truncated on both
sides of the grain boundary, and broadly conform=-
able zones are superimposed on the truncation sur-
faces in the anhedral region.

The euhedral zone structure in the central grain is
truncated along a plane surface which coexists with
an irregularly shaped grain boundary.

The euhedral zone structure in the central grain is
truncated in both of the lateral regions. Local

segments of both truncation surfaces are approxim=-
ately plane, but the overall shape is irregular., A
radial substructure occurs in the area indicated S,

The main euhedral zone structures are represented
by the indistinct, parallel sided zones in the int-
erior of the central grains. These zones are trunce~
ated by surfaces which are mainly composed of a
number of plane segments., Note that the inclusion
concentration indicated I is transected by a grain
boundary and exhibits a sharply defined, angular

'éhape.
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(Plates 4,52, 4.53, 4.55),

The truncation surface itself is nearly always
sharply defined and is sometimes delineated along
part of its length by small concentrations of inc~
lusions (Plates 4.46, 4.48, 4.49, 4.50). In a few
instances, the truncation surface is indistinct, and
at some of the euhedral zones which it intersects
the terminal boundaries may be difficult to locate
(see the surface indicated T, in Plate 4.50).

The morphology of the truncation surface is
characteristically irregular or undulose, but there
are a few instances where the surface configuration
is almost perfectly plane. Irregular truncation
surfaces tend to show their maximum development
when the euhedral zones are terminated well within
the interior of a grain, and are typical of the
euhedral zone structures which have been reduced to
insular relicts (Plates 4.46, 4.47). Irregular
surfaces also occur close to the grain boundary
(Plates 4.49, 4.50), but there is a fairly general
tendency for the morphological irregularities to
become less marked as the truncation surface
approaches the grain boundary and becomes less ex-
tensive (compare Plates 4.46 and 4.53, and also the
surfaces marked T, and T, in Plate 4.52). Irregular
surfaces are characterised by cuspate forms, and by
blunt or sharp embayments or protrusions; local
segments of the surface may be remarkably planar
(see the surfaces indicated T; in Plate 4.47).

Many truncation surfaces close to the grain
boundary exhibit an overall planar configuration.
Usually the gross planarity is disrupted by minor
indentations or protrusions (see Plates 4.53, 4.55
and the surfaces indicated T; in Plate 4,52), In
a few instances the plane configuration is maintained
over the entire surface (Plate 4.54)., Electron
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microscope observations on one specimen indicate
that the terminal boundaries of the euhedral zones
are plane and parellel, and are aligned along an
almost perfectly plane surface (Plate 4.44). Thus
there is no structural distinction between the plane
surfaces which truncate euhedral zone structures
near the margin of a grain and those which truncate
the same structures in the grain interior, where new
zone orientations are superimposed on the truncation
surface (Plate 4.43).

There are also a few cases where the interior
euhedral zone structure is reduced to the form of a
few isolated zones which are truncated by an exten=-
sive surface composed of several plane segments,

The truncation surface may degenerate by developing
local irregularities, but its overall form is basic~
ally euhedral (see the surfaces indicated T in

Plate 4.56). The comparatively marked euhedralism
of surfaces of this type suggests that it is probably
more significant to regard the truncation surface as
an integral part of the main euhedral zone structure,
rather than as a separate entity in itself.

Since most truncation surfaces are either
irregular or undulose, the region intervening between
the grain boundary'«dnd the truncatiom surface ‘is
referred to as anhedral zone, or anhedral regien.
Apart from occasional inclusion concentrations, this
zone is usually homogeneous (see for example Plates
4,47, 4.52, 4,54, 4.55, 4.56), However, the anhedral
region sometimes contains a separate zonal pattern.
In most grains this pattern is irreqular or indistinct
(see the areas indicated A in Plates 4.46, 4.49), but
there are a few instances where the zonation of the
anhedral region is conformable with the truncation
surface, and may even be combined with a set of
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euhedral zones whish are conformable with the main
interior zone structure (Plates 4.51, 4.53). In
some grains the anhedral zone does not extend com=-
pletely to the grain boundary, and the truncation sur-
face is itself terminated by a second truncation sur-
face, or by an assemblage of euhedral zones which are
conformable with the main interior zone structure
(Plate 4.48). '

In the description presented above the main
object has been to extract the principal relationships
between the predominant types of zoning. The most
important aspect of the overall zonal assemblage is
the distinction between a predominant, interior,
euhedral zone structure, and an exterior and essent=-
ially discontinuous anhedral zone. In large grains
this simple two~fold structure is often modified by
local superposition of additional groups of zones.
However, as the grain size decreases there is a
marked simplification of the zone structure. The
simple two-fold structure is most prevalent in grains
of intermediate size, but even here there is‘a large
proportion of grains in which the entire zonal
structure consists of an integral assemblage of
euhedral zones, In the smallest grains the exterior
anhedral zone is nearly always completely absent.

Zone structures are a record of the growth
history of single grains, and reflect the sequence
of compositional changes which occurred during the
growth event, Euhedral zone boundaries can be
interpreted as representing the free surface of
grains at different stages of growth. By analogy
with the euhedral shape of single crystals in hydro-
thermal veins, it is reasonable to assume that
euhedral zones have rational crystallographic
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orientations which correspond to either cube,
pyritohedral oxr octahedral planes. Because of their
conformable or symmetrical relationship, the euhedral
surfaces of grains exposed at interstitial sites is
equivalent to similar, internal zone boundaries,

The succession of euhedral zones indicates that the
preferred growth planes are not always the same at
different stages of growth, The various combinations
of mutually truncating euhedral zones can be inter-
preted in terms of growth habit.changes.

Since the size of a crystal increases with time,
the smallest zones will be located closest to the
nucleus, This generalily means that the bulk growth
direction of a grain is determined as the direction
in which the zone perimeter increases. However, in
the case of open zone structures, the site of the
nucleus is unknown and consequently this criterion
can lead to an incorrect conclusion, The local
growth direction (which is the only direction that
can be estimated from ncctional observations) corres-
ponds to the direction in which the zone structure
shows an overall convexity.

The intexpretation of truncation surfaces and
anhedral zones is much moxe difficult. Truncation
surfaces assoclated with conformable or homogeneous
overgrowths may represent a progressive change to
conditions during ‘the main growth event, where
accretion on low-index lattice planes was no longer
favourable, This could become possible when growth
is rapid, or may even bccome necessary when the growing
grain replaces a host matrix whose dissolution deter-
mines the sites at which n2w matexial can be deposited.
The morphological features associated with irregular
truncation surfaces strongly suggest that the surface
configuration was derived by leaching. If this 1is
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so, then the anhedral zones represent retrogressive
stages in the main growth event, and their relation-
ship to euhedral zone structures can be interpreted
in the following way: (1) growth of euhedral graing,
followed by (2) marginal dissolution of these grains,
followed by (3) rejuvenation of growth with or with-
out further compositional variations. If repetitive
growth and leaching is admitted, then even the most
complex growth structures can be accounted for in
terms of this basic sequence of events,

The effects of non-supergene leaching in produc-
ing macroscopic pore spaces in the massive ore are
both widespread and penetrative (see sect. 3.2,5 and
4.6.2). The importance of this phenomenon suggests
that intermittent periods of active dissolution
might be closely associated with the depositional
process, It is perhaps even necessary to suppose
that conditions sustaining constant growth could not
have been maintained during a prolonged depositional
history, or at all points within such a large volume
of ore as that contained in the San Dionisio lode.
Equilibrium conditions are not likely to pexrsist for
long periods of time, and where large volumes of ore
are concerned, it seems highly probable that many of
the fluctuations which determine the equilibrium dis-
placement will be local. Under these circumstances,
it is reasonable to suppose that growth and leaching
proceeded simultaneously at different points in the
lode.

The relative frequency of closed and open zone
structures cannot be easily established because the
two types coexist in single grains, where they have a
continuously variable incidence. In the fine grain
size range closed zones tend to predominate. In
the intermediate and coarse range, the trend illust-
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rated in fig. 4.3 1is well developed., Closed zone
structures are least prevalent and tend to be con-
centric about the centre of the grain. More fre-
quently a considerable part of the grain is composed
of open zones, and the centre of the closed zone
structure is displaced towards the grain boundary.
Assemblages composed entirely or almost entirely of
open zones are the commonest. Since the zone
structures are three-dimensional features, their
appearance in section is subject to an orientation
effect. If this is taken into account, then the
relative incidence of the three main structures
shown in fig. 4.3 can be interpreted as indicating
that each grain contains a set of closed zones,
whose centre - the growth nucleus -~ is significantly
displaced towards the grain boundary. In the fine
grain size range, where closed zones tend to predom=-
inate, the growth nucleus coincides with the grain
centre.

The probability that single grains were nuc-
leated at more than one site is clearly unlikely,
though a mechanism of highly controlled nucleation
(governed by a pre-existing lattice structure for
example) could allow this to occur. The occurrence
of anhedral zones, which sometimes contain an indep-
endent zonal assemblage, does not necessarily imply
contemporaneous multi-site nucleation, since the
anhedral zone can reasonably be intexrpreted as an
overgrowth (see above). Complex zone structure can
also be explained without the necessity of invoking
multi-site nucleation. Even where the complexities
are marked, an overriding or gross structure can be
discerned, and this structure indicates the integrity
of the grain as a whole. The increasing complexity
of internal structure with increasing grain size can
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be reasonably interpreted in terms of the growth
history alone. If the larger grains are assumed to

have
have

grown for a longer time, then these grains will
been subjected to more of the total changes in

the depositional environment. The increasing
variability of the growth conditions will be reflec=
ted as an increase in the complexity of the grain

structure.

that
(i)

(ii)

Three other features substantiate the conClusion
gach grain is an integral growth unit.

Open euhedral zone structures tend to be symmet-
rically related to the overall grain shape. For
example, a central zone sector is frequently
bordered by lateral sectors whose boundaries are
equidistant from the grain boundary. Alternat-
ively, there may be only two lateral sectors,

and in this case their boundary tends-to divide
the grain into two symmetrical halves. If the
grain shape is elongate, the boundaries between
the zone sectors are approximately parallel to
the grain elongation. These features strongly
suggest that the complete volume of material
which originally accreted to the zone structure
is now contained within the enclosing grain
boundary.

The observed high incidence of open zones may
not be respresentative of the number of these
structures which would actually be associated
with a closed structure, if closely spaced zones
were manifest over the entire surface of observa-
tion. Where there are no compositional varia=
tions, no zones appear., Hence, if the nucleus-
is not located immediately at the grain boundafy,
the chance of observing closed structures becomes
increasingly small as the distance between the






Plate 4.58

Plates

Aggregate showing inclusions concentrated at
the nucleus regions of the grains and along
certain euhedral zones.

Part of the aggregate contains a high and
fairly uniform inclusion density, and is separe
ated from a relatively inclusion-free area by

a sharply defined boundary. The inclusion
concentration appears to be superimposed on the

granular structure since several of the grain
boundaries transgress the contact between the
areas of high and low inclusion density.

0 Radial substructures defined by
groups of alternating grooves and ridges which
trend at right angles to,and transgress the
euhedral growth zones. In Plate 4,60 several
of the growth zones are slightly tilted between
adjacent grooves or ridges.
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nucleus and the first compositional variation
increases. Thus there is always a tendency to
underestimate the number of grains which
potentially have closed structures and whose
integrity is therefore directly established,

(iii) Inclusion concentrations frequently show a
strongly preferred distribution in single grains
(see the following sub-section). In many
instances, the inclusions are also closely re=
lated to the zone structures. Where the latter
are difficult to interpret, it is probably
reasonable to infer the integrity of the grain
structure from the fact that the inclusions are
frequently concentrated in small groups which
are isolated within the grains and do not trans=
gress the grain boundaries.

B Inclusions

The composition of inclusion particles is diffi-
cult to establish, especially where they are small
and below the limit of optical resolution. Many of
the large inclusions reflect light and therefore con-
sist of solid particles (Plate 4.36). Among these,
sphalerite and pyrrhotite and/or bravoite, bave wide=
spread occurrence, However, the majority of inclus-
ions appear black in polished section and can safely
be regarded as surface pits (sec for example Plates
4,57 to 4,60), the significance of which is not fully
understood.. These pits may represent real voids, or
the former sites of solid particles which have been
removed during polishing, The density measurements
desribed in sect. 6.2 indicate that most of the micro-
scopically observed pore spaces are real, thus suggest-
ing that the inclusions are vcidal. Small inclusions
are equant and their shape is spherical (see for



84

example Plates 4.59, 4.60), or approximately square.
Large inclusions exhibit sub-spherical (Plate 4,58)
and strongly elongate (Plate 4.59) shapes, but are
usually fairly equant or irregular (Plate 4.57).

In local parts of polygranular aggregates, the
inclusion concentration is frequently distributed
with more or less uniform density. That is, the
distribution of %nclusions is largely independent of
the granular structure, and areas of high and low
concentration transgress the grain boundarges (see
for example some parts of the aggregate in Plate 4.11).
However, strictly uniform distributions are extremely
uncommon, and thexre is nearly always a distinct
tendency for inclusions to concentrate in local high
density groups - denoted inclusion arrays - which
coincide with single grains (see for example Plates
4.9, 4.12, 4.14, 4.21). Where the inclusion arrays
are sharply defined, they nearly always occur at or
near the basal region of open zone structures, and
at the centre of closed zone structures - i.e.
inclusions are preferentially concentrated in the
nucleus region (Plate 4.57). In some instances,
high inclusion densities delineate part of the intern-
al zone structure (Plates 4.41, 4.57).

Apart from the typical intragranular inclusion
arrays, polygranular aggregates also exhibit one
other special type of inclusion distribution. In
these occurrences part of the aggregate is compara=-
tively free of inclusions and is separated from a
high inclusion density area by a sharply defined
boundary which is either plane or composed of several
plane segments (Plate 4.58), The inclusions in
different grains in the high density area make up a
combined and substantially uniform assemblage which
appears to be superimposed on the overall grain
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structure. Similar inclusion-rich areas sharply
distinguished from the surrounding aggregate also
occur at a much smaller scale than that illustrated
in Plate 4.58. For example, the inclusion concen-
tration indicated in Plate 4,56 appears to be super-
imposed on the grain structure and exhibits a sharp,
angular boundary.

C Radjal S

Zoned grains are sometimes characterised by the
substructures illustrated in Plates 4,59 and 4,60.
On etched surfaces the substructure is manifested by
numerous undulose or strictly linear grooves and
ridges which trend at right angles to,and transgress
the euhedral zone boundaries, The grooves and
ridges are arranged in groups which are usually con-
fined to the central part of the zone sector and
which increase in width towards the grain boundary.
In single grains the substructure is nearly always
restricted to areas of high frequency zoning and
generally does not extend either to the centre of
the grain or to the grain boundary. In most inst-
ances the zone boundaries are not offset or otherwise
reorisnted (Plate 4.59), but in a few cases the zones
are slightly tilted between adjacent grooves or
ridges (Plate 4,60),

The substructures indicated in Plates 4,50 and
4,55 are also manifested as alternating grooves and
ridges, but in these occurrences the radial arrange-
ment is incompletely developed and the linearity of
the surface markings is more pronounced, The grooves
and ridges are characteristically parallel in differ-
ent parts of the grain and intersect the zone bound-
aries in two or more sectors at oblique angles.

The groove and ridge structures described above






Plate 4,61

Aggregate showing the marked grain size uniformity
and the layering structure of the foliate fabrics.
The grain shapes are difficult to discern at this
magnification, but the long axes of the grains are
oriented approximately parellel to the discontin-
uous coarse grained bands.

The adnranato chhum hara
aoraaata chown neT
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sample in which a relatively coarse grained band

defines a similar-fold structure; the lamination
in the foliate fabric is parallel to the axial

plane of the fold,

Plates 4,62 and 4.63 Foliate aggregates showing distortion

of the layering structure at large and small
scale irregularities in the configuration of the
boundary surface between the foliate and massive
fabricsg,
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cannot be interpreted in terms of translation or
twin gliding pkenomena, since they are rarely assoc=
jated with reorientation of the euhedral growth
zones, Even if the observed tilting effects (Plate
4.,60) were derived mechanically, the bulk deforma-
tion of the grain is obviously insignificant, It
seems most likely that the radial substructures are
primary growth features and correspond to the lineage
structure reported by Smith (1942),

oli Fa
Aggregates in which the component grains are elongate and
exhibit a preferred dimensional orientation are disting-
uished as foliate fabrics, (Plates 4.61 to 4.66).
Comnarativaly homogeneons agaregates. such as that shown
in Plate 4.61, are known to extend continuously over at
least the area of a convential polished section. Oriented
samples indicate that the grain elongation of the foliate
fabrics is parallel to the regional slaty cleavage
orientation (sect. 3.2,2).

Apart from the preferred orientat ion of the elongate
grains, some type of banding is always developed in the
foliate fabrics, and trends parallel to the grain elonga-
tion, A well defined layering is frequently manifested
by the lenses and hends composed of substantially equant
grains (Plates 4.61, 4.64). A lamination may also be
defined by grain size changes in the elongate grains them=-
selves; these changes are usually fairly eontinuous, and
the banding correspondingly vague (Plates 4.63, 4.64).

The shape of small-volume foliate aggregates is
elongate and confommable with the average grain elongation,
Where the aggregate contains only a few or a few tens of
grains, its form is distinctly lenticular, These occurr-
ences grade into more extensive bands, which may be either
undulose or comparatively irregular, Disseminated lentic-
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ular aggregates commonly represent an observable trans=-
ition between an entirely massive aggregate and an entire-
ly foliate aggregate, Undulose bands, only a few grains
wide, may extend over distances of several millimetres,
and are frequently linked with neighbouring bands or small
lenses., Groups of interconnected lenses and bands may
occupy broadly conformable zones up to several millimetres
wide and with unknown extension parallel to the zone.

The transition from foliate aggregates to the enclos-
ing massive fabric may be gradational, by decreasing grain
elongation and/or decreasing incidence of elongate grains,
but is generally abrupt, When the boundary is sharp,
there is always a conformable relatiomship between the
boundary orientation and the local direction of grain
elongation. ‘Away from the marginal region, the orienta-
tion of the layering structure in the foliate fabric is
usually constant, and although the lamination is generally
parallel to the overall trend of the boundary, there are
no undulations corresponding to the details of the boundary
configuration, As the marginal region is approached, the
orientation of the layering structure becomes increasingly
distorted, and exhibits marked flexures which are correl-
able with irregularities in the boundary surface (see
Plates 4.62, 4.63 and the lower left corner of Plate 4.64).
The orientation of the grain elongation is nearly always
distorted where the morphological features of the boundary
surface are developed at a relatively large scale (Plate
4.63)., Detailed boundary irregularities, due to single
grains or groups of grains projecting from the neighbouring
aggregate, are less frequently associated with noticeable
flexures in the layering structure. However, in several
instances the grain elongation is distorted at even the
smallest irreqularities (see Plate 4.62 and the lower left
corner of Plate 4.64). It is noteworthy that in some
occurrences the flexure of the layering structure is
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Foliate Fabrics

Plates 4,64, 4,65 and 4,66 Aggregates showing the
detailed microstructure of the foliate fabrics.

Plate 4,64 The layering structure defined by the grain
elongation- is enhanced by subtle grain size
variations, and by elongate clusters of
comparatively equant grains.

Pla E) Aggregates illustrating the range
of shapes exhibited by the elongate grains,
the simple euhedral zone structures and the
low density of inclusions.
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related to projecting grains which exhibit euhedral or
subhedral terminations (Plate 4.,62).

In comparison to the massive fabrics (where the grain
diameters range up to 1 or 2 cm,, and the commonest grain
size is approximately 10 to 100 microns), the grain size
in the foliate fabrics is extremely uniform and much
smaller, Grain widths range from 1 or 2 microns up to a
maximum of approximately 1O microns, and most grains are
approximately 5 microns wide. The average grain elonga=-
tion is estimated at about 2:1. Many grains are equant
or only slightly elongate (see for example Plate 4.65),
but in some fabrics the grain elongation is abnormally
marked (Plate 4.66), and reaches a maximum where the
axial ratio is about 5:1,

The range of shapes exhibited by the elongate grains
are illustrated in Plates, 4.65 and 4.66. Most grain
boundaries are plane or gently curved, and fine scale
searrations are absent. The comparatively regular grain
shapes shown in Plate 4.65 are by far the most common,
Those illustrated in Plate 4.66 are characterised by pro=-
trusions or tenuous extensions which frequently tend to
transgress the layering structure.

The internal structure of the elongate grains is
effectively the same as in grains of similar size in the
massive fabrics. Growth zones are predominantly euhedral,
and are rarely truncated by anhedral zones (Plates 4.65,
4.66). Zone frequency decreases with decreasing grain
size, and the smaller grains contain only one or two dis-
crete zones. Many zone structures are symmetrically
oriented about one of the grain axes, and structures com-
posed mainly of closed zones tend to be concentric about
the grain centre, The density of inclusions is low, but
in many instances one or two inclusion particles occur at
or near the nucleus region of the grain (Plates 4.65, 4.66).






Vein Aggreqates and Colloform Structures

Plate 4,67 Vein composed-of two opposing layers of sub-
equant grains. The growth zone patterns in
the component grains of both layers are similar,
In any two adjacent grains there is nearly
always at least one equivalent zone which is
continuous across the grain boundary.

Plate 4,68 Closed colloform structures consisting of
homogeneous or multi-layered spheres enclosed
by successive botryoidal layers.

Plate Open colloform structure consisting of a
conformable sequence of botryoidal layers,
The arrow indicates a coexisting closed collo=-
form structure.

Plate 4,70 A colloform layer showing the identity of
growth zone patterns in different grains,
and the continuity of equivalent zones along
thes length of the layer.
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Velin Adagregates

Many samples of ore contain narrow, relatively coarse
grained bands of ' "ite which arc composed of two symmet-
rical layers (Plate 4,67). The orientation of the
intragranular growth zones indicates that the grains in
each layer were nucleated at the margin of the band, and
grew towards its centre, Bands of this type are referred
to as veins, and are essentially transgressive features,
exhibiting irregular or undulose orientations,

The outer margin of a vein may be gradational to the
host fabric, or marked by a sudden change in grain size
(Plate 4.67) or by discontinuous aggregates of abnormally
fine grained pyrite. In most instances the central
region is voidal and defined by euhedral terminations of
the marginal grains (Plate 4.67).

The microstructure of the layers composing each of
the vein walls is extremely variable, In the simplest
veins (Plate 4.67) each layer is only one grain wide, and
the grain shapz may be either equant or elongate. More
complex veins are composed of several layers of grains
which may differ in their shape, size, internal zone
structure or inclusion density.

Despite the overall complexity of the shape or layer-
ing structure in many veins, the component grains in each
layer always exhibit distinctive growth zone patterns.
The main features of a particular pattern of zoning are
repeated in adjacent grains over the entire length of a
vein, but the details of the pattern often show minor
changes due to the progressive dismissal or introduction
of discrete zones, The structure of eachlayer in the
vein is characterised by longitudinal continuity of the
growth zone structures, That 1s, at least some of the
equivalent zones in a particular pattern intersect at the
grain boundary betwcen ncighbouring grains. The same
discrets zone is usually not continuous over more than a
few grain diameters, but the structure of the layer is
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such that in any two adjacent grains there is nearly
always at least one equivalent zone which is continuous
across the grain boundary. These features are illust-
rated in Plate 4.67 where the equivalent zones are mani-
fested as discrete euhedral bands of similar reflectivity,
thickness or relief.

Colloform Structurcg

Colloform structures were observed in a few samples of ore,
and even here their distribution is localised. The

pyrite grains composing these aggrcgates are frequently
characterised by a brownish colour and a rough surface
texture.

Two types of colloform aggregate can be distinguished:
Closed colloform structures consist of discrete spherical
aggregates which are clustered together and enclosed by
successive botryoidal layers (see Plate 4.68 and the
arrowed structure in Plate 4.69). The spheres are either
composed of a simple assemblage of radially arranged
elongate grains, or are multi-layered, in which case the
component grains of different layers are distinguished by
difference of size, shape, elongation or internal struce
ture.

Open collofoxm structures appear as a conformable
sequence of botryoidal layers which extend more or less
continuously over distances ranging up to at least approx=-
imately a centimetre (Plate 4.69). The layering sequence
is defined by microstructural variations similar to those
in the multi-layered colloform spheres.

In both closed and open colloform structures, there is
always at least one band in the layered succession whege
the component grains exhibit distinctive euhedral growth
zone patterns (Plate 4,70). Equivalent zones in adjacent
grains intersect at the grain boundary, and the continuity
of the zones along the length of the layer is even more






Plate 4,71

Other Special Microstructures

Ultra=homogeneous, fine grained pyrite aggregate
containing lenses of sphalerite (low=reflecting)
and a few large, subhedral grains of pyrite
(high~reflecting).

Electron micrograph showing the indistinct
granular structure on etched surfaces of the
ultra=homogeneous pyrite aggregates.

Heavily etched, multi-layered structures
showing spherisal and elongate shapes. The
centre of the large sphere and the matrix are
composed of ultra-homogeneous pyrite. The
high=reflecting layers contain relatively large
grains which exhibit euhedral growth zone
structures.
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marked than in the vein aggregates described above
(Plate 4.70).

) Specia i S e

One sample of ore collected from mear the upper contact of
the lode contained extensive laminar and curved bands of
ultra~homogeneous pyrite (Plate 4.,71), the microstructure
of which is not properly known. Direct electron micro=-
graphs reveal an indistinct granular fabric, but details

of the grain shape, internal structure and packing cannot
be recognised (Plate 4,72). The low-reflecting eentres
observed by optical microscopy suggest that the aggregates
contain considerable porosity.

Many of the aggregates described in 4.5.1 contain poly-
granular lenses of sphalerite and chalcopyrite (Plate 4.71).
These lensés have a preferred orientation parallel to the
trend of the containing band, and exhibit finely serrate
boundaries,

The homogeneous aggregates described in 4,5.1 grade into
and constitute part of milti-layered spherical and ellip-
tical structures (Plates 4,73, 4.74). Other layers in
these structures are composed of radially arranged, equant
or elongate grains, and the grains in some layers contain
euhedral zone structures,

Sub-angular banded structures (Plate 4,75) are frequently
associated with the aggregates described in 4.5.1. Some
of these structures appear to be randomly distributed,
whilst others are strictly confined to certain zones in the
host fabric. The banding (Plate 4,76) in different struc-
tures is nearly always discordant to local banding in the
matrix and is defined by abrupt and gradational grain size,
grain shape and porosity changes.

Fine grained aggregates closely allied to those described
in 4.5,4 occupy sharply defined elongate structures whose
boundaries are typically curved and undulose (Plate 4.77).






Plate 4,74

Other Special Microstructures

Multi-layered elliptical structures containing
coarse grained layers (high-reflecting), but
composed mainly of ultra=-homogeneous pyrite.

Plates 4,75 and 4.76 Sub~angular structures composed of

Plate 4,77

fine grained pyrite. Definition of the
internal banding is mainly due to changes in
pore space density. The microstructure of
the pyrite aggregate 1is partly evident in
Plate 4,763y in this illustration a coarse
grained vein intervenes between two adjacent
structures.

Elongate structures composed of fine grained
pyrite. The internal microstructure is sim=-
ilar to that illustrated in Plate 4.,76.
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These structures are fairly common and widespread., They
always occur in laminar zones and exhibit-a preferred
orientation parallel to trend of the zone.

Coarse grained aggregates occupying bands which define
fold structures exhibit growth features which are worthy
of separate mention. The microstructure is usually
characterised by a preferred orientation of the grain
boundaries at right angles to the boundary surface of the
folded layer. The dependence of grain structure on the
configuration of the layer is best illustrated by the
radial arrangement of elongate grains in the crests of
folds (Plates 3.18, 3.19). The orientation of internal
zone structures, or the elongation of the grains, indicates
that the predominant or only growth direction was approx-
imately at right angles to the boundary of the folded
band, In all cases at least one of the boundaries was a
major nucleation surface for the subsequent growth,

Structure of Intexrstitial Sites in Pyrite Aggregates

Fully dense, monomineralic pyrite aggregates do not
generally persist over distances of more than a few tens

of grain diameters. Larger volumes of pyrite contain
interstitial regions which may be either voidal or occupied -
by another mineral (principally chaleopyrite and sphalerite).
There are two types of interstitial sites, namely, euhedral
interstices, which are primary growth features, and leached
interstices, derived by later- . dissolution.

Eubedral Interstices

Euhedral interstices are defined by euhedral terminations

of tha marginal pyrite grains, and are an integral part of
all fabric types. The interstitial sites are disconnected
and their separation, which increases with increasing

grain size, is usually in the aeder of a few to a few tens

of grain diameters, Typical examples of the density and
distribution of euhedral interstices are shown in Plates






Plate 4,78
Plate
3 4,80

Eubhedral Interstices

Simple, euhedral interstice, partly occupied
by chalcopyrite. A wide growth zone occurs
near the free faces of all the marginal grains,
and is continuous across each of the grain
boundaries.

Additional-growth, euhedral interstice (voidal).
The marginal grains exhibit distinctive growth
zone patterns near their free faces, and
equivalent zones are continuous around almost
the entire perimeter of the void.

Complex, euhedral interstice, partly occupied
by chalcopyrite. Distinctive growth zone

patterns are continuous around the upper and
lateral margins of the interstice.
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4,10, 4,11, 4,13 and 4.19.

Voidal or occupied euhedral interstices can be |

grouped into three main categories:
(1) Simple Intexnstices are distinguished where the size

(2)

(3)

of the grains at the margin of the in3arstice is
approximately the same as the average grain size in
the surrounding aggregate, Several typical examples
are illustrated in Plate 4.10, and the detailed
microstructure at the interstitial site is shown in
Plate 4.78, Since the size of the marginal grains
is approximately the same as the grain size in the
compact aggregate, the interstitial site must have
formed at substantially the same timethatthe surround-
ing aggregate became fully dense.

Additional=Growth Interstices are distinguished where
the size of the grains at the margin of the inter-
stice are noticeably greater than the average grain
size of the surrounding aggregate. Interstices of
this type are illustrated in Plate 4.13, where a
number of volds are preferentially centered at the
coarse grainced clusters, and in Plate 4.79. The
increased grain size associated with the margin of
the interstice is taken to indicate that considerable
amounts of growth occurred at the free grain surfaces
after the surrounding aggregate became fully dense.
The period of additional growth is also represented
by one or more growth zones which occur near the
terminal regions of the marginal grains but which do
not appear in the compact aggregate (Plate 4.79).
Where the overgrowth layer is substantial, the margin-
al grains tend to be elongate and radially arranged
(Plate 4.79). The transition from the grain surfaces
Wwnkh form the initial margin of the interstice to the
overgrowth layer is frequently accompanied by a
growth habit change,

Complex Interstices occur where the boundary of the
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interstitial region is defined by the margins of
grains belonging to a number of independent clusters.
The shape and degree of impingement of these clusters
may take many different forms, and the microstructure
of particular interstices is correspondingly variable.
An example is illustrated in Plate 4.80 where a

large void is almost completely surrounded by groups
of grains belonging to sub=spherical growth
structures.

Interstices of the simple and additional growth
types range in size from a few microns up to several times
the average grain size in the surrounding aggregate, A
large number of these interstices have dimensions which
are similar to, or greater than the average grain size.
The overall dimensions of complex interstices are con-
trolled by the impingement of independent grain clusters,
and are considerably greater than the average grain size.

Euhedral interstices are characterised by the
occurrence of distinctive patterns of growth zoning near
the free faces of the marginal grains (Plates 4,78, 4.79,
4.80). Similar or identical patterns are repeated in
adjacent grains, and the equivalent zones in a particular
sequence invariably intersect at several of the grain
boundaries. At many interstices, equivalent zones are
continuous around almost the entire perimater(Plates 4,78,
4.79, 4.80),

4.6.2 Leached Interstices

Leached interstices are most conspicuous as semi=connected
voids which occur in localised patches and discontinuous
bands of megascopic dimensions. These large scale
occurrences are associated with fragment zones and have-
rather special features, already .= . described in sect,
3.2.5. The following descriptions are confined to inter-
stices which are essentially isolated and appear as an






Plate 4,84

ac Interstic

Typical development of leached interstices
(voidal), showing the coexistence of euhedral
grain faces with the characteristic embayments,
projections and rounded surface features.

83 Advanced development of leached
interstices (voidal)., Euhedral grain faces
are absent, and the surface configuration of
the voids is extremely complex. The most
advanced stage of leaching is illustrated in
Plate 4,83 where previously isolated voids
(Plate 4.8%) have become interconnected along
the grain boundaries, leaving only remnants
of the initially compact aggregate.

Lamellar grain shapes associated with pronounced
leaching activity.
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integral part of the microstructure.

The morphological features as@ociated with the inter-
stices illustrated in Plates 4,81 to 4.84 are generally
considered to be indicative of leaching activity in the
supergene environment of sulphide ore bodies. On this
basis it is concluded that the interstices described
below are also indicative of dissolution phenomena = hence,
the term leached interstice.

The typical development - of leached interstices as
observed on unetched polished surfaces (where the existence
of artificial dissolution features can be discounted) is
illustrated in Plate 4.81, Several of the free grain
faces are generally euhedral, but a large part of the
exposed surface is characterised by embayments, delicate
projections, and by a marked tendency for the morphological
irregularities to exhibit rounded shapes. In some
instances, there are no euhedral terminations at the margin
of the interstice, and the configuration of the boundary
surface is extremely complex (Plate 4.82). Interstices
of this type are usually extensive and tend to be inter-
connected along the grain boundaries, At an-advanced
stage, the interstitial volume is predominant; and the
pyrite aggregate is highly dissected (Plate 4,83). 1In
several instances the interstitial regions are associated
with grains which exhibit-distinctive lamellar or rectic~
ulate shapes (Plate 4.84), Where leached interstices are
infilled by other sulphide minerals, the infilling minerals
themselves frequently show leaching effects. Chalco~
pyrite is most susceptible to these effects, and is some-
times associated with covellite and/or bornite.

The frequent coexistence of plane and irregularly
shaped surface configurations at the same interstitial
site suggests that in many instances the leaching effects
were only incipient. For example, it seems reasonable to
suppose that the euhedral terminations which occur at many
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of the interstices shown in Plate 4.8l were retained

from pre-existing euhedral interstices. However, im the
case of lamellar and recticulate grains, which only occur
in regions where an aggregate is leached, there can be
little doubt that the plane grain faces are actually
surfaces of dissolution.

The development of plane and irregular surface
morphologies probably depends on the rate at which the
grain faces are dissolved., At low dissolution rates, the
maximum response to leaching occurs by removal of the
least strongly bonded atoms. Since these are sited at
the grain edges and corners, the latter tend to be removed,
and the effect of thedissolution process is to produce
rounded grain faces. Under the requisite conditions,
high dissolution rates are-achieved by increasing the area
of the dissolution surface, and therefore the total volume
of material available for solution, The removal of grain
edges and corners becomes less important, but embayments
and other irregularities are developed because these
shapes increase the surface area. At intermediate dis~-
solution rates, a compromise is reached whereby leaching
becomes most favourable at a particular lattice plane.
This plane is preferred because of its low stability
compared with other lattice orientations; at the same
time, a relatively large surface area is maintained,
especially where lamellar or recticulate grains are
developed.

It should be emphasised that leached interstices are
equally prevalent in samples of ore taken from both the
upper and lower levels of the lode. In fact, all the
leaching phenomena observed in the massive ore occur below
the zone of secondary alteration, This suggests that the
leaching effects were not produced in a near-surface,
supergene environment, and that they may be connected
with the primary mineralisation itself. In this regard
it is noteworthy that important hydrothermal leaching



4,7

97

activity has previously been recognised in several
sulphide ore deposits, at central or lower levels in the
lodes where the influence of the near-surface environment
can be neglected (Lacy and Hosmer, 1956; Turneaure, 1960;
Sims and Barton, 196l; Barton, Bethke and Toulmin, 1963).
Moreover, as pointed out by Barton, Bethke and Toulmin
(1963, p. 183), several changes caniasonably be expected

to occur in the physiochemical environment of hydro=-
thermal deposition which would lead to the onset of inter-
mittent leaching.

a Ga

In the massive ore the principal accessory sulphide and
gangue minerals are chalcopyrite, sphalerite, tetrahedrite-
tennantite, galena and quartz. These minerals occur
predominantly at euhedral interstitial sites in otherwise
compact pyrite aggregates. Since the boundaries of the
interstices are determined by the growth surfaces of the
marginal pyrite grains, the deposition of the accessory
sulphides must post-date the growth of the surrounding
pyrite aggregate, This conclusion is strictly valid
only in the case of euhedral interstices. However, the
fact that these interstices accommodate most of the
accessory minerals strongly suggests that the general
deposition of these minerals occurred later than, though
perhaps in continuity with, the main pyrite mineralisation.,

None of the accessory minerals shows intragranular
structures resembling those of the pyrite aggregates,
At least in the case of chalcopyrite, which reacts to the
etching process, the absence of internal zoning is almost
certainly a real feature, Sphalerite grains are rarely
twinned, but almost invariably contain oriented chalco-
pyrite inclusions, and in some instances, irregularly
shaped inclusions of an unidentified grey mineral,
Etched chalcopyrite grains frequently exhibit broad twin
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lamellae. Some chalcopyrite grains show diffuse rims,
where the usual pale yellow colour of the mineral acquires
a pinkieh tinge. Other than the properties listed above,
the internal structure of the accessory minerals is
essentially homogeneous.
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CHAPIER O

P E _SPHERES AND ELLIPSE

The special microstructures described in this chapter
are composed of spherical, sub-spherical and elliptical aggreg~
ates of fine to sub-microscopic pyrite grains and are either
equivalent or closely allied to the familiar structures known
as pyrite spheres (see, for example, Love, 1962; Love and
Amstutz, 1966; Kalliokoski, 1966). Although it is generally
agreed that pyrite spheres were derived from a colloidal precip~-
itate, the conventional inference that the initial spheriod=-
isation occurred under the influence of their surface tension
is open to question. Spherical aggregates occur in the massive=-
discrete fabrics, for example (sect. 4.1.1), and the size and
internal structure of these aggregates suggest that they grew
by uniform accretion to a continuously advancing spherical
surface. A similar mechanism, involving the accretion of
colloidal or ionic material, might be applicable in the case of
the pyrite spheres. If this were so, then by analogy, the
development of elliptical structures could be attributed directly
to the initial growth process, and could be explicable in terms
of anisotropic accretion. But if surface tension is the shape
controlling factor, then the elliptical structures must originate
by distortion of pre=-existing spheres.,

Thus, although pyrite spheres and ellipses are estimated
to occupy less than 5% of the total ore, the occurrence of
elliptical structures is obviously important since they may
imply that deformation has occurred, Moreover, even if the
elliptical structures are distorted equivalents of the spheres,
it still remains to decide whether, at the time of the deforma-
tion, the spheres were in a colloidal or a crystalline state,
This question is important because, if the latter case is true,
there could be significant implications for the potential
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mechanical behaviour of the normal massive ore under conditions
of natural deformation.

The object of this chapter is to demonstrate that the
elliptical structures are deformed equivalents of the spheres;
and that at the time of distortion the parent spheres were
still composed of a colloidal precipitate. Although for the

spheres themselves there is no question of deformation, a large
part of the present discussion is necessarily concerned with
the origin of these structures. Conventional interpretations
of the spherical shape are re-~examined in relation to the
internal structure of the spheres, and the full implications of
the microstructure are discussed.

The chapter is divided into two parts; the first contains
most of the description, and the interpretation is presented in
the second part.

PART A  DESCR 0
5.1 Modes of Occurrence

From the genetic viewpoint, spherical and elliptical
structures are quite inseparable, and distinctions relat~-
ing to their degree of distortion do not provide a suit=-
able basis for classification. The occurrence of

elliptical structures has not previously been widely recog-

nised (see, however, Barringer, 1954, p.57), but in fact
their incidence is probably as great or greater than that
of the spheres. The interrelationship of spherical, sub-
spherical and elliptical structures is important from the
genetic viewpoint, and for this reason it is emphasised
in the following description.

(1) Aggregates composed largely or entirely of spheres
exhibit a high degree of packing (Plate 5.1). This

usually involves at least point impingement of neighbouring

spheres; frequently the contact area is much greater, and
the spheres correspondingly distorted. Close~-packed
spheres may occupy volumes contadning up to at least a few
thousand individual structures: the largest continuous






Plate 5.1

Close~packed sphere aggregate showing the

degree of sphericity of single structures and

the normal variation of the sphere size. Note
the tendency for spheres of a particular grain
size to be concentrated in separate groups.

The spheres shown here occur in the centre of

the widest part of the aggregate marked S2 in

Pla 3 a), and grade into the marginal

zone of ellipses shown in the centre of Plate 5,3.

Elliptical structures concentrated near the
margin of the neighbouring coarse grained aggreg=
ate, and showing decreasing elongation away from
the boundaxv region, The area shown here occurs
at the lower margin of the right~-hand aggregate

marked S; in Plate 3,15 (c); ‘the centre of this

aggregate is composed of close-packed spheres.

Zone of ellipses occurring at the margin of the
aggregate whose central region is shown in Plate
5.1. Spherical structures are developed near
the top of the illustration. Note that the
elongation direction exhibits a flexure which is
conformable with the margin of the neighbouring
coarse grained aggregate.

Band of ellipses (low=-reflecting) showing strong
elongation and a high degree of preferred orient-
ation, The identity of single structures is
difficult to recognise since most ellipses have
coalesced with their neighbours, producing a
marked laminar structure parallel to the trend of
the band.
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volumes have average dimensions of more than a centimetrs.

Almost invariably the margin of a sphere aggregate is

sharply defined, and the transition to the enclosing

coarse grained pyrite matrix is correspondingly abrupt.

To some extent the shape factor provides a suitable basis

for distinguishing different modes of occurrence, and it

is largely on this basis that the following descriptions
are sub-divided.

(a) Many aggregates exhibit shapes which are grossly
equant but whose detailed boundaries are characterist-
ically irregular and determined by single grains or
groups of grains projecting from the enclosing coarse
grained fabric. Several disseminated aggregates may
occupy a broadly defined laminar zone, and in some
cases the aggregates themselves often tend to assume
an elongate form. More commonly, however, the
aggregates form extensive complex assemblages which
are essentially transgressive to local structures, such
as banding and ether types of fabric discontinuity.
Elliptical structures are frequently developed near
the margin of an aggregate, and may also persist into
the interior region where they define characteristic
patterns of preferred orientation (see (4) below).
Although the development of elliptical structures may
locally become a dominant feature, they constitute an
integral part of the complex assemblages and cannot
be singled out as an independent mode of uccurrence,

(b) Approximately equidimensional aggregates may have
boundaries which are conspicuously planar, Typical
gxamples are illustrated by the areas marked Sl in
Plate 3.15. The margins of the aggregate are macro-
scopically planar, but at the scale of the micro-
structure they are modified by minor irregularities
corresponding to the grain structure of the enclosing
coarse grained fabric.
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In both of the aggregates shown in Plate 3,15
there is a similar and strongly preferred distribution
of spheres and ellipses. A semi=-continuous zone of
ellipses up to approximately 20 diameters wide oceurs
along the boundary against the host fabric, The
remaining parts of the aggregates are composed of
spheres, and these show gradational shape changes to
the most strongly distorted ellipses which occur
immediately against the host fabric. The micro=
structure of the marginal zone of ellipses is shown
in Plate 5.2. Close to the margin of the host
aggregate the long axes of the ellipses are parallel
to the overall trend of the boundary, and frequently
show inflexions which are correlable with the details
of the boundary morphology.

Discrete, irregularly shaped aggregates-are illust=-
rated by the area marked S, in Plate 3.15. These
aggregates are distinguished separately, but exhibit
properties (notably irregularity and the local devel-
opment of plane boundaries) in common with those
described in (a) and (b) above. Their shape is
characterised by tenuous interconnections and marginal
apophyses. Especially near their exteemeties, the-
apophyses become partly or completely discontinuous,
and exhibit sharp constrictions which result from
local impingement or near~-impingement of coarse
grains in the surrounding fabric.

The central, and largest part of these-aggregates
is composed entirely of spheres (Plate 5.1). At
some places these extend to the margin of the aggre-
gate, but there is generally a marked development of
ellipses over most of the boundary region (see the
zone immediately above the coarse grained host aggre-
gate in Plate 5.3), The long axes of the ellipses
are conformable with the boundary of the aggregate,
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and show inflexions at minor irregularities, and
especially at constrictions.

(d) Semi-continuous aggregates of spheres sometimes
comprise a matrix to single or small groups of coarse
grains.

(e) Spheres are sometimes grouped together in narrow
bands which are only 2 or 3 diameters wide, but which
may extend over distances of several tens of diameters.
These bands may be conformable or transgressive to
the surrounding structures, and ellipses are often
developed locally.

(f£) Occasionally small groups of spheres are immediately
surrounded by radially arranged grains whose internal
zone structures indicate a preferred growth direc¥ion
away from and at right angles to the margin of indiv=
idual spheres. The growth of the marginal grains
post-dates the deposition of the spheres, and their
comparatively large ¢iz2 and gradational transition
to the host fabric suggest that they are an integral
part of the latter.

(2) Singly occurring spheres are rare, and are always
closaely associated with larger groups of either spheres or
ellipses. Disseminated groups containing one to a few
spheres occasionally occupy interstitial sites in coarse
grained aggregates (Plate 5.,19), and in a few instances
single grains of pyrite actually enclose isolated spheres.

(3) Aggregates composed largely or entirely of ellipses
occur in a wide variety of banded structures. In many of
these aggregates the ellipses are strongly elongate and
tend to coalesce, Where the elongation is extreme the
structure of the aggregate exhibits a marked laminar
appearance (Plate 5.4). The trend of a band may be con-
stant or undulose, but in all cases its orientation is-
broadly conformable with the local layering structures.
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Band widths vary from 1 or 2 ellipse diameters up to
several tens of diameters, but the full longitudinal ex=-
tension of the widest bands is unknown.

In all cases the long axes of the ellipses are oriented
parallel to the trend of the containing band. However,
in the marginal regions of the bands two orientation
relationships can be distinguished. (a) Where discrete
grains belonging to the host £abric project into the
ellipse band and define ‘its margin, the long axes of the
ellipses conform with major orientation changes of the
boundary of the band, and frequently show inflexions which
are correlable with minor irregularities. (b) In several
occurrences the margin of an ellipse band is defined by a
continuous rim of grains whose zone structures and radial
arrangement indicate that they have grown on already
existing elliptical structures.

(4) Ellipses are frequently grouped in narrow bands which
define fold structures, and are oriented with their long
axes parallel to the axial planes of the folds (ses Plates
3.18, 3.19). Where the neighbouring aggregate is coarse
grained, the marginal ellipses are surrounded by clusters
of radially arranged grains (Plate 3.19 (b)). This rela-
tionship indicates that the development of the elliptical
structures pre-dates the deposition of the coarse grained
aggregate.

5.2 a i Sji and C t Grain Si

The size distribution of spheres, ellipses and their com-
ponent grains, and the mode of variation of these factors
in particular aggregates, has not been established on a
statistical basis. The following observations are inten-
ded to draw attention to the range and general mode of
variation encountered.

The commonest sphere sizes fall in the range approx=-
imately 30 to 40 microns. A minimum limit appears to be
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around 10 microns, and the maximum size around 60 microns.
The largest spheres occur with the lowest frequency. The
commonest component grain sizes fall in the range approx-
imately 0.5 to 1.5 microns., The lower limit, determined
by replica electron microscopy, is around 0,2 microns, and
the maximum grain size is approximately 5 microns, Des=
pite the difficulty of estimating sphere size from sect-
ional observations, it is fairly clear that there is a
broad correlation between increasing sphere size and
increasing compenent grain size,

The size range of spheres and ellipses has not been
directly compared on a volume basis, However, visual comp~-
arisong leave little doubt that the volumes of ellipsesfall in
approximately the same range as those of the spheres. The
axial ratio of ellipses shows a continuous variation up to
an unknown limit, and where the ratio exceeds a value of
about 5:1, the-identity of the elliptical form is virtually
lost. Neighbouring ellipses frequently coalesce and give
rise to semicontinuous, parallel bands separated by coarse
grained laminae. In several instances the ellipses co-
alesce over an extensive area, producing a uniform aggreg-
ate which is characterised by a maxked laminar structure
(Plate 5.4).

The distribution of spheres or ellipses of different
size cr different grain size usually does not define any
regular structural pattern in the aggregate as a whole.
However, there is frequently a tendency foxr spheres or
ellipses with different size characteristics to be con=
centrated in separate groups (Plate 5.1),

Packi a T s _of Distortio

(1) Spheres In most occurrences thewe are parts of an
aggregate where the individual spheres are nst in contact
(Plate 5.1). The interstitial space may be voidal or
occupied by another sulphide mineral. At least part of

~ .






Plate 5.5

Sub=-spherical structures showing the typical
shapes developed in close=-packed aggregates,
The large spheres exhibit disordered packing
of their component grains, but ordered grain

arrangements are locally developed in several
of the smaller spheres.

Distorted spheres occurring near the margin
of the coarse grained host aggregate (bottom
of illustration). The structures at the
centre and the upper left exhibit disordered
packing of their component grains.

Part of an extensive band of ellipses showing
the microstructure of the intervening coarse
grained matrix. Note the radial grain arrange=-
ments controlled by the elliptical shapes,

and the continuity of the euhedral growth zone
patterns in the rim grains and in the interior

of ¢he matrix aggregate.

Close-packed spheres of uniform grain size.

The sphere boundaries are not immediately
obvious, and are mainly defined by the different
patterns of grain arrangement in different
spheres,
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this space is frequently occupied by equant or elongate
grains which form rims around the individual spheres
(Plate 5.9).

Most sphere aggregates involve at least point impinge-
ment of neighbouring structures. Usually, however, the
spheres impinge over a considerable area, and are
correspondingly distorted (Plate 5.5). In these circum-
stances, interstices may be completely absent so that
parts of an aggregate are fully dense (Plates 5.1, 5.6).
Where compaction has occurred, the smaller and finer
grained spheres have usually suffered the greatest dis-
tortion (Plate 5.5). The marginal spheres of an aggregate
tend to be flattened against neighbouring coarse grains
(Piate 5.6) and often distorted so as to accommodate sharp
irregularities in their boundaries.

In fully compacted groups of spheres of uniform grain

size, it is sometimes exceedingly difficult to recognise
the spherical forms. Disseminated pore spaces or
inclusions may reveal the position of parts of the sphere
boundaries. In some cases the identity of separate
spheres is reflected by different patterns of ordering of
the component grains (Plate 5.8).
(2) Ellipsee Although distorted shapes occur in com-
pacted sphere aggregates, these can be readily distinguish-
ed from typical elliptical structures. In aggregates of
ellipses there is usually local impingement, at least in
small groups (Plates 5.7 and 5.21)., Discrete structures
and their elliptical shapes can generally be easily
recognised (Plates 5,7, 5.20, 5.21 and 5.23). In many
instances, however, individual structures are difficult
to distinguish, and their shapes may be considerably
modified either as a result of non-uniform distortion or
because of the impingement of neighbouring structures
(Plate 5.4).

Where ellipses are not in contact the individual






Unimpinged spheres separated by rims composed
of relatively large, radially arranged grains,
The component grains of the upper sphere ex-
hibit a concentric packing arrangement.

Plates 5,10 and 5,11 Sub=spherical structures showing

well ordered arrangements of their component
grains. The packing patterns are character=-
ised by linear groups of grains defining two
or three dominant and fairly uniform orient~
ations.

Sphere showing local development of an ordered
grain arrangement. The most conspicuous linear
groups are those at the upper left, but the com=
ponent grains are arranged in less distinct or
less continuous rows at several other places in
the sphere.

Electron micrograph (shadowed carbon replica)
showing the typical development of partly
ordered grain arrangements in spherical structures.
The most conspicuous ordering is defined by the
rows of hexagonal grains at the centre right.

In the areas indicated A the surface relief

(low in comparison to the surrounding grains) of
two or more grains is almost identical, and the
grain boundaries are either unobservable or
difficult to discern. Note also the uniform
surface relief of the rows of hexagonal grains
at the centre right.
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structures are usually surrounded by a rim of radially
arranged grains (see Plate 5.20 and part of the margins

of ellipses shown in Plates 5.7‘and 5.21). The remaining
interstitial space is generally compesed of relatively
coarse grains whose zone structures indicate a continuance
of growth in the direction away from the nearest ellipse
(Plates 5.7 and 5.20).

Arra S S o}
Grains
(1) Sgheres A major feature of the internal structure

of spheres is the development of an ordered arrangement
of the cpmponent grains. This characteristic is most
apparent in spheres whose component grains fall in the
intermediate and lower grain size range (see for example
Plates 5.8 to 5,12)., With increasing grain size, there
is a general tendency for the ordered structure to degen-
erate, and in the coarsest grain size spheres there are no
special patterns of grain arrangement (Plate 5.14).

The internal sphere strusture is sometimes manifested
by a concentric arrangement of the component grains
(Plate 5.9), but the most common form of ordering is
defined by linear groups (a laysred grouping in three
dimensions) of two or mere grains of similar shape or
orientation. In many spheres, and especially those in
the lower part of the grain size range, plane or gently
curved linear groups of this type are regularly packed and
continuous over the entire surface of observation (Plates
5,10, 5,11). From these, the most highly ordered
structures, there is a continuous gradation (Plates 5.8,
5.12) to isotropic aggregates where the component grains
show no regular patterns of ordering (see Plate 5,15, the
central sphere in Plate 5.5, and the spheres in the centre
and upper right of Plate 5.6). The most common spheres
are only partly ordered and consist of semi~-isotropic






Abnormally coarse grained sphere showing compara-
tively irregular shapes and disordered packing of
the component grains.

Electron micrograph (shadowed carbon replica)
showing the characteristic non=-regular, hexagonal
grain shapes, the plane or smoothly curved grain
boundary morphology and the internal homogeneity
of the component grains of a sub-=spherical
structure, The packing of the aggregate is dis-
ordered, The areas indicated A are referred to

in the caption to Plate 5.13.

Electron micrograph (shadowed carbon replica})
showing the local development of highly oxrdered
packing of the component grains of a sphere, The
ordered region in the lower left is composed of
approximately square grains; at several points
the corners of these grains are truncated, and
there appears to be a continuous transition to

non-regular and regular, hexagonal grain shapes,
The areas indicated A are referred to in the

caption to Rlate 5.13.

Electron micrograph (shadowed carbon replica)
showing the simple euhedral zone structures devel=-
oped in the component grains of a sphere. The
zone structures are broadly conformable with the
shape of the containing grains, but almost all the
zones intersect the grain boundaries.
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aggregates, containing several linear groups whose
orientations tend to define a uniform structure for the
sphere as a whole (see Plates 5,12, 5,16 and the rows of
hexagonal grains at the centre right of Plate 5.13).

The number of diffefently oriented linear groups in a
single sphere is variable, In the most highly ordered
spheres, two or three major orientations predominate, In
the less ordered types several discontinuous groups tend
to have slightly different orientations, but statistically
there arec a much smaller number of preferred orientations,
In aggregates of spheres there is no preferred orientation
of the linear groups in different spheres,

The coarsest grained spheres exhibit fairly irregular
though equant grain shapes (Plate 5.14). For the remain=-
der of the size range (including spheres with near-maximum
grain sizes) the component grains are characteristically

polygonal and have plane or slightly curved boundaries,
The most common grain shapes are approximately non-regular
hexagons (Plates 5.13, 5.15, 5.16, 5.18), but isolated
clusters are sometimes composed of apr=oximately square
grains (lower left of Plate 5.16) or regular hexagonal
grains (central right of Plate 5,13). A major contrib-
ution to the internal structure of spheres is due to the
linear grouping of grains of similar shape.

On etched surfaces of carefully polished spheres,
small or large groups of contiguous grains are often
characterised by their remarkably uniform surface relief
(sec for example the alternating rows of high~ and low-
reflecting grains in Plate 5,8, the hexagonal grains at
the centre right of Plate 5.13, the square grains in the
lower left of Plate 5.16, and the areas indicated by the
arrows A in Plates 5.13, 5.15, 5.16, 5.18), In some cases
there appear to be only two or three major relief levels
over the entire surface. The degree of uniformity of the
surface level of single groups of grains is best illustrated






Plate 5,19

Electron micrograph (shadowed carbon replica) of
the component grains in part of a spherical struc-
ture. In the areas indicated A small groups of
grains exhibit a uniform, low surface relief;
several of the grain boundaries in these areas

are unobservable. Note that this mode of ordering
persists despite the absence of regular patterns
of packing of similarly shaped grains,

Spheres attached to the margin of a coarse grained
host aggregate and facing a voidal interstitial
region. The sphere margins in contact with the
coarse grains are distorted, but the free surfaees-
facing the void tend to exhibit a spherical form.

Unimpinged, low elongation (1.5:1) ellipses
rimmed by radially arranged grains, Note the
diagonally trending row of high-reflecting grains
near the centre of the upper ellipse. In the
central and upper parts of the lower ellipse the
component grains show incipient elongation.

_Impinged and unimpinged ellipses showing moderate

elongation, and partly rimmed by radially arranged
grains. The ellipse at the upper centre
(elongation 2.8 : 1) is composed of substantially
equant grains. In the large ellipse at the
centre of the illustration (elongation 2.5 : 1)
many of the grains are elongate and exhibit a
preferred orientation parallel to the major axis
of the ellipse; a local concentric grain arrange-
ment is developed in the lower left of this
structure.,
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in those groups for which the surface dissolution (during
etching) has been greatest. The surface of these grains
appears at the lowest level, and the grain boundaries are
frequently either unobservable, or only faintly evident
(see the areas indicated by the arrows A in Plates 5.13,
5.15, 5.16, 5.18). Since a grain boundary is effectively
subject to an independent dissolution rate, its manifest
absence as a relief feature means that the contiguous
grain surfaces are at the same level. Where the grain
boundary is absent, this is an unambiguous interpretation;
where the grain boundary is manifest, the grain surfaces
may be at different levels. Linear groups of grains with
similar surface relief constitute the second manifestation
of the internal structure of spheres, and reinforces the
effect due to shape orientation (see for example the
alternating rows of high- and low=reflecting grains in
Plate 5.8, the rows of hexagonal grains at the centre
right of Plate 5.13, and the rows of square grains in the
lower left of Plate 5.16).

The dissolution (or etching) rate of different lattice
planes is variable, and depends directly on changes of
bond strength, or stability, with crystallographic
orientation. For low-index, close=packed planes, the
dissolution rate is minimal, and increases to one or more
maximum values at intermediate, high-index orientations.
The dependence of etching rate on lattice orientation
means that there is a preferred crystallographic orienta-
tion in clusters of grains whose etched surfaces are at
the same level, The actual orientations that are pre=-
ferred are not known, and cannot be reasomably inferred in
the absence of fairly detailed knowledge of the relation-
ship between dissolution rate and lattice orientation.
However, some general conclusions can be drawn, For
example, groups of grains with the highest relief etch
most slowly and therefore, as a group, are characterised
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by surface orientations which are closer to a low-index
lattice plane (planes) than the surfaces of all other
grains in the sphere. Similarly, groups of grains which
etch to the lowest level are characterised by surface
orientations which are closest to the maximum dissolution
rate, high~index lattice planes. A definite preferred
orientation exists in each of these groups, at least to
the extent that members of one class of orientations do
not coexist with members of the other class.

The component grains of most spheres are essentially
homogeneous. The fine=-scale surface texture observed on
carbon replicas (Plate 5.15) is probably an artificial~
featurce, though the sharp indentations which appear as
pits are more likely to represent real voids. The com=-
ponent grains of many spheres exhibit simple, euhedral

zone structures (Plate 5.17). In coarse grained spheres
there are frequently several discrete zones in each grain.
However, most zone structures consist of a single, narrow
band which occurs near the margin of the grain and divides
the latter into two main components (Plate 5.17). The
zones are partly conformable with the enclosing grain
boundary, though invariably they intersect it at some point.

Many spheres are almost fully dense, In most occur=-
rences, intergranular pore space is less than about 10%,
and some of this could represent damage produced during
the polishing process.

(2)  Sub-Spherical and Elliptical Structures The
granular structure already describod £nr spheres is also
present in non=-spherical structures which are only slightly
or moderately distorted from the spherical form (Plates

5.5, 5.11). The same features, notably equant grain
shapes, are usually observed in ellipses with axial ratios
of up toabout 2:1(seefor exemple the comparatively disordered
packing of equant grains in the central ellipse in Plate






Plate 5,22

Direct electron micrograph showing a group of
unimpinged ellipses, Elongate grains are well
developed in the ellipse at the upper right
(elongation 3:1), especially near its lawer -
apex. Elongate grains also occur in the
central ellipse, and in several other structures
only parts of which appear in the illustration.
Many of the elongate grains (notably those in
the central ellipse and near the lower apex of
the ellipse at the upper right) exhibit simple
euhedral zone structures, which are manifested
as fine, low-reflecting lines.,

Electron micrograph (shadowed carbon replica)
showing the approximately 6-sided grain shapes,
the plane or smoothly curved grain boundaries

and the internal homogeneity of the elongate gramns
composing an elliptical structure, Note also
the absence of linear packing arrangements,

other than that which is parallel to the grain
elongation. '
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5.6, and the diagonal row of high~reflecting grains in
the upper ellipse in Plate 5.20).

However, a major characteristic of elliptical and
sub~elliptical strmctures is the development of elongate
grains whose long axes are parallel to the major axis of
the ellipse. Elongate grains occur in some ellipses
with axial ratios of less than about 2:1 (see the ellipse
in the centre of Plate 5,22, and also the incipient devel~
opment of elongate grains in the lower ellipse in Plate
5.20), but are usually inconspicuous until the axial ratio
of the ellipse exceeds about 3:1. However, even where
the ellipse elongation is greater than 3:1, a few ellipses
are composed of disordered, equant grains (see the ellipse
in the upper centre of Plate 5.21). An intermediate
stage in the development of elongate grains is illustrated
by the ellipse in the centre of Plate 5.21, and an

advanced stage is illustrated in Plate 5.23 and by the

ellipse in the upper right of Plate 5.22.

At ellipse elongations of less than about 3:1, the
linear microstructure defined by the elongate grains is
frequently superimposed on recognisable patterns of grain
arrangement corresponding to those observed in the spheres
(see the diagonal row of grains in the centre of the
ellipse in the centre of Plate 5.21, and the local con-
centric pattern in the lower left of this structure).

At higher elongations, the linear microstructure predom=-
inates, and other patterns of ordering are either absent
(PlLate 5.23), or subordinate.

The elongation of all grains in a particular ellipse
is approximately the same, and ranges up to a maximum of
about 4:1. There is a general, but not entirely consis-
tent, correlation between increasing elongations of the
component grains and increasing distortion of the ellipse.
In truly symmetrical ellipses, the long axes of the grains



112

generally exhibit a constant orientation in all parts of
the ellipse. For less symmetrical shapes the major axes
are often curved, and in these instances, the grain orient-
ation exhibits a similar, curved trend.

Elongate grains have plane or slightly curved
boundaries, and tend to be approximately é-sided (Plates
5.22, 5.,23). They may be internally homogeneous (Plate
5.23), or exhibit simple, euhedral zone structures (Plate
5,22),

P B ERPRETATIO

From the foregoing descriptions it is evident that: (1)
there is a continuous gradation of shape and internal structure
between spheres and ellipses, (2) discrete spherical and ellip-
tical structures have volumes which fall in approximately the
same range, and (3) the component grain size range for spheres
and ellipses is approximately the same. The continuity of the
trends in (1), and the basic similarity of their structural

features suggest that the origin of the spherical structures is

closely related to that of the ellipses. Merecver, it seems
probable that the most primitive form of these structures is
represented by spheres, the sub-spherical and elliptical structures
being modified or derived forms,

5.5 Sianifi c e ica
The separate identity of individual sphercs and ellipses
is ropresented by their discrete form, their component
grain size uniformity, and their component grain arrange-
ment. The independence of single structures ie a funda-
mental property, and implies that the growth process was
characterised by accretion or rearrangement of material
around well defined, independent centres. Although truly
spherical shapes are uncommon, a close approach to spheric-
ity is a marked feature of many aggregates. This implies
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that their growth history involved a special type of
shape~determining mechanism, related to a fundamentally
spherical form.

There are three possible ways in which spherically
shaped aggregates could evclve, namely, (1) through pseaido-
morphism, (2) through shape adjustments controlled by
surface tension, and (3) through diffusion controlled
accretion.,

(1) Psamdomorphism In principle, pre-existing
spherically shaped structures could determine the mcde of
precipitation during their replacement by pyrite. Both
the gross form of the spheres and their internal micro-
structure might thus peflect, either direcctly or indirectly,
equivalent properties of the original structures.

This mechanism has been proposed on several occasions
in the past to account for both the pyrite spheres found
in sediments (see for example Love, 1957) and the spheres
associated with stratiform sulphide deposits (see for
example Love and Zimmerman, 1961). The pseydomorphed
structures were though®d tv be bacteria, whose existence
was inferred from the reducing environment of sedimentation
or sulphidation, and from their supposed capacity to
produce sulphur. However, it is now conceded that this
explanation is inadequate, because there is no direct
evidence of organic bacteria in the pyrite spheres of
Recent sediments (Love, 1964, p. 14).

Replacement of other types of spherical structures
remains a possibility. For example, volcanic rocks are
well known to contain spherules, although these are usually
large in comparison to pyrite spherss, Unavoidably, the
possible connection of the spheres with volcanic structures
must remain in doubt, since there are no relicts of
volcanic material in the massive ore, However, the
structural properties of the pyrite spheres in the Rio
Tinto ore are essentially identical tc those of spheres
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found in Recent sediments, for which there can be
virtually no question of pseudomorphism. For this reason,
a pseudomorphic origin is discounted in the case of the
pyrite spheres in the Rio Tinto ore.

(2) S e Adj o) a ansio
Since the structure of an amorphous precipitate is iso-
tropic its free boundary surface is associated with a sur-
face tension which is constant for all orientations of the
boundary. This means that a discrete deposit of the
substance achieves a minimum surface free energy when the
deposit has a spherical shape. The boundary adjustments
required to achieve this shape occur when the viscosity of
the substance is sufficiently low to bc overcome by the
surface tension forces, At low (room) temperatures, these
adjustments are spontancous in immiscible liquids and in
coacervate=type colloids (Kruyt, 1949, p. 433). They may
also occur in the solid state, provided the temperature is
sufficiently high to activate diffusion. Spheroidisation
may even occur in crystalline materials (where one grain
is completely isolated within another), but again the
temperaturc must be syfficiently hkigh v activate diffusion,

The importance of surface tension in determining the
shape of pyrite spheres is widely acknowledged (see for
example Chukrov, 1966, p. 337} Papunen, 1966, p. 1243
Park and MacDiarmid, 1964, p. 128), and the capacity for
spheroidisation to occur has led to the generally accepted
theory that the spheres were initially in a colloidal
state.

As a possible mode of origin for the pyrite spheres,
solid state adjustments imply relatively high temperatures.
The occurrence of spheres in low temperature, near-surface
environments (e.,g. Recent sediments) almost certainly
implies that spherocidisation did not involve a crystalline
or solid-amorphous substance. Indeed, the capaecity for
shape adjustments to occur at all in low temperature
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environments indicates that the colloidal substance was
characterised by a low rather than a high viscosity,

The initial substance of the spheres cannot have taken
the form of an assemblage of bonded, or closely associated,
crystalline particles of colloidal dimensions. In a
colloidal suspension of this type, the surface area of the
component crystallites 1s very much greater than that of
the boundary surface of the macroscopic volume of precipit-
ate. Hence, the surface area, and the free energy
reduction achieved by spherojdisation of the bulk precipit-
ate is negligible compared to that obtained by growth of
the component crystallites. A controlled reduction of the
area of the boundary surface of the precipitate (e.g.
spheroidisation) only becomes possible when the internal
phase (grain) boundary area is similar to the area of the
boundary surface of the precipitate. However, if crystal-
lite growth leads to the evolution of one or a few large
crystals, subsequent surface adjustments will not occur by
spheroidisation. The orderod structure of a crystal
lattice means that the surface free energy of an isolated
crystal is anisotropic, and therefore, that the equili-
brium form is non=-spherical.

Thus, it is evident that the initial sphere must con-
sist of an amorphous substance, since an isétropic structure
is required to ensure that the boundary free energy is
* uniform for all orientations of the boundary. However,
the initial sphere cannot be composed of an aggregate of
discrete particles of an amorphous substance. The energy
associated with the boundaries between these particles is
again very much higher than that of the free surface of
the aggregate as a whole, and in this condition, the
external surface of the aggregate cannot undergo shape
adjustments controlled by surface tension. Even when
there are only two particles, shape adjustments will Aot
lead to sphersidisation if the boundary between these
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particles intersects the external boundary surface. Only
when the external surface is isclated, and has a signifi=-
cantly greater area than internal boundaries, will sphere
oidisation occur. In reality, this probably means that
the amorphous substance is physically continuous within
the limits of discrete volumes of precipitate.

In view of the above discussion it is evident that
the terms golloid, gel or gol (Kruyt, 1949, p. 2) do not
properly describe the structure of a substance which can
spheroidise under the influence of its own surface tension,
In the context of colloids this substance is described by
the term goaceryate (Kruyt, 1949, p. 6), and its essential
property is an amorphous structure. In the present dis-
cussion the main concern is with the amorphous quality of
the structure, and for this reason, the explicit terms
amorphous substance, amorphous structure etc. will be used
in preference to the term coacervate, whose usage appears
to be generally restricted to organic colloids.

(3) Diffusion Contro A jo In a semi-rigid
supporting medium (e.g. a gel), direct sedimentation of a
precipitate is inhibited., - If the precipitate is not
entirely adsorbed, a diffusion field will develop, and
particles of the precipitate will diffuse to, and accrete
at a number of isolated centres. If the diffusion field
is isotropic, the accreting bodies will be spherical,

A number of experimental studies suggest that diffusion
controlled accretion 1is an important factor in the growth
of multigranular spherical bodies in porous gel media
(e.g. Bradford, 1926, p. 790; Kinocshita, 1931, p. 303;
Watanabe, 1942, p. 168),

Since the sphericity of bodies growing by diffusion
controlled accretion is not determined by surface tension,
the spherical form can develop independently of the
internal structure of the body, For example, the accret-
ing particles may be discrete crystallites or particles of
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amorphous colloid, The latter cculd retain their identity
after incorporation in the spheres or they might coalesce
spuntaneously with the main spherical body.

In the natural environment it is conceivable that the
requisite conditions for a diffusion controlled mechanism
could exist. An isotropic supporting medium could be
provided by deposits of silica gel or other fine grained
decomposition products derived during leaching and
replacement of a host rock. Relatively static conditions
could exist in these media where they were protected from
high velocity ore~bearing sclutions. However, the uni-
formity of the diffusion field that could actually be
attained under natural conditions might be a major limit=-
ation, Three main factors could lead to non-uniformity:
(i) the presence of heterogeneties in the structure of the
fine grained supporting mediup, (ii) a non-uniform dist-
ribution of the growing spheres, and (iii) directed flow
of the nutrient solutions. Although the influence of
these factors is probably always present, their actual
importance in causing significant modifications %o the
diffusion field is largely a matter of speculation,

In summary it is concluded that:
(1) The spherical form is not a pseudomorphic feature, but
(2) was determined either
(a) by surface tension, in which case the initial
sphere was composed of a physically continuous
amorphous substance,
or (b) by diffusion controlled accretion, in which case
the initial sphere was composed of either
(i) a physically continuous or discontinucus
amorphous substance,
or (ii) an assemblage of discrete crystallitas of
colloidal dimensions.
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Significance of the Sph icro C

When the particles accreting to a sphere are rigid crystal-
lites of different shapes, their arrangement in the sphere
must be largely fortuitous, although a concentric pattern
may develop as a result of particles being incorporated at
an advancing spherical surface. Inter-particle attractions
tend to maximise the packing density, but the extent to
which this occcurs is greatly limited by the particle shape
and by the non-orienting capacity of the inter-particle
forces (see the discussion by Chalmers, 1958 , p. 293, who
points out that metals crystallising from their melts can=
not grow by accretion of multi-atomic growth units
(domains)). The dense packing of the component grains in
pyrite spheres means that these grains cannot be identified
with the accreting crystallites.

Even if the original crystallites were extremely small,
and subsequently grew, their initial random arrangement
(and perhaps a concentric pattern) is likely to persist in
the final microstructure. However, in many of the obser=-
ved spheres, the microstructure is characterised by marked
ordering, which takes the form of (1) a linear, and less
frequently a concentric, arrangement of the component
grains, and (2) the occurrence of preferred crystallo=-
graphic orientations in small groups of grains. Except
possibly for the concentric microstructures, neither of
the features under (1) and (2) can be readily explained in
terms of crystal growth in an assemblage where there is no
initial linear arrangement or preferred crystallographic
orientations of the crystallites, It is therefore con=-
cluded that the initial spheres were not composed of an
assemblage of discrete crystallites, and that the original
composition of the spheres involved an amorphous substance.

However, the component grains of the spheres cannot
be identified with discrete particles of an amorphous
substance. Adjustments leading to full compaction of the
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amorphous particles must occur under the influence of the
surface tension associated with each particle, and since
these adjustments will probably also occur after coalesc-
ence is complete, the final aggregate should exhibit an
equilibrium boundary configuration. Although there is a
high incidence of grain boundaries intersecting at 1200,
triple~point junctions, the presence of square grain shapes
(Plate 5.16) cannot be reconciled with surface tension
adjustments., Moreover, since the growth structure which
develops through the accumulation of independently
accreting particles could only be spherical and concentric,
the observed patterns of linear grain arrangement cannot
be accounted for. On the other hand, the commonly ob-
served continuity of the regular patterns of grain arrange-
ment over the entire surface (section of observation) of a
sphere strongly suggests that the amorphous substance was
physically continuous th®oughout the sphere volume. In
fact, there is considerable supporting evidence for this,
and the evolution of a polycrystalline microstructure from
a pre-existing physically continuous amorphous precipitate
is discussed below.

The Growth Process The capacity for amorphous
compounds to crystallise is well known, and is exemplified
by the devitrification of glasses. Neglecting for the
moment the nucleation step, the transformation involves
growth of discrete crystals at the expense of the parent
amorphous matrix,

As implied by the presence of euhedral zone structures,
(Plate 5.17) the growth habit of the component grains of
the observed spheres was crystallographically determined,
Moreover, the zone structures usually intersect the grain
boundaries, indicating that the latter are not growth
surfaces, but compound boundaries determined by the
geometry of impingement. The development of square grain
shapes in groups of grains showing a strong preferred
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crystallographic orientation (Plate 5.16) might well re~
present special conditions where the growth habit is cubic
and where the orientation of neighbouring grains is identi-
cal; wunder these circumstances, the impingement surface,
or grain boundary, will be parallel to the growth surface,
and the resulting grain shapes will be cubic, Elsewhere
the grsin shapes are approximately hexagonal. The mode of
impingement leading to these shapes is not known, but it is
significant to point out that similar aggregates of sub=-
micron sized hexagonal grains, incorporating plane or
slightly curved boundaries, are generated as a result of
controlled crystallisation in certain glasses (Kingery,
1960, Plate 10.16; McMillan, 1964, p. 125).

In view of tledense packing of the pyrite lattice and
the probable presence of water in the initial amorphous
precipitate, it is almost certain that the amorphous~
crystalline transformation would involve a volume decrease,
and hence the generation of pore space. In many spheres
there is direct evidence for porosity, though in others
pore space 1is apparently absent or occupies an extremely
small volume. Love and Amstutz (1966, p. 291) suggest
that the voids are subsequently infilled. This explana~
tion might account for spheres in which the component
grains are zoned, and where there is therefore direct evi-
dence for a compositional change, However, the signifi-
cance of the zoning is difficult to assess, especially
because there are spheres containing zoned grains which
also contain pmre space. Relatively pore-free spheres in
which the component grains are homogeneous suggest that
densification is achieved by means of a two-way diffusion
process operating between the sphere and the external
environment during at least part of the crystallisation
period - i.e. non FE,S components (presumably water)
diffuse from the sphere, and Fe,S components diffuse into
the sphere,
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The Nucleation Stage The uniformity of the grain
size in single spheres suggests that for all grains nuclea-
tion was simultaneous, and the growth rates equal. More-
over, the grain size uniformity implies that the distribu-
tion of the nucleation sites was essentially uniform,
However, in spheres where the grain arrangement is ordered,
the distribution of nuclei is not isotropic, but indicates
that different sites are inter-related. To account for
the simultaneous generation and the distribution of nuclea-
tion sites two mechanisms are considered:

(1) The nuclei could be pre-determined at sites inherently
favourable for the initiation of growth (heterogeneous
nucleation; Kingery, 1960, p. 297); +the heterogen=-
eities which constitute these sites could take the

form of impurity particles, or local regions of

relatively high atomic ordering.

(ii) Nucleation could occur at sites determined by diffus-
ion within the sphere. When the amorphous substance
exists under conditions of a metastable internal
equilibrium, diffusion currents could be established
about a number of centres. When disequilibrium
conditions are introduced, the resulting nett trans-
fer of material might be initially related to these

. centres-whgre.nucleation would ensue.

If diffusion controls the nucleation process, then at
the time of nucleation, single spheres must be regarded as
closed systems, It is evident, from the absence of
radial grain size variations and radially arranged elong-
ate grains (except in rims (Plate 5.9) which are usually
interpreted as secondary overgrowths; see for example
Kalliokoski, 1966, p. 880) that the controlling diffusion
was not directed into, or out from- the sphere.

In a homogeneous amorphous substance it is reasonable
to suppose that centres of heterogeneous nucleation (see
for example, the glass ceramics described by McMillan,
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1964 and Kingery, 1960) and centres of equilibrium diffus-
ion are uniformly distributed. In a general way, this
accounts for the grain size uniformity of the pyrite
spheres. Moreover, if the amorphous substance is iso=-
tropic, it is likely that the distribution of the nuclea-
tion sites will be similarly isotropic., This relation-
ship provides a reasomable explanation for the micro-
structure of spheres or parts of spheres where the ¢ompon-
ent grains have no special ordered arrangement.

However, in spheres where the component grains are
ordered, isotropic nucleation does not apply. In oxder
to account for the regular patterns of ordering, it is
proposed that at the time of nucleation, the amorphous
substance possessed a long-range ordered structure. It
is reasonable to suppose that a macroscopic structure would
have a strong influence on both the distribution and orinet-
ation of nuclei, For example, periodic regions of relat-
ively high atomic ordering or desse packing could directly
provide the centres for heterogeneous nucleation. Equili=-
brium diffusion could be influenced by the anisotropy of
the structurs.

The most direct evidence for the existence of an
ordered structure in the initial amorphous substance is the
occurrence of small groups of grains with different pre=-
ferred crystallographic orientations. Grain orientation
is determined at the nucleation stage, and similar orient=-
ations imply a common orienting factor. In the stress-
free environment implied hy the existence of spherical
shapes, this factor is most likely to be related to the
amorphous structure, In regions where the ordering is
sufficiently high, the generation of nuclei will involve
significantly less diffusion far some nucleus orientation
than for others, Hence, certain nuclei will be created
more easily than others, and the resulting grains will have
a preferred orientation. Since different regions couldhave™
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different types of ordering, the preferred orientations
could be dissimilar in different groups of grains.

It is necessary to emphasise that the actual cryst-
allisation of the spheres is only the final stage in what
is probably a complex sequence of events, involving changes
of composition, viscosity and structure. The pre-
crystallisation changes are erivisaged as follows.,

An isottopic amorphotis substance is precipitated, and
accumulates into spherical bodies, In its initial form
the.amerphous sulphide has a low viscosity, and the spheres
can distort under the influence of their own surface
tension, Following precipitation, diffusion occurs within
the spheres and perhaps also to the external environment,
leading to increased ordering, demg#fication and increasing
viscosity. At an advanced stage, a long=-range ordering
is developed. At this point, the surface tension becomes
anisotropic, and at the same time the viscosity has risen
sufficiently high to inhibit changes of shape from the
spherical form. The stage at which erystallisation is
induced depends on the rate at which the amorphous struc=
ture- can adjust itself to changidng external conditions.

If adjustments occur under equilibrium or near-equilibrium
conditions, the crystallisation event will represent the
final stage in a sequence of continuous changes. On the
other hand if ordering proceeds slowly in comparison to
changes in the external conditions, crystallisation will
tend to occur at an earlier stage, and could be induced
before significant development of a long=-range structure,

In principle, the grain size variation between differ-
ent spheres can probably be correlated with variations in
the structure or composition of the initial precipitate.
For example, precipitates in which the initial ordering is
relatively high are likely to provide a greater density of
heterogeneous nucleation sites than precipitates with a low
initial ordering. . This prediction is confirmed by
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observations in as much as the most ordered microstructures
(reflecting high initial ordering) are confined to the
intermediate and fine grained spheres (reflecting compara-
tively high nucleation density). A decreasing amount of
water in the initial amorphous structure could also provide
a greater density of heterogeneous nucleation sites, by
increasing the volume of regions which are closely packed
with respect to iron and sulphur,

The intimate coexistence of spheres with different
compositions or structures of the initial precipitate (i.e.
spheres with different grain size characteristics) can be
explained in two ways, Different types of precipitate
might be related to different generations of precipitation.
There are no reliable microstructural criteria to test this
possibility, but in view of the continuous nature of the
grain size variation, its applicability, as the sole
controlling factor, seems doubtful.

The alternative explanation is to regard the evolu-
tion of different types of precipitate in terms of segrega-
tion from an essentially single, homogeneous deposit.
Different types of precipitate could be regarded as differ-
ent phases, and this mechanism would thus be somewhat
analogous to the amorphous phase segregation observed in
certain glasses (McMillan, 1964, p. 44). Following the
phase separation, continued densification would lead to
isolation of discrete volumes of precipitate, which would
spheroidise under the influence of their surface tension.
The size of the spheres would depend on the magnitude of
their surface tension (i.e. increas ng surface tension
forces can support the shape of progressively larger
spheres) which in turn depends on the viscosity of the
precipitate. Thus, where a particular type of precipitate
segregates into a comparatively large, continuous volume,
subsequent changes would produce a cluster of spheres of
similar size and similar component grain size.
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In the observed aggregates, clustering of spheres of
similar size and similar grain size is in fact a common
mode of occurrence (Plate 5.1). In certain instances,
spheres are associated with comparatively extensive and
homogeneous, fine grained aggregates in which it is
difficult or impossible to recognise spherical forms.
These aggregates could represent crystallisation at the
stage immediately following the phase separation, but prior
to spherajidisation.

Significa S ! Elli S

In sect. 5.5 it was concluded that two shape-determining

mechanisms could account for the evolution of the spheri-

cal structures., Corresponding to these mechanisms, there
are two potential modifying factors which constitute the
possible modes of origin for elliptical structures:

(3) Distortion of pre=existing spherical bodies; this

mechanism has been suggested by Kormilitsyn (1963) to

account for the elliptical shapes of previously viscous
bodies of galena and sphalerite.

(2) Nop=-uniform, diffusion controlled accretion leading

to the direct growth of non-spherical bodies. This mechan-

ism could be operative, for example, in a loosely packed
matrix composed of fine grained clay minerals with a pre-
ferred dimensional orientation,

Since the observed spheres are the end product of an
evolution involving several changes in the state of the
initial sulphide precipitate, the question of distortion
will obviously be clarified by knowing at what stage the
deformation could have occurred. For four reasons it can
be shown that the crystalline structure of non-spherical
bodies is not distoxrted:

(i) In some ellipses, the component grains are equant (see
Plate 5.6 and the ellipses in the upper centres of
Plates 5,20, 5.21), or have axial ratios which are
less than that of the ellipse itself. In these
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occurrences the amount of deformation implied by

grain elongation conflicts with that implied by the

elongation of the overall structure,

(ii) Inron-spherical bodies, both equant and elongate
grains frequently contain euhedral zone structures
(Plate 5,22). As shown in sects. 8.3.1 (2) and
8.3.2 (2), the plane configuration of the zone seg-
ments indicates that the polycrystalline aggregates
were not plastically deformed,

(iii) Distortion of the crystalline structure by cataclastic
displacements cannot be reconciled with the dense
packing of the component grains (see sect. 8.3.1 (1)).
Moreover, the similarity of the grain size range in
spherical and non-spherical bodies strongly suggests
that fragmentation has not occurred.

(iv) Distortion by a diffusional mechanism is inconsistent
with the presence of euhedral zone structures (see
sect. 8.3.1 (3)), and is difficult to reconcile with
the similarity of the grain size range in spherical
and non-sphexrical bodies.

It is concluded, therefore, that if initially spheri-
cal bodies were distorted, the deformation must have
occurred at a pre=crystalline stage - i.e. the initial
amorphous substance already occupied elliptical bodies
prior to crystallisation.

However, an identical situation could arise if the
elliptical structures grew directly and developed their
shapes as a result of non-uniform accretion of the initial
amorphous substance, Despite the pre-crystalline simil-
arity of bodies derived by distortion and by direct accre-
tion, it is possible to discriminate between the two modes
of origin on the basis of the observed internal micro-
structure.

Diffusional accretion to spherical bodies differs
from accretaion to non-spherical bodies only in so far as
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the amount of material accumulating at different points
around the perimeter is constant for spheres and variable
for non-spherical shapes.. There is no reason to believe
that the internal structure of the accumulated material
would be different in the two cases,. Moreover, the simil~
arity of the grain size ranges implies that the composi=
tional variation for spheres is the same as that for
non-spherical bodies, Therefore, since both the internal
structure and the composition of the accumulated material
is similar for spherical and non-spherical bodies, the
internal microstructure should be essentially the same in
both cases, In reality, the more strongly distorted
ellipses are characterised by the presence of elongate
grains, which are always absent from spheres.

The preferred orientation of elongate grains in
elliptical and sub-~elliptical structures implies that the dis~
tribution of nuclei is such that the inter-nucleus spacing
is at a maximum parallel to the major axis of the ellipse,
and at a minimum parallel to the minor axis. This distrib~
ution suggests that the mucleation may have been controlled
by a special relationship between the shape of a body and
a diffusion field connecting it to the external environment.
On this view, diffusion along the minor axis of an ellipse
would be more rapid (high nucleation frequency) than along
the major axis (low nucleation frequency). In principle,
anisotropic diffusion seems feasible, but there are three
microstructural observations which indicate that this
explanation cannot account for the distribution of nuclei.
(i) From the microstructure (excluding rims composed of

radially arranged grains)of spheres, it is evident

that the distribution of nuclei is independent of both
the spherical form (except in the case of concentric
grain arrangements), and the proximity of the sphere
margin, That 1is, the distribution of the nucleus
sites was controlled only by the internal structure
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and/or composition of the sphere, and not by a diffiis~
ion field connecting it to the external environment.
It is reasonable to suppose that the same conditions
apply to non=-spherical bodies,

(ii) If diffusion operated to the external environmen:,
the nucleation frequency could be expected to change
not only from one diffusion direction to another, biut
also along these directions. This means that the
grain size, and probably 81so the grain elongation,
would very continuously from the centre to the margin
of an ellipse. This prediction is not borne out by
observations, which indicate that both the grain sizc
and the grain elongation are markedly uniform in
single structures, '

(iii) 1If diffusion to the external environment operated.

during nucleation, it would be likely to operate during
growth. Under these conditions, the grain shapes
would probably be determined by the diffusion direc-
tions and would therefore be elongate and radialliy
arranged.  Microstructures of this type are not
observed in ellipses showing substantial elongation.
From the preceding discussion, it is evident that a
diffusional accretion mechanism was not responsible fox the
development of elliptically shaped structures. The micro-
structural dissimilarities between spherical and elliptical
bodies cannot be explained by this mechanism, eithex in
terms of differences in the structure or composition of the
accumulated material, or in terms of the nucleation event.
On the other hand, the disitortion mechanism provides
a direct explanation for the microstructural differences.
If the nucleil are more or less pre-~determined in the initizl
spherical structure, these sites will undergo relative dis-
placements corresponding to the geometry and amount of
deformation of the sphere. The inter-nucleus spacing wi’ ..
decrease parallel to the compression axis, and increase
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parallel to the tension &xis. Subsequent growth at the
nuclei will lead to the development of elongate grains

with their long axes parallel to the tension axis, For
homogeneous daformation, the nucleus displacements will be
uniform, and hence the resulting grain elongation will be
constant, and the grain size uniformity will correspond to
that of the equivalent ephere. With increasing deforma=-
tion, the nucleues displacements, and therefore the grain
elongation will increase, For small deformations, the
grain elongation will be small, and the patterns of nucleus
distribution determined by a prewexisting long-range struc-
ture in the amorphous substance are likely to be partly
evident in the final microstructure. For large deforma-
tions, the grain elongation will be greater and, together
with the preferred orientation, will tend to obliterate

the potential pattern of ¢rein arrangement in the parent
sphere, These predictions are abundantly confirmed in

the observed microstructures.

Diserimination bel Surface Tens; | Diffusi

Controlled A "y the Spherical Si Determini
EFactoxs

Since a diffusion controlled acceetion mechanism cannot
account for the development of non-spherical structures, it
seems highly asldkely that its operation could be confined
to spherical structures alons. Coexisting spherical and
non-spherical structures commonly exhibit the same grain
size, and therefore were probably derived from the same
initial precipitate and subject to similar external condi-
tions. It is scarcely credible to interpret these rela-

tionships on the basis of two independently operating

mechanisms,

It thus becomes evident that the shape determining
factor for spherical structures is their surface tension.
This conclusion is directly substantiated by the shape
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relations observed in a few special occurrences where
spheres are partly isolated in voids and partly attached
to crystalline grains belonging to the host sulphide
aggregate (Plate 5.19). The surface of attachment may be
flat or more complex, but the free surface facing the void
tends to be spherical, Unlike the distorted forms in
close~packed aggregates, these occurrences have a unique
implication, The presence of a void means that external

stresses could not have been transmitted to the sphere.

If the spheres initially had any shape other than that now
observed (for example, if they were in%tially detached from
the adjacent rigid grains), then the maintenance of a
spherical form for the free surface could only be explained
in terms of adjustments controlled by surface tension.

Age of Sphere Growth and Distortion, and the Causes of
Ristortion

In considering the environmental factors which led to
distortion of the pyrite spheres, it is necessary to antic-
ipate a major conclusion of this study, namely, that
primary depositional fabrics are preserved in the massive
ore (see Chapters 7 and 8), In relation to distortion of
the spheres, this conclusion means that external stresses
were not transmitted to the spheres via displacements in
the host sulphide aggregate, This condition applies not
only to aggregates of close~packed spheres/ellipses, but
also to the disseminated oceurrences where a relatively
coarse grained matrix intervenes between neighbouring
spheres/ellipses,

The absence of deformation in the host sulphide
aggregate immediately suggests that the deposition of
spheres which were later substantially distorted pre~dates
the main mineralisation event. The pre~mineralisation age
of many ellipses is directly confirmed wherever the micro-
structure of the host aggregate (i.e. grain elongation and
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internal zoning) indicates that its growth was controlled
by the shape of the elliptical structures (see for example
Plates 3.19(b) and 5.7).

Elliptical structures which define the axial plane
cleavage to first generation folds (Plates 3,18, 3.19)
represent the earliest known form of sulphide in the lode.
It can be shown that the coarse grained pyrite bands which
define these folds are undeformed (see sect. 8.3.4).
Together with the main sulphide mass, the growth of these
bands post-~dates the evolution of the regional first gen=-
eration fold system. The alignment of elliptical structe
ures parallel to the axial plane of the folds strongly
suggests that the distortion of the initial spherical form
took place during the development of the original folds,
which were subsequently pseudomorphed, Deposition of the
initial sphere precipitate is early to the extent that it
p=z-c~'  the regional folding, which in turn, pre-dates the
main mineralisation event. It is largely spesculative to
attempt to fix the time of deposition of the spheres more
accurately than this.

Other occurrences of elliptical aggregates showing
regular preferred orientations may also belong to a pre-
folding stage. From one oriented sample it is known that
bands of ellipses are aligned parallel to the regional
slaty cleavage (sect. 3.2.2). Although fold structures
are not associated with these bands, it seems reasocnable
to infer that the sphere distoertion was produced during
the first pnase folding event.

Sediment consolidation could be an important factor
leading to the distortion of spheres. This would imply an
effectively syngenetic origin for the initial sphere precip-
itate. The preferred orientation of the ellipses could
be regular or irregular, depending on the homogeneity of
the host sediments and the uniformity of the consolidation
process. Some occurrences of undulose bands of elliptical
structures might be explicable in this way.



132

Disseminated spbg@res may represent pre-folding depos~
its which subsequently crystallised and behaved as rigid
bodies during the later deformation. Alternatively, they
may be connected with the main mineralisation event.

The configuration and internal structural continuity
of laminar and irregularly shaped aggregates of close-
packed spheres (Plate 5.1) implies that their deposition
post~dates the regional folding. Spheres along the margins
of these aggregates are frequently flattened or otherwise
distorted against the surfaces of the surrounding coarse
grains (Plate 5.6). In certain instances the marginal

region is characterised by well developed zones of ellipses
whose long axes are oriented parallel to the trend of the
margin of the aggregate (Plates 5.2, 5.3). The structures
developed in the marginal zone show gradational shape
changes towards the centre of the aggregate where the
close=packing of spheres involves less regular types of
distortion., The localised marginal deformation in these
aggregates was probably induced by the growth pressure due
to continued aceretion on the surfaces of the coarse,
marginal grains. -Since the spheres are viscous at the
time of distortion, the stress applied by the advancing
coarse grain surface will be transmitted with decreasing
magnitude towards the centre of the aggregate. Thus, tho
deformation would be concentrated in the marginal zone,

and the distortion associated with the close=-packing of
spheres in the central region may be due to the surface
tension forces alone.



6.1

133
CHAPTER 6

PERI A CR ATION O
NATURAL PYRITE ORE

I o 1o
Since recrystallisation is mainly a temperature dependent
process, it should be possible to gain some understanding
of whether the massive ore is recrystallised by comparing
the temperature conditions of the regional metamoxrphism
with the recrystallisation temperature for pyrite. The
mineral assemblages in the country rocks (quartz=-chlorite-
epidote~albite) correspond +to the lower greenschist facies
and indicate that the maximum temperature attained during
the metamorphic event was about 350°C (Hietanen, 1967,
fig. 1). However, the minimum recrystallisation tempera-
ture for pyrite is unknown., Barnard (1967) succeeded in
recrystallising pyrite undexr hydrothermal conditions at
temperatures as low as 400°C, but these experiments involved
solution of the matexrial, bulk transport along a temperature
gradient, and redeposition at a new site. There are no
published reports of either in-situ or solid~-state
recrystallisation of pyrite. For this reason, it was
decided to conduct a series of experiments with the main
object of estimating the minimum temperature at which
detectable recrystallisation occurs in the natural pyritic
ore. It was also hoped to confirm certain predictions
(see Chapter 7) regarding the basic microstructural
changes which should occur when the natural ore is
recrystallised.

The presence of undisturted euhedral growth zones
and equant grain shapes in the natural pyrite aggregates
indicates that the starting material for the recrystallisa-
tion experiments is not plastically deformed (see Chapter
8). Therefore, if recxrystallisation occurs in a hydro=-
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static environment, the driving force must be the reduc~
tion in the free energy associated with the grain to grain
interfaces. From this point, it was decided to conduct
three main groups of experiments and in each of these to
study the effects of different environmental factors,

(i) Dry Static Annealina Experiments If an aggregate

(ii)

undergoing recrystallisation contdins no fluid phases
then diffusion must occur in the solid state or in
the vapour phase.

A series of experiments were conducted with the
object of inducing recrystallisation under these con=
ditions. Before sealing, the samples for these
experiments were pre-heated, and in so doing, it was
hoped to remove all traces of fluid phases trapped at
grain boundaries or pore spaces and to obtain com=
pletely dry samples (fluid phases could be adsorbed
during washing of the specimens, exposure to the room
&mosphere, or could even take the form of trapped ore=
bearing solutions).

Wet Static Annegaling Expeximents When interstitial
fluids are present, atoms are more easily released
from the surfaces of grains, provided there is a
significant energey of attraction between the solute
atoms and the fluid, or solvent phase. When the
latter is absent, there can be no additional energy
reduction accompanying the release of atoms from the
grain surface. Apart from volume diffusion in the
crystal lattice, the actual release of atoms from the
grain surface constitutes the rate-controlling step
for the diffusion process involved in recrystallisa-
tion, Since this step can be facilitated by the
presence of an interstitial fluid, the temperature
required to activate diffusion, and hence recrystalli=-
sation, could be significantly lower when interstitial
fluids are present than when they are absent.
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Experiments were performed with the object of
testing the influence of water. In six runs, water
was deliberately introduced in the form of water of
hydration combined with pyrophyllite and ferrous
sulphate. The significance of the experiments per-
formed under these conditions had to be finally re-
evaluated since similar low temperature (400°C)
recrystallisation effects were induced both in these
samples and in others where water was not purposely

introduced,
(iii) Stress-Annealing Experiments When the component

grains of an aggregate are plastically deformed, the
activation energy for recrystallisation is lowered
by an amount which depends on the magnitude of the
deformation. Thus, the minimum tenperature for
strain induced recrystallisation is lower than in
the case of solid state changes motivated by a sur-
face free energy reduction.

In an attempt to explore the effects of strain
energy, a series of experiments was conducted in
which the samples were loaded near their fracture
point, and at the same time, maintained at a constant
temperature, In these experiments it was hoped to
induce at least local and small amounts of plastic
deformation, and under these conditions, to observe
the temperature at which recrystallisation was
initiated.

a a a
Three hand specimens of the natural ore were selected for
the recrystallisation experiments. Macroscopically
these samples are identical, and they represent the most
isotropic type of pyrite aggregate in the lode,
The bulk of the starting material is composed of a
fairly uniform aggregate with a grain size range of



136

approximately 5 to 50 microns. However, abnormally

coarse grains are disseminated through much of the aggre=
gate, and also occur in more or less irregular clusters

and in veins, Some parts of the material contain lenses

of more or less elongate grains, colloform structures,
clusters of radially arranged grains and bands or clusters
of abnormally fine grains, These miscellaneous aggregatess
complicate the overall microstructure, and since they can
easily be distinguished in the recrystallised fabric, they
will not be referred to at further length.

Because of its generd uniformity, the main emphasis
centres around the predominant fine to intermediate grain
size component of the starting material. Typical examples
of the microstructure of these aggregates are shown in
Plates 6.1 and 6.2.

The grain shapes are irregular and except for some of
the finer grained clusters, there is no tendency for poly=
gonal shapes to develocp. The shape complexity reaches an
extreme where the grain boundaries acquire a fine=-scale
serrate morphology.

The majority of the grains are zcned, and those that
are not are entirely restricted to the fine grain size
component, Most zone structures are composed at least
partly of alternating euhedral zones which show the normal
reflectivity and smooth surface relief of pyrite. However,
at the nucleus region of many grains there is frequently a
relatively wide zone which exhibits a distinctly brownish
colour and a rough surface texture. This part of a grain
commonly contains sub-zones and is often associated with
sub~microscopic inclusions or pits.

Most grains contain at least a few inclusions and
these are commonly concentrated in discrete groups near
the nucleus region of the growth zones., Most inclusions
appear black in polished section and density determina-
tions (see below) suggest that the majority, if not all,
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of these inclusions are real voids and not polishing
artefacts at the sites of pre~-existing solid particles.

Chalcopyrite, sphalerite (sometimes quartz) and
voids occur at interstitial sites and occupy a minor
volume in the bulk aggregate. The propertioms of the
non-pyrite components were determined by point counts on
carefully polished surfaces of two specimens. Chalco-
pyrite and sphalerite combined occupy an average volume of
about 5%. The calculated average density of the two
specimens is 4.57 gms./cc. A direct density determination
(by displacement of water) gave an average value of 4.64
gms/cc. The general agreement between these values
indicates that most of the black areas that were point
counted as voids on the polished surfaces are in fact real
voids, and were not previously occupied by solid partieles.,
Direct density determinations on three other samples of
the starting material gave values ranging up to 4.91 gms./
cc. These measurements and comparisons between photo=-
graphs of unetched surfaces of different specimens suggest
that the-average density of the starting material is
around 4.7 gms./cc.

Most voids are essentially euhedral, though many are
modified by irregularly shaped boundaries and these fre-
quently reach an extreme development characteristic of
leaching. A few small and irregularly shaped pores are
frequently disseminated along the grain boundaries.

Weight losses were determined for three specimens of
the starting material heated in air at 180°C - 200°c,

One of these specimens lost 0.1% of its initial weight
after 1 week at temperature., The other two specimens
were heated for approximately 4 weeks and were weighed at
intermittent stages. Both specimens lost approximately
0.3% of their initial weight after 4 weeks. The rate of
loss was approximately linear, though it appeared to show
a slight decrease towards the end of the 4 weeks. The
fact that the specimens continued to lose weight for such
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a prolonged period of time, and at a fairly uniform rate,
strongly suggests that the weight loss i1s due to progress=-
ive oxidation of the surface of the specimen, and Bot to
evaporation of interstitial fluids. This conclusion is
confirmed by the fact that all three of the heated specimens
developed brownish coloured surface films.,

Although sach of the three hand specimens selected as
starting material is fairly homogeneous when considered as
a whole, the very much smaller samples (approx. 1 cc.) cut
from these specimens for the experiments show noticeable
variations both within single samples and from one sample
to another. Some properties of the microstrueture are
effectively constant, namely, the incidence of intragranula}
zoning, the structure of the zones, the distribution of
intragranular inclusions, grain shape, the morphology of
voids and the morphology of interstices occupied by chalco-
pyrite and sphalerite. However, the detailed fabric of
the aggregate, the average grain size, the pore space
density, the density of inclusions and the proportions of
chalcopyrite and sphalerite may all exhibit noticeable
variations. For example, in different parts of the same
sample, the grain size distribution can vary between uni=-
modal and bi-modal (Plates 6.1 and 6.2). Thus, although
the average grain size for all samples is probably about
the same, the local grain size in a given specimen can show
considerable differences from one part of the specimen to
another. Similarly, the density of intragranular inc- .
lusions (compare Plates 6.1 and &.2) and the pore space
volume can show wide variations over a given sample; and
from one specimen to another.

The variations in the initial microstructure present
considerable difficulties in so far as it is almost imposs-
ible to detect any subtle changes induced by recrystallis=-
ation. For example, small changes of grain size, pore
space volume or inclusion density cannot be established
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with certainty. However, the general uniformity of the
initial microstructure is quite adequate to serve as a
reliable basis for the purpose of judging the more prom=-
inent changes accompanying recrystallisation. For example,
marked changes of grain shape, internal grain structure,
pore space density and morphology, and inclusion demsity
can all be easily recognised in the recrystallised fabric,

Expeximental Procedure
Static Annealina Experiments
The samples for the experiments were prepared by coring 9 mm.
cylinders from the hand specimens, and by cutting these
cylinders into individual specimens about 1 cm. long.

The specimens were sealed in tubes with a close-fitting
ingide diameter, and for the high temperature, dry experi-
ments,the sealed length was kept as small as possible
(approx. 2 - 3 cm) in order to minimise the amount of
sulphur vapour evolved from the specimen. In the wet
experiments care was taken to ensure that the capsules

were sealed at a good distance from the hydrous additives

&0 thef water was not lost during the sealing procedure;

the capsules were about 8 - 9 cm, long. In both the dry
and wet experiments Pyrex glass tubing was used up to 600°C
and sllica glass at higher temperatures.

Before sealing, the samples for the dry experiments
were pre-heated &n air at 180° = 200°C for times ranging
between 1 and 770 hrs., (table 6.1). Some samples were
sealed immediately after removal from the drying oven,
others were exposed to the room atmosphere for up to 15
mins. before sealing. Microscopic examination of the
dried samples reveals that the pre-~heating does not induce
any microstructural changes.

In six of the wet experiments water was introduced in
the form of finely ground, hydrous pyrophyllite (see table
6.1). However, it was subsequently found more satisfactory
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to use freshly precipitated, hydrated ferrous sulphate
which releases all seven molecules of water at temperatures
above 300°C. The quantity of hydrous substance required
to achieve a pre-determined water pressure at a given
experimental temperature and estimated volume was calcus
lated roughly. By weighing out this amount a known
quantity of water could be introduced to the specimen
capsule, After sealing and estimating the internal
volume of the capsule, the actual water pressure at the
experimental temperature could then be re-calculated (see
table 6.1). The estimated water pressures are minimum
values and do not take into account the presence of any
fluids trapped in the sample itself.

The capsules containing the specimens were wired to
the insulating sheath of a thermocouple, and the thermo-
couple bead was adjusted to record the tegperature at the
centre of ohe end of the specimen and at a point less than
1 mm, from it.

The experimental temperatures were continuously con-
trolled to within kA 5°C, and in most runs were monitored
on a chart recorder. A furnace with a tube length of
30 cm. and a diameter of 4.5 cm. was used for most experi-
ments. The temperature variation was measured roughly,
and it is estimated that the specimens were subject to a
maximum temperature gradient (end to end, and diametrically)
corresponding to kA 59C from the set temperature. Thus
the maximum total temperature variation during an experi-
ment is : 10°c. The only exception to this is the
experiment for 45 days at 400°C (SA - 25) where, due to
erratic behaviour of the controller, the temperature may
have been well below 400°C for up to a week.,

In the early experiments the specimens were brought
to temperature over a period of several hours, because in
trial runs it was noted that several samples shattered if
subjected to a rapid increase of temperature, However,
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it was subsequently found that the temperature could be
increased to 700°C over a period as short as %4 hr, In
the early runs, at the completion of the experiment, the
specimen was allowed to cool over a period of a few hours;
in the later experiments the samples were quenched in an
oil=bath and cold water, and reached a temperature of
300°C in less than 20 secs. and room temperature in less
than a minute (table 6,1). At the completion of several
experiments, note was taken of any condensed fluids or
sulphur-bearing vapours contained in the specimen capsule
(table 6.1).

6,3.2-2fregs~-Annealing Experiments
The loading jig employed in these experiments is a large
though effective apparatus consisting of one fixed load
platten and a movable platten connected through a simple
lever system to a load arm, A sliding weight is attached
to the load arm which is calibrated, and the position of
the weight can be directly adjusted to give the desired
load on the plattens, The lower platten is attached to
the lever system through a crude universal joint, and when
a load is applied, the plattens tend to be self-aligning.
The apparatus can be used for loads up to 3000 lbs, All
tests were performed in compression.

The problem of loading the specimens at elevated
temperatures raised considerable practical difficulties.
Owing to the rapid oxidation of pyrite at temperatures
above approximately 450°C (Asensio and Sabatier, 1958),
and the sigpificant amounts of decomposition to pyrrhotite
at temperatures above about 600°C (Kullerud, 1959), it is
absolutely necessary (as in the static annealing experi-
ments) that the samples are sealed from the room atmosphere
at the same time as the load is applied. In the tempera=-
ture range of oxidation, an inert gas atmosphere could be
used, But at temperatures above 600°C, there is a sig-
nificant sulphur-metal vapour pressure, and the samples
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must be completely sealed.

In trial experiments the samples were sealed in glass
capsules with a melting point just below the experimental
temperature. The capsule and the load rams were inserted
in a close~-fitting, stainless steel tube and the whole
assembly was brought to the temperature of the melting
point of the glass. A load was slowly applied and it was
hoped to extrude the molten glass between the load rams
and the containing tube, thus obtaining a seal. In one
experiment, this procedure was partly successful, though
the specimen did not align itself parallel to the axis of
the load ram. In two other experiments the glass reacted
either with the stainless steel casing or the specimen,
and was still brittle at the experimental temperature.
These difficulties seemed to suggest that it would be a
time~-consuming task to overcome the experimental problems,
and this method of sealing was discontinued, '

It was then decided to adopt the sealing technique
used by Turner, Griggs and Heard (1954) in théir experi=-
ments with calcite. This method was at first avoided
because the seal is obtained by a strictly mechanical,
metal to metal contact, and would therefore be less
effective than a seal involving a molten glass to metal
contact. However, although the metal to metal contact is
not eompletely gas~tight, it certainly provides an effect=-
ive seal, and for week-long experiments at 700°C the
amount of decomposition is well within tolerable limits,

The final design adopted for the sealing, locading
and heating assembly is shown in fig, 6.1. The loading
rams were fabricated from an experimental, high tempera-
ture, sulphur resistant alloy supplied by International
Nickel Ltd, The ends of the rams (diam. 12 mm.) were
machined parallel and at right angles to their axis, and
finally lapped with a magnesium oxide abrasive. The ends
in contact with the specimen have a diameter just exceeding
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the specimen diameter (i.e. 6 mm.), and are machined with
15° tapers, The thin-walled sealing capsules are machined
from aluminium (for the 400°C experiment) and stainless
steel (for the higher temperature experiments); the

sealing rings are machined from stainless steel. The

specimens fit tightly in the capsules and when the rams
are in contact, there is a minimal free volume occupied by
air, When a load is applied, the tapers on the rams come
in contact with the inside of the capsule and effect a
seal before the specimen is stressed. Thus thé whole
experiment can be brought to temperature before the loading
is commenced. As the load is increased the sealing rings
finally jam the capsule against the tapers, the capsule
distorts and the rams eventually come in contact with the
specimen.  The whole sssembly consisting of the loading
rams, specimen and capsule are inserted in a close=fitting
stainless steel tube to maintain a general alignment of
the components during the setting up of the experiment and
the initial loading. Mica plates, approximately 1 mm.
thick, are placed between the load plattens and load rams
to reduce the heat flow from the furnace to the metal
loading jig.

A rectangular furnace was constructed to fit neatly
between the loading plattens, and is supported on the

lower platten, though insulated from it by the mica plate
between the loading rams and the platten. A thermocouple
is inserted through a hole in the furnace tube and the
thermocouple records the temperature at the inside of the
furnace wall opposite the centre of the specimen, It is
estimated that the specimen is subject +to a diametrical
gradient of around 10°C, and an end to end gradient of
probably as much as 20°C, Temperatures were continuously
controlled on a chart recorder to within I 5°C. However,
the general uncertainty involved in obtaining reliable
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temperature measurements under these conditions probably
means that the accuracy of the experimentél temperatures
is little better than about % 20°C.

The specimens for the stress—annealing experiments
were prepared (by F. Yorke and Partners, London) in the
following way. On one of the hand specimens selected as
starting material, two parallel surfaces approximately
1l cm. apart were milled and ground flat, The specimen
was then set on the bed of a drilling jig, and cores were
cut at right angles to the milled surfaces. The result-
ing cylindrical samples are approximately 1 cm. long and
are 6 om. in diameter. The specimen ends are very close
to being parallel, and at right angles to the cylinder
axis. Although the loading is not strictly axial, the
facility for the loading rams to be self-aligning through
the universal joint attached to the lower platten almost
certainly means that the ends of the specimen and the
loading rams were in complete contact during the experi-
ments. The axial alignment of the components in the
specimen-loading assembly are quite adequete for the pur-
pose of the experiments, which was to apply a constant
and approximately axial load so that the specimens were
stressed close to their fracture point.

An estimate of the fracture strength of the pyrite
samples was based on the values given by Robertson (1955,
fig. 20) for natural, two-, three-~ or four-crystal pyrite
specimens (20,790 psi. at room pressure, and 70,000 psi.
at 6,800 psi. confining pressure). To ensure that the
samples remained intact, it was decided to load the 6 mm,
diameter cylinders at 2,000 1bs, This corresponds to a
stress of 17,700 psi. The samples in all experiments
were loaded at the same stress level, The latter remained
constant for the total duration of the experiment in all
cases, except in the run conducted for 1 week at 700°C
(CJ -~ 06) where the load fell below 17,700 psi., for inter=
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mittent periods totalling probably about one third of the
duration of the experiment.

Setting up an experiment involved the following
procedure. After the loading assembly and furnace were
positioned between the plattens of the loading jig, the
temperature was raised to approximately 200°C, At this
point, in three experiments (CJ - 05, CJ - 07, CJ - 06),

the temperature was maintained at 200°C for times ranging
between 6 to 180 hrs. (see table 6.2) to ensure that the
samples were dried in a similar way to the pre~heated
specimens used in the dry, static annealing experiments.
The samples in experiments CJ - Ol and CJ = 03 were not
pre~heated. However, since the mechanical seal is not
perfectly gas=-tight, a certain amount of drying could
probably oceur during the experiments.

In all runs a load of between approximately 100 and
500 lbs. was applied at about 200°C, and this is considered
to provide a fairly good seal between the capsule and the
loading rams. From this point, the temperature was
increased to the required level, and at the same time, the
load was continuously adjusted to maintain the seal. The
times to reach temperature (table 6.2) and the exact pro-
cedure followed in each experiment are variable and will
not be described in detail,

At the completion of all experiments, there was no
evidence of condensed fluids inside the sealing capsule

and sulphurous gases could not be detected except in the
experiment at 600°C where SO, fumes were recognised. By
comparing the initial and final lengths and diameters of
the cylindexs it was found that none of the specimens had
been recognisably strained except the sample in the long
term experiment at 700°C (CJ - 06) which was shortened by
approximately 10%. During this experiment it had been
necessary to continuously adjust the load.
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Table 6.1 Details of static annealing experiments. Fine
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Microstryctural Observations and Results of the Experiments

At the completion of an experiment the sample was mounted
in cold-setting plastic and polished. After examining
the unetched specimen, a representative half of the
polished surface was etched, Cylindrical samples were
polished on surfaces both parallel and at right angles to
their axis to test whether there was any microstructural
variations correlable with the temperature gradient in the

furnece. In all cases there were no such variations,
except that along the upper surface of the high temperature
(600°C and above), statically annealed specimens, a few
grains of pyrrhotite and a rough surface texture had dev=-
eloped, apparently as a result of the evaporation of
sulphur.

The results of the microstructural observations for
the statice annealing and stress~annealing experiments
are presented separately below.

Static Anpealing Experiments
Table 6.1 _summarises the conditions and results for 20
experiments performed between 300°C and 700°C. Samples
denoted wet and dxy were prepared and subjected to the
conditions described in sect. 6.3. Samples denoted
natural were cut from the starting material and allowed to
dry in the room atmosphere, but were neither pre-heated,
ncr annealed in the presence of added water,

In the statically annealed samples, there is a pro-

gressive increase in the incidence of microstructural
changes with increasing temperature. The fabric of the
sample annealed at 300°C in the presence of water (SA - 06)
is indistinguishable from the microstructure of the
starting material. In describing the changes produced in
the specimens annealed at and above 400°C, it is conveniant
to distinguish three stages of recrystallisation. These

are: Jingcipient, moderate and substantial recrystalligation






Starting Material.

Plates 6.1 and 6,2 Microstructure of the fine grained, pyrit-

ic ore (San Dionisio lode, Rio Tinto) used for the
recrystallisation experiments.

The fabric illustrated in Plate 6.1 is fairly
representative of aggregates containing a high inc-
lusion density and showing a uniform grain size,
Euhedral zone structures are evident, but not
clearly defined. Inclusions are generally concen=-
trated near the nucleus region of a grain. Inter=-
granular pore space is euhedral or subhedral.

The fabric illustrated in Plate 6,2 is fairly
representative of aggregates containing a low inc-
lusion density and a wide grain size variation.
Small and large grains tend to be concentrated in
separate clusters, The characteristic euhedral
growth zone structures are well defined.

Incipient Recxrystallisation
Unetched microstructure of the sample annealed in
experiment SA - Ol (b), for 1 week at 400°C (wet),
The characteristic changes produced during incipient
recrystallisagion are illustrated here - i.e. lent-
icular pores are developed along and delineate the
grain boundaries, and the free grain faces at pre-

existing euhedral voids tend to acquire curved
shapes. Note that in this specimen the size and

spacing of the grain boundary voids is approximately thesame
as in the specimen shown in Plate 6.4 which was re-
crystallised at 600°C,
Unetched microstructure of the sample annealed %n
experiment SA = 17, for 1 week at 600°C (dry),
The microstructural changes illustrated here, in
particular the size and spacing of the grain bound-

ary voids, are approximately the same as in the

specimen shown in Plate 6.3 which was recrystallised -
at 400°C,
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(see table 6.1), The microstructural changes occurring
in the pyrite aggregates at these three stages are des~
cribed below. The effects of the annealing on chalco=
pyrite and sphalerite are described separately in sect,
6.4.3.

(1) Ingipient Regrvstalisation occurs between 400°C and

600°C and is characterised by the following micro=-
structural features which are illustrated in Plates 6,3
to 6.7. The main grain size and shape characteristics
of the initial aggregate can be easily recognised,
Intragranular zone structures and inclusions are re-
tained and show no recognisable modifications. The
characteristic changes induced by incipient recrystall-
isation are the development of lenticular voids along
the grain boundaries and a distinct tendency for pre=-
existing euhedral voids to acquire curved boundary
shapes. These features can be discerned most clearly
on unetched or lightly etched polished surfaces

(Plates 6.3 and 6.4).

The development of grain boundary pores and the
acquisition of curved boundaries at pre-=existing
euhedral voids tends to simplify the original grain
shapes by eliminating irregularities in the grain
boundary morphology. The modified grain shapes tend
to assume simple curved forms, but the gross shape
characteristics (i.e. the main limits of extension of
single grains) are those of the initial aggregate
(compare Plates 6.1 and 6.2 with Plates 6.5, 6.6. and
6.7). In general, the shape of the voids tends to
become increasingly curved as their size decreases,
but there are also many large pores with distinctly
curved boundaries (Plates 6.3 and 6.4).

In some experiments the pores developed along
the grain boundaries are numerous and closely spaced
(Plate 6.5), whilst in other samples the grain bound-






Plate 6.5

Rlate 0.6

Incipient Recx atio

Etched microstructure of the sample annealed in
experiment SA - 25, for 45 days at 400°C (wet).
Ler.ticular pores are developed along the grain boun-
daries. Internal zone structures and the initial
grain shapes are retained. The inclusion density

is low., Note that the size and spacing of the grain
boundary pores is considerably less than in Plates

6.3, 6.4, 6.6, 6.7,

Etched microstructure of the sample annealed in
experiment SA - 01 (b) for 1 week at goo°g (wet).
Large, widely spaced, lenticular pores are developed
along the grain boundaries. Internal zone structures
and the initial grain shapes are retained, The inc-
lusion density is considerably higher than in Plate
6.5.

Etched microstructure of the sample annealed in

experiment SA - 17, for 1 week 3t ﬁOOOQ (dry).
The main features of the microstructure are the same
as in Plate 6.6.

Moderate Recrvstallisation
Etched microstructure of the sample annealed in
experiment SA = 21, for 1 week at 650°C (dry).
The grain size variation is inherited from the prim-
ary fabric, and the inclusion density can be matched
in typical examples of the starting material. The
grain shapes have become polygonal, and most of the
recrystallised grains do not contain the ~clear-
euhedral zones which are characteristic of the
starting material. The core zones which are dist-
inguished by a brownish colour and a rough surface
texture are evident in a large number of grains..
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ary voids are relatively disseminated (Plates 6.3,

6.4, 6.6, 6.7). In the samples annecaled in experi=
ments SA - 05, a and b (400°C), the incidence of grain
boundary pores is extremely low, - There is a marked
correlation between pore spacing and pore size, namely,
in specimens where the voids are closely spaced their
size is small in comparison to voids which are widely
spaced (compare Plate 6.5 with Plates 6.3, 6.4, 6.6,
6.7). The experiments in which small, closely spaced
and relatively large, widely spaced grain boundary
pores were developed are listed in the following table.

Initial Condition

Experiment No, Tempggature of Specimen

Small, closely spaced grain boundary pores

SA - 25 : 400 wet

SA - 02 sa; 500 natural

SA -~ 02 (b 500 wet

SA - 20 500 dry
Large, widely spaced grain boundary pores

SA - Ol (ag 400 natural

SA - 01 (b 400 wet

SA - 12 - 575 dry

SA - 03 (ag 600 natural

SA - 03 (b 600 wet

SA - 17 600 dry

Although there is some correlation between decreasing
incidence of voids and increasing temperature, it is
notable that voids of approximately equal size and
equal spacing were developed both in two experiments
at 400°C (SA = Ol, a and b) and in three experiments
at 600°C (SA - 03, a and b and SA = 17) (compare
Plates 6.3 and 6.4). -
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The source of the free volume contained in the
grain boundary pores is not properly understocod.
Irregularly distributed grain boundary pore space
certainly occurs in the starting material, and pre-
sumably these pores undergo shape adjustments and
account for at least some of the voids observed after
the annealing treatwant. However, the incidence of
macroscopic grain boundary voids in the starting
material appears to be far less than in several of the
recrystallised aggregates. In view of this discrep-
ancy, it is suggested that much of the pore space
observed after annealing results from the coalescence
of sub-microscopic pores contained in the grain
boundaries of the initial aggregate.

Density determinations were not carried out for
any of the samples before and after an experiment.
However, visual comparisons were made between photo-
graphs of the unetched surfaces of the recrystallised
samples and of a number of specimens of the starting
material, By estimating the relative proportions of
voids, which appear as black areas on the photographs,
it is possible to decide whether there has been any
major density changes. In all cases the comparisons
suggest that the density of the recrystallised samples
was less than that of the starting material. If
density changes occurred, they are not uniform, and
there is no marked correlation with the temperature of
annealing.

Intragranular zone structures and inclusions are
retained in all the recrystallised specimens (Plates
6.5, 6.6 and 6.7). The density and distribution of
‘inclusions and the frequency and type of zoning is
identical to the equivalent properties of the initial
microstructure, In different recrystallised specimens
and in different parts of the same specimen, the
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density of inclusions frequently shows noticeable
variation. However, the variation of inclusion
density in the recrystallised samples falls within
approximately the same limits as the density varia-
tion in different samples of the starting material
(compare Plates 6.1 and 6.2 with Plates 6.5, 6.6 and
6.7).

Moderate Recrystallisation occurs at 650°C.  The
annealed fabric (Plate 6.8) resulting from the one
experiment (SA - 21; dry) conducted at this tempera-
ture represents a transition between the stages of
incipient and substantial recrystallisation.

Lenticular pores are developed along +the grain
boundaries, and their distribution, density and size
is approximately the same as for the relatively large,
widely spaced pores which occur in the samples showing
incipient recrystallisation. Many pre-existing
euhedral voids tend to assume curved shapes, but the
extent to which these forms are developed is similar
to that in several of the specimens annealed at lower
temperatures,

Density determinations were not carried out
before and after the experiment, but visual photo=-
graphic comparisons indicate that the bulk density of
the recrystallised specimen is noticeably less than
that of the starting material.

The grain shapes in the recrystallised fabric
(Plate 6.8) are quite different in comparison to those
in the starting material (Plate 6.1 and 6.2). The
fine-scale irregularities which are frequently char-
acteristic of the grain boundary morphology in the
initial aggregate are completely absent from the re=-
crystallised fabric., Moreover, the typical, grossly
irregular grain shapes of the initial microstructure
are largely absent from the annealed aggregate, Most
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grains, and especially those in the lower part of the
grain size range, exhibit a strong tendency to be
polygonal. Their boundaries are generally plane or
gently curved, and frequently meet at triple-point
junctions where they show a marked preference to
enclose 120° angles.

Atthough the grain shapes are different from
those of the initial aggregate, the overall grain size
range and spatial distribution is approximately the
same. In some parts of the recrystallised aggregate
the grain size is fairly uniform. Other parts of the
aggregate are relatively heterogeneous, and large
grains are either disseminated or occur in small
clusters surrounced by a finer grained matrix (Plate
6.8). The overall fabric is matched by aggregates in
the starting material which show similar, uni-modal
and bi~-modal grain size distribfitions.

Intragranular zone structures are totally absent
from a considerable number of grains, but there is no
preference for the absence of zoning to be concen=-
trated at either extremity of the grain size range
(Plate 6.8). Most grains do not contain the typical

clear* euhedral zones which are characteristic of the
starting material. The most prominent zonal features
in the recrystallised grains are the euhedral or sub~-
hedral areas which occur near the nucleus region and
exhibit a rough surface texture and a brownish colour
(Plate.6.8).

Intragranular inclusions are totally absent from
some grains, but their overall density and distribu-
tion can be matched in aggregates of the starting
material (compare Plate 6.8 and 6.2).

At this stage of annealing, many of the recryst~
allised grains have acquired a distinctly cleared
aspect in comparison to grains in typical examples of
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the unrecrystallised material, - In specimens annealed
at temperatures lower than 650°C, there is no definite
evidence to indicate that the internal structure of
the grains has been modified, At 650°C, it appears
that the internal 'clearing of gréins is due, not to
the dispersal of inclusions, but to the obliteration
of the typical -<clear and parallel sided euhedral
zone structures which are invariably characteristic

of the initial aggregate (compare Plates 6.8 and 6.2).

Substantial Recrvs i ] occurs at 700°C and
is characterised by the development of polygonal
grain shapes, widespread obliteration of the primary
growth zone structures, dispersal of inclusions and a
reduction in the bulk specimen density (Plates 6.9,
6.10, 6.11).

Five experiments were performed at this temp-
erature, one for 11 hrs., one for 115 hrs. and the
other three for the standard time of approximately
1 week (table 6.1),

The microstructure of the specimen annealed for
11 hrs. at 700°C (SA - 27) is similar to that for the
sample annealed at 650°C for 1 week (SA - 21),
Lenticular pores are developed along many of the grain
boundaries in the specimen recrystallised at 700°C,
but these voids are much larger than in the specimen
annealed at 650°C, The most prominent difference
between the two specimens is the small density de-
crease in the sample recrystallised at 650°C, comp-
ared to a marked density reduction resulting from the
11 hr. annealing treatment at 700°C (see below).

The microstructure of the sample annealed for
115 hrs, at 700°C (SA - 26) is virtually identical to
that of the specimens annealed for 1 week at this
temperature (SA -~ 07, SA - 10, SA - 11), and the
results for all four of these experiments are des-






Substantial Recr

Plates 6.9 and 6,10 Etched microstructurc.of the samplc an=-
nealed in experiment §£L;;JJa_jgg;J_xﬁgﬂgiuLjﬂliiz
{drvy). The abpormally large grains in Plate 6.9
are apparently unmodified by the annealing treat-
ment, and can be identified with grains of similar
size, shape and distribution in the starting mater-
ial, - The microstructures illustrated in Plates
6.10 and 6,11 were selected from areas such as that
represented by the relatively homogeneous, and fine
grained aggregate in Plate 6.9.

Plate 6,11 Etched microstructure of the sample . annealed in
experiment SA_= O7. for 1 week at 700°C (drv).
In the samples annealed at 700°C for 1 week, relicts
of the primary fabric are retained, and are repres=-
ented by the considerable grain size variations and
by the clustering of grains of similar size, The
principal changes in the initial microstructure are
due to the development of polygonal grain shapes,
dispersal of inclusions, widespread obliteration of
the primary growth zone structures, and dn increas-
ed pore space volume.

S ~A a Speacinpe

Plate 6,12 Etched microstructure of the sample stress-annealed
in experiment GI = 06, for 1 week at 700°C. This
illustration shows the low pore space volume in
comparison to that of the starting material. In the
fine grained component of the aggregate many of the
grain shapes are polygonal. The relict fabric of
the initial aggregate is represented by the grain
size variations and by the grouped occurrence of
small and large grains.
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cribed together,

The typical microstructure developed at the
stage of substantial recrystallisation is illustrated
in Plates 6.9, 6.10, 6.11. Isolated grain boundary
voids are extremely rare, though small triangular
pores occur at a number of triple-point junctions.
Both grain boundary and triple~point pores occur with
the highest frequency in the sample annealed for 115
hrs., and are least prevalent in the other three
specimens recrystallised for 1 week. In all samples
the recrystallised grains, except for the largest, are
notably polygonal, and even the grosser irregularities
which are characteristic of the initial grain shapes
are no longer evident in the annealed fabric. The
grain boundaries are invariably plane or gently curved
and, in compact parts of the aggregate, there is a
marked tendency for grain boundaries to intersect at
triple=point junctions and enclose 120° angles. The
boundaries of even the largest voilds exhibit a strong
tendency to be curved, though a number of voids are
partly bounded by euhedral grain surfaces. Many
small grains which appear to be isolated at voidal
interstices exhibit near-spherical shapes (Plate 6.10).

The only part of the recrystallised fabric which
retains a direct semblance of the initial aggregate
are a few abnormally large grains such as those shown
in Plate 6.9. By comparison with the starting
material, these grains can be identified with similar
large grains which are frequently disseminated through
the primary aggregate or clustered in small groups,
colloform~like structures or vein aggregates. The
intervening and relatively homogeneous aggregate repre=-
sents the bulk of the recrystallised fabric, and it is
from areas of this type that the illustrations of
Plates 6.10,and 6,11 were selected.

Although the bulk of the cmcrystallised fabric
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exhibits an overall homogeneity, the detailed micro-
structure is characterised by a considerable grain
size variation, and frequently, by the direct juxta=
position of grains of markedly different size (Plates
6.10, 6.,11). These features are comparable with the
microstructure of typical examples of the starting
material (compare for example Plate 6.2 end 6.11).

On this basis, it is concluded that the grain size
heterogeneity in the recrystallised fabric is a relict
feature, reflecting the influence of the initial
microstructure.

Visual photographic comparisons of etched sur=~
faces suggest that the average grain size of the
recrystallised specimens is somewhat greater than that
of the starting material {compare Plates 6.1 and 6.2
with Plates 6,10, 6.11; in these two groups of illust=-
rations the magnification differs by a factor of 2).
If a grain size increase has occurred, the growth pro-
cess was almost certainly restricted to the fine grain
size components of the initial aggregates. The coarse
grains, occurring singly or in clusters, have adjusted
their shapes, but their size does not appear to be
significantly enlarged.

A striking change produced in the samples
annealed at 700°C is the homogenisation of the intern=-
al structure of the recrystallised grains. This dev=
elopment reaches an extreme in parts of the annealed
specimens such as that shown in Plate 6.11. In small
and large grains alike, the homogenisation process is
at least partly due to the widespread obliteration of
the primary growth zone structures. It is estimated
that somewhere in the order of 50% of the grains are
completely unzoned. Only the largest grains retain
complete euhedral zone structures (Plate 6,9), but
even here there is no way of being certain that some
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of the original zones have not been obliterated,
Gwains containing even a few of the relatively <clear ,.
euhedral zones which are a characteristic component

of the primary zone structures are extremely rare (see,
however, the large grains at the lower left of Plate
6.11). The characteristic zones retained in the
recrystallised fabric are the anhedral to subhedral
areas which exhihit a brownish colour and a rough
surface texture (these zones are conspicuous in Plates
6.9, 6.10 and are faintly evident in some of the

grains in Plate 6,11).

Intragranular inclusions are associated with the
characteristic zone structures of the recrystallised
aggregate.(Plate 6.11). One or two inclusions some=-
times occur in completely unzoned grains (Plates 6.10,
6.11). The inclusions are invariably characterised
by a spherical or near-spherical shape (Plates 6.10,
6.11), and this is a distinguishing feature of the
recrystallised aggregate. The inclusion density in
by far the major part of all specimens is approximately
equal to that shown in Plates 6.10 and 6.1l1l. Since
this concentration is considerably higher than in
typical examples of the starting material, it is con=-
cluded that at least part of the primary inclusion
concentration has been dispersed during the annealing
treatment. This factor, together with the widespread
obliteration of primary zone structures, contributes
to the cleared appearance of the recrystallised
grains.

Visual comparisons of photographs of unetched
polished surfaces indicate that there was a marked
decrease in the density of all five samples recrystal-
lised at 700°C. The increased porosity associated
with the annealing process was confirmed by direct
methods for three of the recrystallised samples,
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As a result of annealing, the diameter of the
cylindrical specimen in experiment SA - 10 increased
from 9,50 cm. to 9.67 cm, By assuming a proportion-
al increase for the height of the cylinder, it was
calculated that the size of the specimen had increased
by 5.5% of its initial volume. Since the volume
increase can only be accomplished by the generation
of internal voids, the specimen density must decrease,
After the sample was recrystallised, its density was
measured, three determinations giving an average
value of 4.47 gm./cc. Considering the 5.5% volume
increase, the calculated pre-annealing density of the
specimen was 4.7l gm./cc. This is a normal value
for typical examples of the starting material,

The densities of the specimens in experiments
SA - 26 and SA - 27 were measured before and after
annealing, and it was also noted that the diameter of
the samples had increased at the end of the experi-
ments. These data and the calculated volume inc-
reases for the two specimens are listed in the
following table,

SA = 26 SA = 27
Measured initial density am/cc. 4,61 4,68
Initial cylinder diameter mm, 9,50 9,47
Final cylinder diameter mm. 9,87 9.75
Volume increase as % of initial
volume 12,1 9.1

Measured final density gm/cc. 4,15 4.42
Cadlculated final density gm/cc. 4,12 4,29

The post=-annealing density of the specimens can be
calculated from the measured initial density and the
bulk volume increase of the samples, The densities
obtained in this way are recorded in the foregoing
table, and show reasonable agreement with the measured
final densities,.
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Assuming that 5% of the aggregate is composed of
chalcopyrite and sphalerite (an estimate confirmed by
later point count determinations), then the proportion
of voids in the original samples can be calculated
from the measured initial densities. The pore space
density in the recrystallised samples can then be
obtained by adding the initial pore volume to the bulk
volume increase of the specimens. These data are
listed in the following table.

SA = 20 S8 = 27

Calculated initial pore vol.

as % of initial spec. vol. 8.7 7.3
Bulk vol. increase of spec. 12.1% 9,1%
Calculated final pore vol. as

% of final spec., vol. 18.6 15.0
Final pore volume determined

from final measured density 17.7% 12.5%

The final pore volumes can also be calculated from

the measured final specimen density. These values are
recorded in the above table, and show good agreement
with the final pore volume obtained by addition of the
initial pore space density and the bulk volume inc=-
rease of the specimens.

6.4.2 Stress = Annealing Experiments

Four experiments were conducted in which cylindrical spec-
imens were stressed near their fracture point and simult-
aneously heated at temperatures between 400°C and 700°C
for approximately 1 week; one other experiment was termin-
ated after approximately 24 hrs. at 700°C (see table 6.2).
In all experiments there is no evidence for mechanical
deformation of the samples. This might be expected since,
although the experiments were conducted at elevated temp-
eratures, the specimens were stressed below their measured,
room temperature fracture point. All samples were whole
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and coherent when removed from the sealing capsule and
their microstructure showed no evidence for fragmentation..
The gross grain shapes are essentially equant and similar
to those in the starting material. Primary euhedral
growth zone structures retain their strict euhedralism and
are not distorted even in the grain boundary region. These
features constitute sufficient reason to conclude that the
stressed samples did not undergo mechanical plastic
deformation (see sect. 8.3.1 (2)). The absence of gross
distortion in three of the samples (CJ - 03, CJ - 05 and
CJ - 07) is directly indicated by the fact that no differ-
ences were recorded in the measured lengths of the cylin-
drical specimens before and after the stress—=annealing
treatment. The shortening (approx. 10¥%) produced in the
sample annealed for 1 week at 700°%C (CJ - 06) is correlable
with the simultaneous increase of the specimen density (see
below), but was apparently cccomplished by a

diffusional mechanism,

On the basis of the different changes effected, it is
convenient to describe the results of the stress-annealing
experiments in three groups, namely, the experiments at
400°C and 600°C, the experiment at 650°C and the experi-
ments at 700°C.

(1) Experiments CJ - 03 and CI = 05 at 400°C and
600°¢C The microstructure of the specimens annealed at

400°C and 600°C for 1 week is indistinguishable from that
of the starting material. Even in the experiment at 600°C
there is no evidence for the exsolution phenomena (see
sect., 6.4.3) which are initiated in chalcopyrite grains at
temperatures as low as 400°C in the static annealing
experiments,

(2) Experiment CJ ~ 07 a 0° Extremely minor
alterations were induced in the sample annealed at 650°C
for 1 week. Chalcopyrite and sphalerite grains have dev-
eloped features which are similar to those in the specimens
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statically annealed at 400°C and 500°C (see sect. 6.4.3).

The microstructure of the pyritic aggregate is indist-
inguishable from that of the starting material except that
a few lenticular pores have been generated along some of
the grain boundaries. This development is equivalent to
the incipient stage of recrystallisation (400°C - 600°C)
in the static annealing experiments, but the incidence of
grain boundary pores is very much less than in any of the
statically annealed specimens.,

(3) Experiments CJ - Ol and CJ - 06 at 700°C The
microstructure of the specimens streseed and heated at
700°C for 24 hrs. for 1 week show noticeable changes come=
pared to the starting material, Chalcopyrite and
sphalerite grain s exhibit features which are similar to
those in the specimens statically annealed at the same
temperature. There is a less marked tendency for these
same features to develop in the sample  stress-annealed
for 24 hrs,

The most striking change induced in the pyritic com~
ponent of the sample annealed for 1 week at 700°C (CJ - 06)
is the marked density increase., Density determinations
were not carried out before and after the experiment, but
visual comparison of the proportion of voids in unetched
surfaces of the starting material and the recrystallised
aggregate strongly suggest thst the bulk specimen density
increased during the stress~annealing treatment. The inc-
reased specimen density is most apparent from observations
of the detailed microstructure. Plate 6.12 shows a typical
area in the recrystallised fabric where it is reasonable
to assume that the initial microstructure was substantially
uniform and equivalent to aggregates of the starting
material such as those illustrated in Plates 6.1 and 6.2,
The recrystallised aggregate in Plate 6.12 is remarkably
compact and the proportion of pore space is noticeably less
than in the typical primary aggregates shown in Plates 6.1
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and 6.2.

It is evident from the direct juxtaposition of grains
of markedly different size and from the general pattern of
grain arrangement (Plate 6.12) that the main grain size
and shape characteristics of the initial aggregate are
retained in the sample stressed and heated at 700°C for 1
week. However, there is a marked tendency for the grain
boundaries to assume plane or gently curved shapes, and
the medium and fine scale irregularities which typify the
grain boundary morphology in the initial aggregate are
almost totally absent from the recrystallised fabric
(Plate 6.12), The grain boundaries frequently meet at
triple-point junctions, enclosing 120° angles, and to=
gether with this development, the smaller grains acquire
noticeable polygonal and equant shapes. The grain shape
modifications in general are best developed in the smaller
grains, but the acquisition of curved grain boundaries
tending to meet at 120°, triple-point junctions is also
extended to the margins of the large grains where the
latter are directly in contact with clusters of smaller
grains. In some of the fine grained clusters there is a
distinct tendency fexr many of the grains to be slightly
elongate, and for the long axes of these grains to be
oriented approximetely at right angles to the applied com=
pression direction. Many of the grain surfaces facing
pore spaces have assumed noticeably curved forms, though
euhedral voids are common,

There is some suggestion that the grains in the re-
crystallised fabric are relatively ‘'clearer and less
frequently zoned than in the starting material (compare
Plate 6.12 with Plates 6.1 and 6.2). However, it is not
certain that these differences exist.

The pyritic component of the sample stressed and
heated at 700°C for 24 hrs. (CJ - Ol) is similar to that
in the specimen annealed for 1 week, However, in the



161

specimen annealed for 24 hrs. all of the changes induced
by recrystallisation are distinctly less marked than in
the sample annealed for 1 week. The main difference
between the two samples is the relatively lower density of
the specimen annealed in the short term experiment. The
density difference is marked, and inm fact it is estimated
that in the sample annealed for 24 hrs. the proportion of
voids has actually increased in comparison to the pore
space density in typical examples of the starting material,
This change is the meverse of that observed in the long
term experiment. The apparent decrease in the density of
the specimen annealed for 24 hrs. is estimated to be
roughly the same as that for the specimens statically
annealed for 1 week at 700°C.

6.4.3 Static Annealing Changes Iaduced in Chalcopvrite and
Sphalerite
All samples of the starting material contain a few grains
of chalcopyrite and sphalerite, most of which occur at
strictly euhedral interstices., The chalcopyrite displays
a clear, pale yellow colour, but in some samples or in
certain grains of the same sample, the colour of the chalco~
pyrite assumes.a distinctly more golden tinge. .Almést all
the sphalerite grains contain numerous oriented inclusions
of chalcopyrite. Chalcopyrite and sphalerite grains may
coexist at the same interstice or occur at different sites.
In all samples statically annealed at and above 400°C
the chalcopyrite and sphalerite grains have undergone
noticeable changes. The annealing effects show a broad
correlation with temperature, but are quite independent of
the recrystallisation phenomena in the pyritic aggregate,
(1) Changes Occurring at the Chalcopyrite/Pyrite and
and Sphalerite/Pyrite Phase Boundaries In all the
specimens annealed at temperatures up to 650°C and for
several of the chalcopyrite and sphalerite grains in the
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sample annealed at 700°C for 11 hrs. (SA - 27), pore

spaces tend to accumulate at the chalcopyrite/pyrite and
sphalerite/pyrite phase boundaries. At the margins of
chalcopyrite grains the voids are relatively large and
isolated and occur preferentially at the corners of the
original interstices. The pore space at the margins of
sphalerite grains is mainly developed as a closed spaced
array of small lenticular voids. In the samples recryst-
allised at temperatures up to 650°C the overall shape of
pre-existing euhedral interstices occupied by sphalerite or
chalcopyrite can generally be easily recognised. However,
significant shape changes are associated with the develop-
ment of the grain boundary voids, and are manifested by a
tendency for the free surfaces of both the pyrite and
interstitial grains to assume smoothly curved forms.

In the samples of the long term experiments at 700°C,
almost all the sphalerite/pyrite boundaries and many of
the chalcopyrite/pyrite boundaries are coherent and are
not associated with preferential concentrations of pores.
The coherent phase boundaries tend to assume markedly
curved shapes and the pre-existing euhedralism of the inter=~
stices can be difficult to recognise.

(2) Changes Occurzina at the Chalcopvrite/Sphalerite
Phase Boundarv In recrystallised samples where pore
spaces are developed along the chalcopyrite/pyrite and
sphalerite/pyrite phase boundaries, similar pores nearly
always occur at the boundary between coexisting chalco=-
pyrite and sphalerite grains.

In the starting material, chalcopyrite and sphalerite
frequently coexist at the same interstitial site, but
always occur in such a way that their separating boundary
intersects the pyrite aggregate. This relationship is
markedly altered during the annealing treatment. In all
of the recrystallised samples there is a distinct tendency
for the sphalerite grains to assume cyrved shapes, and to
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become isolated within the chalcopyrite interstices.  In
samples annealed at and below 600°C the isolation of
sphalerite grains may be either complete or incomplete.

In the specimens recrystallised at 650°C and 700°C nearly
all the sphalerite grains coexisting with chalcopyrite are
completely isolated, and occur near the centre of the
chalcopyrite interstices.

(3) Dispersal of Chalcopyrife Inclusions in
Sphalerite Grains In the specimens annealed at 500°C
the density of chalcopyrite inclusions in sphalerite appears
to bn noticeably :less than that-in the starting material.

Sphalerite grains in the samples recrystallised at
temperatures between 575°C and 700°C are completely homo=
geneous and free from all types of inclusions. It is
noteworthy that the sphalerite grains are homogeneous
irrespective of whether the specimen was slowly cooled or
quenched to room temperature at the end of the experiment.

(4) Internal Changes Associated With Discrete

Chalcopyrite Grains In two experiments at 400°C (sA -
Ol, a and b), two experiments at 500°C (SA - 02, a and b),

two experiments at 600°C (SA - 03, a and b) and two experi-
ments at 700°C (SA - 26 and SA - 27) many discrete chalco-
pyrite grains developed a coarse or a fine lamellar sub-
structure. In some cases the annealing of the chalco~
pyrite was also accompanied by the development of a gross
zonal structure.

In all of the samples annealed at 700°C many of the
chalcopyrite grains developed minute, equant or star=-shaped
inclusions of sphalerite, which are either disseminated, or
occur with a high density in planar or curved rows. The
sphalerite inclusions occur both in samples which were
slowly cooled and in those which were quenched at the end
of the experiment.

In two of the specimens annealed at 700°C (SA - 26
and SA - 11), small sphalerite inclusions in pyrite occupy
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a narrow discontinuous rim which occurs immediately adja-

cent to some of the chalcopyrite interstices. _
In the samples of two experiments at 500°C (SA - 02,

a and b), the experiment at 650°C, and the experiments at

700°C the colour of the chalcopyrite is noticeably darker

than in the starting material. Usually the colour is
uniform over the area of single grains, but a number of
grains in three experiments at 700°C (SA = 07; slowly cooled,
and SA - 10 and SA - 1l; quenched) exhibit distinct margin-
al rims whexre the colour becomes progressively lighter than
in the centre of the grains.

Dj .

For the purpose of this discussion, the following terms

are defined at the outset:

(1) Grain boundaries whose structure is determined by an
atomic fit between the geighbouring lattices (of simi=-
lar or dissimilar orientation) will be referred to as
coherent arain boundaries, or goherent interfaces.
These interfaces are distinguished from ingohexent
arain boundarjes where the inter-lattice distance

reaches a macroscopic dimension (i.e. a few or more
3tom diameters wide). In unetched polished surfaces
of the starting material and the recrystallised
aggregates, there is no direct physical manifestation
of the grain boundaries (where grain boundary pores
are developed, there is no direct physical manifesta=-
tion of the segments of the grain boundary between
adjacent pores). This suggests that the grain to
grain intexfaces are essantially cohexent.

(2) Inkerarapular diffusion is defined as the transport
process which oscurs when atoms move directly from the
surface of one grain to that of the adjacent grain

across a g¢ohexrent intexrface. This is a solid state

dif fusion mechanism, and must occur when coherent grain



165

boundaries migrate. However, intergranular diffusion

is distinguished from grain boundarv diffusion which

does not necessarily imply a transfer of atoms between

adjacent grains,

6.5.1 Static Annealing~Incipient Recrystallisatdon
In all specimens which underwent incipieéent recrystallisation
at temperatures up to 600°C, the grain size, the gross
grain shapes and the internal grain structure of the
initial aggregate are retained in the microstructure of the
annealed sample. The otriginal fabric is not substantially
altered by the development of grain boundary pores.

Since the microstructural properties of the primary
aggregate are essentially unchanged, it can be assumed that
the pyrite grain to grain interfaces did not migrate during
the annealing treatment. The retention of the initial
grain shape characteristics provides the most direct evi=-
dence for this conclusion.

If recrystallisation involves migration of coherent
grain to grain interfaces, the diffusion process must occur
in the solid state, and the nett effect is for atoms to be

released from the surface of one grain and move directly

to the surface of the adjacent grain. Thus, the fact that
grain boundary migration did not occur in the pyrite samples
undergoing incipient recrystallisation can be taken to
indicate that the temperatures at which these experiments
were conducted -~ that is, at temperatures up to 600°C = are
not sufficiently high to activate intergranular diffusion,

Because the structure of the interfacial region
between two grains is generally fairly loose (compared to
the interior of the lattice), the energy required to acti-
vate intergranular diffusion is probably somewhat similar
to the activation energy for diffusion on the free surface
of a grain. Thus, it also follows that at temperatures
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up to about 600°C, iron and sulphur atoms would not be able
to diffuse on the free surfaces of pyrite grains, provided
these surfaces were in contact with an inert atmosphere
(i.e. provided solvent, interstitial fluids were absent).
Therefore, if the initial aggregate contained no inter-

stitial fluids, it seems reasonable to suppose that the
free grain surfaces could not undergo shape changes,
growth or dissolution at temperatures up to 600°C.
However, the annealed samples are characterised by
development of lenticular grain boundary pores, and by a
tendency for pre-existing interstices to acquire curved
boundary shapes. Both these features imply that the free
grain surfaces were unstable and could adjust their shape
with reasonable facility. The acquisition of curved sur-
face forms, and the tendency for these shapes to be best
developed in the smaller voids (i.e. in the newly developed
grain boundary pores and in the smaller pre-existing voids)
indicates that the free grain surfaces adjusted their
shape in order to reduce their surface energy and reach an
equilibrium configuration. The fact that these adjust-
ments occurred under conditions where coherent grain
boundary migration is inhibited apparently indicates that
the initial aggregate contains interstitial fluids. As
explained in the introduction (sect. 6.1), the presence of
these fluids increases the facility for atoms to leave the
free grain surface (because of the energy of attraction
between the atoms of the solid crystal and the atoms of
the fluid phase), and hence reduces the temperature level
at which the atoms of the solid phase can diffuse between
different grains or from one part of a surface to another.
In samples which were annealed under wet conditions
(i.e. in the presence of added water), the source of the
interstitial fluids is apparently obvious. However, at
each of the temperature levels at which the experiments
were conducted, one of the samples (i.e. SA - 05, a3 SA -
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20; SA - 12; SA - 17) was annealed only after pre~heating
in-air at 180°C - 200°C, The pre-heating treatment was
designed to remove all traces of interstitial fluids which
may have been contained in the original ore, but all
these specimens showed incipient recrystallisation. At
the end of three of the experiments (i.e. those at 500°C,
575°C, 600°C) the inside of the specimen capsule was
examined and it was noted that in all cases there was no
condensed fluid phase. Apparently, in these specimens
the interstitial fluids promoting the incipient recrystal=~
lisation phenomena are effectively sealed in the crystall=
ine aggregate, and were not removed either during the
relatively low temperature pre~heating treatment or during
the annealing process itself. Although, at first sight,
this may seem to be an unreasonable supposition, there are
substantial grounds for believing both that interstitial
fluids are contained in the initial aggregate, and that
these fluids remain trapped at temperatures as high as
600°C,

The development of intragranular fluid inclusions in
the ore minerals is a well known feature of crystal growth
under natural hydrothermal conditions. If the ore=bearing
fluids can be trapped in the interior of a crystal, it
seems perfectly reasonable to suppose that the same phen=
omenon would occur at the boundaries or interstitial sites
between neighbouring grains. Entrappment of intergranular
fluids during the final stages of growth would be directly

related to the mode of impingement of neighbouring grains
or groups of grains. For example, if different parts of
the impingement surface (i.e. the grain boundary) between
two adjacent grains advances at different rates (due, for
example, to uneven diffusion to the growth surface in the
confined spatial conditions associated with the final
stages of growbh), small pockets of interstitial fluids
could become isolated at different and perhaps numerous
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points in the grain interface. The occurrence of discrete
euhedral interstices between groups of pyrite grains in the
starting material bears direct witness to the fact that
comparatively large, non~-crystalline volumes were isolated
during the final stages of growth. It seems highly
probable that at least some interstitial fluids were
trapped in these interstices. Euhedral interstices
occupied by chalcopyrite and sphalerite were obviously
accessible to later solutions, and therefore not completely
sealed. However, interstices which are apparently voidal
coexist with those which are occupied, thus indicating that
the former interstices were not accessible to the later
solutions, and therefore effectively sealed, This implies
that if pyritic ore-bearing fluids were trapped in the non-
crystalline interstices, they could not escape for thes.same
reason that the copper and zinc bearing solutions could not
enter, Where the interstices are sealed, the intersecting
grain boundaries are apparently coherent, The manifest
entry of later ore solutions into the aggregate implies
that, at the completion of the pyrite growth event, there
was a considerable proportion of grain boundaries which
were sufficiently incoherent to act as effective diffusion
channels. However, precipitation would occur in these
channels (which need only be a few atom diameters wide) as
well as in the larger interstices, and at the completion
of mineralisation the total incidence of sealed, coherent
grain boundaries could be extremely high.

From the foregoing summary it appears reasonable to
assume that primary ore~bearing fluids are trapped at
intergranular sites in the starting material used for the
recrystallisation experiments. At annealing temperatures
up to 600°C, there is no evidence that the grain boundaries
migrate, and hence that intergranular diffusion can occur.
Under these conditions, coherent grain boundaries could be
effectively sealed, Thus during annealing and during pre=-
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heating, the interstitial fluids would not be expelled
from the specimens, but would remain trapped, at essenw
tially the same sites as they occupy in the initial
aggregate,

Direct evidence for the presence of interstitial
fluids in the natural pyritic aggregates was obtained in
experiment SA - 02, a, The specimen used in this experi~
ment was neither pre-heated nor annealed in the presence
of added water. The interior of the specimen, at least,
should have been representative of the naturally occurring
ore. After the annealing treatment (during which the
sample underwent incipient recrystallisation) for 1 week
at 500°C, it was noted that a few droplets of a fluid
phase had condensed on the inside of the specimen capsule.
This fluid must have been derived from the interior of the
specimen,

The expulsion of interstitial fluids from the sample
annealed in experiment SA - 02, a may mean that all samples
lose some of their fluids when subjected to pre-heating.
In this case, the non-expelled interstitial fluids respon-
sible for the incipient recrystallisation in the pre-
heated samples of experiments SA - 20, SA =~ 12 and SA « 17
might represent only the most thoroughly sealed fluids in
the initial aggregates,

The recrystallisation effects associated with inter~
stitial fluids will depend on the temperature of annealing,
and on the composition and pore pressure of the fluids,
The last two of these factors are unknown, though it seems
reasonable to suppose that in the experximents where pre=~
heated and natural samples were used, the composition of
the fluids is fairly uniform, and approximates to that of
the primary ore-bearing solutions.

However, the different behaviour of some samples
annealed ‘at the same temperature (e.g. in experiments SA=-
Ol; SA - 05; SA = 15) and the similar behaviour of other
samples annealed at different temperatures (e.g. in
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experiments SA - Ol, a; SA - 03, a) suggest that the total
amount of fluid present and its pressure at the time of
annealing were variable. Even the original samples
apparently contain different amounts of interstitial fluids,
This is illustrated, for example, by the two specimens
which were recrystallised in their natural states in experi=-
ments SA - Ol, a and SA - 03, a. Both samples showed
similar annealing changes, but one was recrystallised at
400°C and one at 600°C. The amount of fluid and its
pressure in the sample will also depend on the degree of
sgaling of the grain buundaries. As already indicated
above, this is a further variable factor, and could mean
that similar pre~heating times do not remove the same
amount of fluid from different samples, and that the inter-
nal fluid pressure during the annealing treatment changes
at different rates for different samples. In experiments
where the specimens were recrystallised in the presence of
added water, even the bulk composition of the interstitial
fluids might be changed, and the amount of water entering
the aggregate and its effective pressure will again vary
according to the degree of sealing of the grain boundaries.
In view of these complications, it is only to be expected
that the microstructural changes accompanying incipient
recrystallisation show such a poor corretation with the
annealing temperature.

Owing to the importance of primary interstitial
fluids, it is necessary to re-evaluate the intended role of
added water in the experiments deliberately performed under
wet conditions. Barnard (1967) has shown that there is ne
observable solution of pyrite in de=-ionised water at 400°C;
even at 500°C the solvent capacity of de=-ionised water is
minimal compared to the solubility of pgrite in chloride~
bearing solutions. Their relatively high solvent action
suggests that the chloride-bearing solutions are fairly
representative of the composition of the natural ore-=bearing
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solutions. Thus the primary interstitial fluids in the
starting material used for the recrystallisation experi-
ments probably have a far greater solvent capacity than
de~lonised water. Although pure water was not used in
any of the experiments, there would be little complexing
associated with the water introduced in the form of pyro=
phyllite, Water introduced as hydrated ferrous sluphate
would be ionised, but there is no basis for estimating its
solvent capacity. Thus, at least in the experiments where
the hydrous additive was pyrophyllite, it seems reasonable
to conclude that the incipient recrystallisation phenomena
were effected mainly through the agency of the primary
interstitial fluids, and not the added water.

The fact that pyrite is not observably soluble in de~
jonised water at 400°C (Barnard, 1967) immediately suggests
that the hydrous additives played no part at all in the
recrystallisation experiments at 400°C. This conclusion
appears to be confirmed by the results of experiment SA =~
15 which was performed under wet conditions (water introd-
uced as hydrated ferrous sulphate) at 400°C, but where the
annealed specimen showed no microstructural changes. The
absence of recrystallisation effects can be taken to indi=~
cate that the original sample contained no primary inter~
stitial fluids of the same type as those which were present
in the other specimens annealed at the same temperature.
Although the bulk of the specimen may have been effectively
sealed against the entry of added water, there are no
annealing effects even near the margin of the sample,

These observations strongly suggest that even the ionised
water introduced as hydrated ferrous sulphate is ineffective
as a recrystallising agent at 400°C,

The absence of recrystallisation in the specimen
annealed under wet conditions at 300°C (SA - 06) is
difficult to interpret. As in the specimen of experiment
SA - 15, there may have been no primary interstitial fluids
in the original sample, and at this temperature it is
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virtually certain that water introduced in the form of
pyrophyllite would have no solvent capacity. Hence, even
if the specimen were permeable, incipient recrystallisation
would not be expected to occur. On the other hand, the
sample may contain primary interstitial fluids, but at this
temperature level the solubility of pyrite, even in the ore-
bearing solutions, may be insignificantly small,

Experiment SA -~ 25 (performed under wet conditions at
400°C for 45 days) was conducted to test whether the micro-
structural changes produced during the incipient stage of
recrystallisation become more extensive with increasing
annealing time, or whether the microstructure is stabilised
after a relatively short time. Compared to the other
samples annealed for 1 week at the same temperature, there
is no significant increase in the annealing effects in the
specimen recrystallised for 45 days, Although this
result suggests that the microstructure is stabilised at an
early stage of annealing, it is extremely doubtful that a
sound comparison can be made between the long term and
short term experiments. As pointed out above, it is
almost certain that there are marked variations of annealing
behaviour related to the amount, pressure and possibly the
composition of interstitial fluids in different samples,
Since the importance of these factors in comparison to the
length of the annealing time is completely unknown, the
results of the long term experiment must remain incon-
clusive.

S ic_Anneali - Moderate and ia

R tallisati

Compared to the starting material, the samples undergoing
substantial recrystallisation at 700°C are characterised by
polygonal grain shapes, a much lower incidence of intra=-
granular zone structures and inclusions, and probably an
increase in the average grain size.
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From the grain shape changes it is clear that coherent
grain to grain interfaces migrated during the annealing
process., Moreover, in view of the reduced grain size
variation, the development of plane or smoothly curved
boundarias, and the tendency for grain boundaries to meet
at 120°, triple=-point junctions, it is evident that the
grain boundaries adjusted in order to reach equilibrium
under the influence of their surface energy.

Although statistical grain-size comparisons were not
made (for reasons given in sect. 6.2), it appears fairly
certain that if the average grain size has increased in the
recrystallised samples, then the growth process was re-
stricted to the fine grain size component of the initial
aggregate, This is only to be expected since a given
volume of small grains is associated with a higher total
grain boundary free energy than an equal volume of large
grains. Presumably, if the annealing is prolonged, the
grain size heterogenities of the initial aggregate would be
completely leveled out, and eventually all grains would
grow at approximately the same rate.

Since coherent grain to grain interfaces were able to
migrate during the annealing process, it is concluded that
intergranular diffusion of both the iron and sulphur lattice
components is activated at 700°C. Under these conditions,
diffusion could also occur on the free surface of pyrite
grains. If interstitial fluids are present, they will
have negligible effects on the recrystallisation process,
since grain growth and the consequent reduction of surface
free energy occurs much more rapidly when atoms move
directly across the grain to grain interfaces than when they
are transferred via an interstitial fluid, Thus, the
experiment performed under wet conditions (SA = 10} has no
special significance. Similarly, there is no importance
attached to the probability that all samples, including
those that were pre-heated, may have contained primary
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interstitial fluids.

The partial dispersal of intragranular inclusions and
the widespread obliteration of primary growth zone struc=-
tures indicate that at the temperature of annealing
diffusion was also activated in the interior of the pyrite
lattice (vclume diffusion). Homogenisation of the inter=-
nal grain structure could occur by diffusion 4n the grain
boundaries as the latter traverse the crystalline aggregate
during grain growth (see sect. 7.1.4). However, it can be
shown that this mechanism was unimportant in comparison to
volume diffusion. As pointed out earlier, although the
largest grains (excluding the abnormally large dissemin=-
ated grains, and those associated with vein structures, etc.)
have undergone shape adjustments, their size does not appear
to be significantly greater than the size of the equivalent
grains in the starting material. Hence grain boundaries
have not traversed the bulk of the lattice volume, and
certainly not the interior region of these grains. Since
compositional zone structures are nevertheless destroyed to
the same extent as in the smaller grains, diffusion must
have occurred in the interior of the large grains.

Since the destruction of the primary growth zones is
not accompanied by the formation of new phases (as discrete
grains, or as rims surrounding the pyrite grains), it is
evident that the atom species respomsible for the composi-
tional variations are uniformly dispersed through the
pyrite lattice. A similar conclusion might be applicable
to the inclusion particles, though if the latter were
actually voids, it seems probable that their dispersal was
accomplished by migration of vacancies to the grain
boundaries, and finally ky incorporation of the free volume
in the intergranular pore space.

Although the majority of primary growth zone struct-
ures are destroyed during annealing, the characteristic
brownish coloured core zones of the initial aggregate are
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still evident in the annealed samples and appear to be
unmodified by the recrystallisation process. The reten=-
tion of these zones apparently indicates that at least
some of the atom species involved in the compositional
changes are either too large or too strongly bonded to
undergo volume diffusion at 700°C. It seems much less
likely that the primary zoning reflects different types of
structural defects in the pyrite lattice, As evidenced
by the destruction of other types of zone structures, the
temperature of annealing was sufficiently high to activate
volume diffusion of at least some of the lattice components,
and under these conditions structural defects would almost
certainly be unstable.

At least some of the pre-existing inclusions are also
retained in the recrystallised grains, but were markedly
spherodised, and therefore not inert, during annealing,

The fact that these inclusions are not dispersed must
indicate either that their atomic components were too large

to diffuse or be incorporated in the pyrite lattice, or

that the latter was already saturated with respect to these
atoms (or vacancies). However, if the inclusions were
voidal, there would still be a favourable energy change
(i.e. a surface energy reduction) if they migrated to and
dispersed at the grain boundaries. Actually there is no
evidence suggesting a tendency for the inclusions to dis-
perse at the grain boundaries. On the contrary, a number
of relatively large and seemingly voidal inclusions occur
very close to the grain boundaries and were apparently
quite stable, To account for this observation it seems
necessary to assume tha the observed inclusions result from
coalescence of smaller inclusions, This is a favourable
change since it involves a reduction of the total surface
energy.

The reduction of the bulk spacimen density associated
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with annealing is probably due to the growth of pre-
existing voids rather than the nucleation and growth of
new pore spaces. Coble (1959, p. 157 has shown that when
voids are surrounded by more than a critical number of
grains, the pore space actually grows during the annealing
process, The critical number of surrounding grains
depends on the equilibrium angle of the pore wall at the
grain boundary intersectioms. However, even when the
equilibrium angle is as high as l50°, pore spaces
increase their size if the number of surrounding grains is
greater than 12 (in section). In the recrystallised
pyrite samples, it is clear that many pores are surrounded
by a large number of grains. Thus, it seems likely that
the decrease in the specimen density is due to a nett free
volume increase resulting from the growth and shrinkage of
pores surrounded by a large and a small number of grains,
respectively.

Both in the sample showing moderate recrystallisation
at 650°C (SA = 21) and in the sample showing substantial
recrystallisation after 11 hrs., at 700°C (SA = 27), the
annealing process was basically the same as in the speci~
mens recrystallised for 1 week at 700°C,

Since recrystallisation is mainly a temperature
activated process, it is only to be expected that the
sample annealed for 1l hrs. at 700°¢C undergoes changes
which are similar to those produced in the long term
experiments at the same temperature., The differences
between the samples annealed in the long term and short
term experiments are related only to the degree of develop~
ment 8f the same microstructural changes. This observa-
tion is consistent with the fact that the sample recryst-
allised for 11 hrs. had less opportunity to respond to the
annealing treatment.

The development of polygonal grain shapes and triple=
point grain boundary intersections in the sample annealed
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for 1 week at 650°C indicates that coherent grain to grain
interfaces were able to migrate under the influence of
their surface energy. Thus intergranular diffusion

occurs at 650°C, and interstitial fluids would be relative-
ly unimportant at this temperature. Moreover, the reduc=
tion in the incidence of primary growth zone structures

can be taken to indicate that significant volume diffusion
occurs in the pyrite lattice at temperatures as low as
650°C,

Stress~Annealing

In this group of experiments the test samples were simult~
aneously loaded and annealed with the intention of produc-
ing at least small amounts of plastic strain which would
tend to facilitate the recrystallisation process., The
final objective was to obtain a2 rough estimate of the
reduction of the minimum recrystallisation temperature
associated with plastic strain, However, none of the test
samples underwent plastic deformation, and the original
purpose of the experiments was not achieved. For this
reason, the results described in sect. 6.4.2 have not been
thoroughly analysed. A brief discussion is presented below
but is confined to only the more obvious features of the
experiments.

Two specimens were stress-annealed for the same period
of time (1 week) and over the same temperature range (400°C
- 600°C) as in the static annealing experiments where
incipient recrystallisation was produced, In contrast to
the statically annealed samples, neither of the stress-
annealed specimens responded to the heating treatment.

This behaviour might be partly due to escape of primary
interstitial fluids. The effect of an applied stress may
be important in so far as grain boundaries parallel to the
compression axis would tend to become less coherent, thus
increasing their permeability and facilitating the escape
of interstitial fluids. However, fluids should be sealed
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even more theroughly in grain boundaries oriented at right
angles to the compression axis.

In both the experiment  at 400°C and in the experiment
at 600°C chalcopyrite and sphalerite did not undergo the
characteristic internal changes which occur under static
annealing conditions at the same temperature (i.e., dis-
persal of chalcopyrite inclusions in sphalerite grains,
and the development of a lamellar substructure in chalco=-
pyrite grains), These changes obviously involve volume
diffusion in the chalcopyrite and sphalerite grains, and
their abserse in the stress—-annealed samples is predictable
since the effect of the stress field would be to stabilise
the crystalline lattice and thus inhibit volume diffusion.
However, in pockets of interstitial fluids diffusion
can scarcely be inhibited because the interstices are
surrounded by rigid grains and only a negligible component
of the stress can be transmitted via the interstitial
fluids. A proper explanation cannot be offered for the
behaviour of the samples stress—annealed at 400°C and
600°C,

In comparison to static annealing at the same temp=
erature, recrystallisation phenomena were again markedly
retarded in the specimen that was stress~annealed at 650°C,
Sphalerite and chadcopyrite grains undergo internal changes
indicating that volume diffusion was operative, but these
changes occur during static annealing at much lower temp~
eratures (i.e. 400°C - 500°C)., The sparse development of
grain boundary pores in the pyrite aggregate suggests that
interstitial fluids have been effective as a diffusion
medium, Thus the effects of incipient recrystallisation
are just-being ‘initiated at the same temperature at which
moderate recrystallisation is produced under static
annealing conditions.,

Except in relation to chalcopyrite and sphalerite,
the stress—annealing effects induced over a period of 1
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week at 700°C are again much less marked than the static
annealing phenomena produced at the same temperature., In
the pyritic component of the sample, grain shape adjust-
ments are detectable and indicate that coherent grain
boundaries were able to migrate, and therefore, that inter-
granular diffusion was operative. However, in comparison
to the sepcimens that were statically annealed at 700°C,
the grain shape-changes are much less marked in the stress-
annealed sample, thus implying that diffusion was consider-
ably inhibited by the applied stress. There is some
suggestion that the internal grain structure was slightly
homogenised, but even if these changes were induced, they
are much less marked than in the statically annealed
samples, and indicate a corresponding inhibition of the
volume diffusion process. The tendency for polygonal
grain shapes and 120°, triple-~point grain boundary inter-
sections to develop in the fine grained clusters suggests
that the migration of grain boundaries was strongly
influenced by their surface energy. However, the local
development ‘of slightly elongate grains with their long
axes at right angles to the compression direction grobably
means that the grain shape adjustments were also influenced
by a tendency for atoms to migrate from grain faces in
normal compression to grain faces in normal tension,

The reduction of the pore space volume in the sample
which was stress=annealed at 700°C for 1 week is quite
different from the behaviour of the specimens which were
statically annealed at the same temperature, and where the
total pore volume actually increased. The contrasting
behaviour of these samples testifies to the effectiveness
of the stress field in directing the diffusion process.
Since mechanical deformation was not produced, pore
closure must have been achieved by migration of atoms from
the grain boundary region to the free grain surfaces
exposed at the interstitial sites.
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Summary and Conclusions

Microstructural changes were produced in samples of the
natural, fine grained, Rio Tinto pyrite after static
annealing for periods of approximately 1 week at temperatures
between 400°C and 700°C. For descriptive purposes it is
convenient to divide these changes into three groups,
namely, incipient, moderate and substantial recrystallisa-~
tion. Although the fabric of the recrystallised aggregate
is fairly distinctive in each of these stages, an intexr-
pretation of the microstructure indicates that there are
only two distinguishable ways in which the annealing
changes occur, and that there is no physical distinction
between the stages of moderate and substantial recrystall=
isation.

In_week=-lona -experiments at temperatures up to 600°C
there is no-evidence fo olj 3 i
lattice components. and the microstructural changes are
ced via a cy _of pri 1 itia i

Annealing effects are induced in the presence of interstitial
fluids at temperatures between 400°C and 600°C.  However,
the microstruetural changes are minimal, and apart from the
development of grain boundary voids and modifications to the
shape of pre~existing pore spaces, the fabric of the initial
aggregate is completely retained. There is no marked
correlation between the temperature of annealing and the
degree of microstructural alteration, but this discrepancy
is almost certainly related to variations in the amount,
pressure, and possibly the composition of the interstitial
fluids in different test samples. The tendency for grain
boundary voids and pre=-existing pore spaces to acquire
curved boundary shapes indicai@s that the free grain surfaces
adjusted in cxer to equilibrate under the influence of their
surface energy.

The development of annealing phenomena at temperatures
as low as 400°C is consistent with the hydrothermal syntheseas
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reported by Barnard (1967) where significant solubility of
pyrite was obtained in chloride-~bearing solutions (whose
relatively high solvent capacity suggests that they are
fairly representative of the primary ore~bearing solutions)
at temperatures down to 400°c, There is no evidence for
annealing effects below 400°C, but the experimental cone
ditions were not sufficiently well known to be certain ofthe
patential behaviour of the pyrite ore at these tsmperatures.

In week~-long experiments at temperatures above 650°C,

The facility for volume and intergranular diffusion to
occur implies that free surface diffusion is also operative,
and can proceed without the aid of interstitial fluids.

In fact, at temperatures above 650°C, the role of inter=--
stitial fluids will be unimportant because the transport of
atoms can be effected more directly by the solid diffusion
mechanisms. In the temperature range 650°C ~ 700°C, the
extent of the microstructural changes induced by recrystall-
isation increaseswith increasing temperature, and with
increasing annealing time. The natural ore recrystallises
under the influence of the free energy associated with the
grain boundaries, and the most striking microstructural
changes are the development of polygonal grain shapes and
the homogenisation of the internal grain structure. After
an annealing period of 1 week at 650°C, the main properties
of the initial microstructure are easily recognisable,

Even after the same annealing time at 700°C, relict
features of the primary fabric can still be discerned;
however, recrystallisation has led to marked equilibretion
of the grain boundary configuration, widespread homogenisa-
tion of the internal grain structure, a reduction of the
bulk specimen density, and probably an increase in the
average grain size,
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The results of the experiments conducted in the
temperature range 400°C = 600°C on the one hand, and in
the range 650°C - 700°C on the other, lead to the conclu~
sion that significant solid diffusion of the pyrite lattice
components is activated at a minimum temperature somewhere
between 600°C and 650°C, This temperature interval must
contain the minimum temperature at which the natural pyrite,
in week-long experiments, undergoes detectable recrystall-
isation in the solid state and under the influence of
grain boundary free energy.

It is interesting to note that the minimum temperature
for solid diffusion as estimated from the annealing'
experiments shows a good correlation with the measured
vapour pressure curve for pyrite (this curve is summarised
in the paper by Kullerud, 1959). Near 600°C the vapour
pressure of pyrite is negligible, and rapidly increases to
1 atmosphere at 690°C. The negligible vapour pressure
near 600°C indicates that the lattice is quite stable at
this temperature, and that the number of atoms leaving
their sites even at the free surface of the lattice is
extremely small. It seems reasonable to infer from this
that, although surface diffusion might be activated, sig-
nificant intergranular diffusion, and certainly volume
diffusion, would not occur in short term experiments (for
example, week~-long tests) at 600°C. This conclusion
agrees with the results of the annealing experiments which
show that solid state recrystallisation does not occur at
or below 600°C, Since the vapour pressure of pyrite
reaches a substantial value (approximately 140 mm. Hg) at
650°C, it might be expected that intergranular diffusion
becomes a significant factor at this temperature. This
prediction is again consistent with the recrystallisation
experiments, where coherent grain boundary migration was
first observed at 650°C.

Compared to the static annealing experiments, similar
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recrystallisation phenomena were induced in the samples
that were stress-annealed over the same temperature range.
Although the stressed samples were not mechanically
deformed, the specimen annealed at 700%C was shortened by
approximately 10¥% as a result of pore space shrinkage,
T} incipal effect of il ! £iold to inhibit
the di sion proc T ini |
ite sa allis
00°C ~ ¢50° . . .

to 650°C = 700°C when the samples are stressed near their

i or- anneali i In relation
to solid diffusion the retarding influence of the stress
field is understandable, and is due to the compression and
consequent stabilisation of the crystalline lattice,
However, a satisfactory explanation cannot be offered for
the apparently complete inhibition of diffusion at 400°C
and 600°C,
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CHAPTER _ 7

SATIO )

In the ore minerals there are few conclusively established
examples of recrystallisation, undoubtedly because of uncertain-
ties about the origin and therefore the primapy character of
many ore deposits. This:is especially true of stratiform,
massive sulphide deposits. Unless recrystallisation can be
demonstrated by showing that the present fabric of the ore is
incompatible with known conditions of primary deposition, ade=-
quate criteria must be formulated to enable indepedent recogni=
tion of recrystallisation fabrics. Except in isolated instances
(e.,g. Stanton, 1964}, such criteria do not exist at present, and
many interpretations of supposedly recrystallised fabrics are

probably open to question, -
The object of this chapter is to establish whether the

massive ore in the San Dionisio lode has been recrystallised,
independently of assumptions regazding the primary origin of the
deposit. The problem of recrystallisation is considered from
two viewpoints:
(1) The microstructure of the ore is examined in oxrder to
test whether or not the growth history, as recorded by

the internal and external structure of pyrite grains,
can be interpreted in terms of a recrystallisation
process. To analyse the microstructure from this view-
point, it is obefously necessary to know what are the
possible recrystallisation mechanisms that could operate,
and what microstruestural changes would occur when these
mechanisms do operate. The review presented in sect.
7.1 summarises the main phenomena associated with
different modes of recrystallisation, and provides a
basis for the interpredation of the microstructures
which is presented in sect. 7.2.

(2) The physical conditions under which pyrite can recry-



185

stalise are partly known from the experimental studies
described in Chapter 6. In principle, it should be
possible to decide whether the pyritic ore could have
been recrystallised by comparing the experimental results
with the metamorphic conditions indicated by the mineral
assemblages in the country rocks, In sect. 7.3 this
comparison is examined together with the implications

of the behaviour of the natural microstructure under
conditions permitting recrystallisation,

7.1 ib isati Accompa
Microstructural Changes.

7.1.1 Genexal Changes Involved

Recrystallisation is generally taken to include all solid
state grain adjustments excluding phase transformations
and mechanical deformation. Three types of changes can be
distinguished:
(i) Changes driven by surface or interfacial free energy
(e.g. gradual grain growth; secondary recrystallisa-
tion) (sect. 7.1.3 (1)).
(ii) Changes directed by an external stress field (e.ge.
pressure-solution {(Riecke growth; Herring=Nabarro
creep) (sect, 7.1.3 (2)).
(iii) Changes driven by stored grain energy (e.g. recovery;
primary recrystallisation) (sect. 7.1.3 (3)).

The idea of recrystallisation can be extended to include
grain adjustments involving material transfer through the
medium of an interstitial fluid. The main characteristic
of this type of change is that it proceeds by a solution-
precipitation mechanism, and therefore may occur at much
lower temperatures than solid state recrystallisation.

When the component grains of an aggregate interlock
across the boundaries of atomic or near~atomic fit, inter~-
stitial fluids can have no relevance since the structure of
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their molecules cannot be maintained in the interface
region.

If metamorphic conditions are such that lattice
(volume) diffusion is operative, the contribution to mater—
ial transfer by interstitial fluids depends on the fraction
of the total surface area (i.e.. at macroscopic pore spaces)
accessible to these solutions,. However, even if the pore
surface area is large, the number of individual transport
steps required for diffusion through an interstitial fluid
is much greater than that for direct diffusion across a
grain boundary. Thus, under conditions where direct inter-
granular diffusion is operative, the role of interstitial
fluids will automatically be unimportant because recrystal-
lisation can be accomplished more rapidly by solid
diffusion,

N Enyi tal Conditi

Recrystallisation is a thermally activated process, and
this property is the main factor in controlling whether or
not a particular mineral aggregate will respond to a given
set of metamorphic eonditions, Grain adjustments in the
solid state require self-diffusion of all lattice components
a process which only becomes possible when the temperature
is sufficiently high to activate a significant number of
atoms, Owing to the variable structure and bond strength
of different minerals, the critical temperature below
which diffusion is negligible will vary from one mineral
specigs to another. Some sulphide minerals, for exampley,
may show no response to the same metamorphic conditions
under which their country rocks are able to recrystallise,

The effect of pressure on recrystallisation can be
directive, and its kinetic influence, although small in
principle, is to retard the diffusion process (Shewmon,
1963, p. 81)..

Stored strain energy lowers the temperature at which
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recrystallisation can begin, and increases the rate of the
process at a given temperature.. The effect of strain
energy derives from the presence of lattice imperfections
(principally dislocations), which facilitate diffusion and
lower the required activation energy. The critical temp-
erature for recrystallisation decreases with increasing
strain (Cahn, 1965, p. 344), and when deformation is
simultaneously induced (syntectonic recrystallisation),
with decreasing strain rate (Carter et al, 19643 Heard,
1963).

Due to the extended periods of time available in the
natural environment, the temperature at which recrystallis-
ation would first become noticeable is lower in comparison
to that observed under experimental conditions. Individual

transport steps which occur slowly and have no observable
effect over short periods of time may, under natural con=-
ditions, become-sufficiently cumulative to produce recog~
nisable changes. The magnitude of this effect is con-
trolled by an exponential relationship between the duration
of the process and temperature.

Grain Shape Changes |

(1) Recxystallisation Motivated by Surface or Interfacial
Energy

There are two quite distinct conditions under which grains

can change their shape in response to their boundary free

energy. Changes occurring in fully compacted aggregates

must be distinguished from those which take place in porous

aggregates..

Compact Aaaregates Owing to the absence of macro-
scopic voids, and hence the exclusion of interstitial
fluids, diffusion of the lattice components must occur in
the solid state. At sufficiently high temperatures, re~-

crystallisation takes place by direct intergranular
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diffusion and concomitant grain boundary migration. In
aggregates where there is no preferred crystallographic
orientation, most grain boundaries have high angle mis-
orientations, and the grain boundary free energy is effect-
ively constant for all boundary orientations, During
recrystallisation, grain boundary adjustments occur in such
a way as to minimise the boundary free energy, and at the
same time to reach an equilibrium configuration of the
intersecting grain boundaries. If the growth rate of all
grains is approximately uniform, the recrystallised grain
size distribution is uni~-modal, and the growth process is
termed gradual arain growth, (Cahn, 1965, p. 972). If
abnormally large grains already exist, or are able to
develop, their growth rate is significantly greater than
that of the matrix grains, and the grain size distribution

in the resulting microstructure becomes increasing bi-modal;

this process is termed secondaxry recrystallisation, or
discontinuous arain arowth, (Cahn, 1965, p. 977).

The equilibration of constant enexgy grain boundaries
tends to produce a microstructure in which the grain
boundaries are smoothly curved and intersect at 120° angles
at triple-point junctions. In section, most grains are
regular, 6-sided polygons, but the abnormally large grains
developed during secondary recrystallisation are many=-sided
and the grain boundary segments are more strongly curved
than the matrix grain boundaries. The grain shapes prod=-
uced under conditions permitting grain boundary equilibraw-
tion are virtually unique, and it would only be under
extremely fortuitous circumstances that similar shapes could
develop during primary growth or during other types of
recrystallisation.

In the secondary recrystallisation process referred
to above, the shape of the large grains is determined by
the uniformity of the matrix. The gross grain shapes can
be highly variable, but in detail the grain boundaries are
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serrate due to the curvatures introduced at the points of
intersection with the matrix grain boundaries., Secondary
recrystallisation can also lead to the development of
euhedral grain shapes (see for example Kingery, 1960, p.
366). The latter arise under special conditions when an
isotropic impurity phase accumulates at the boundaries of
the large grains and functions as a diffusion medium,

The growth and/or equilibration of the large grains can
then be directly controlled by the anisotropy of their
lattice structure.

Non=-Compact Agaregates: The energy assocated with

free, or exposed, surfaces of grains can effect adjustments

to their shape under a wide range of conditions. The
presence of voids means that interstitial fluids can exist
and function as a diffusion medium. Hence the temperature
range for recrystallisation extends from the field of solid
diffusion to a point where the lattice components are still
significantly soluble in the interstitial fluid, A dist~
inctive controlling factor in the changes that take place
in a porous aggregate is that the surface energy of a free
grain surface shows significant variations dependent on
lattice orientation, whereas the free energy of the inter-
face between two contacting grains is, except in a few
special cases, effectively constant and independent of
lattice orientation. It is convenient to discuss the
changes which accompany recrystallisation in porous aggre-
gates under two headings, namely, (A) recrystallisation
with cors tant pore volume, and (B) recrystallisation with
diminishing pore volume.

(A) Constant pore volume: Because of the time factor
involved in the natural environment, it is almost certain
that a minimum condition for maintaining a constant pore

volume is that solid diffusion is not operative. If this
mode of diffusion can operate, then it is always possible
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for the pore components to leave the site of the pore,
especially if there are intersecting grain boundaries (see
below).

The free surface exposed at a pore entirely enclosed
within a single grain, if in equilibrium with an atmosphere
of the lattice components, will tend to adjust its shape
to minimise the total surface free energy. Since different
lattice planns have different surface energies, there is
an optimum pore shape combining several of these planes, in
which the total surface energy is minimised. This shape,
known as the equilibrium form, can be euhedral and varies
from one mineral species to another. Attainment of the
equilibrium form will be distinguished here as hakit

equilibration, and should not be confused with cumulative
growth {or dissolution) processes which may also lead to
the development of simple euhedral grain shapes.

Despite the potential capacity for equilibrium crystal
habits to develop, the number of instances in which this
happens in the natural environment is probably small,

When the size of a pore is approximately equal to or less
than the average grain size, the area of the pore wall as

a whole becomes important, and the resulting shape is
governed by a compromise between minimising the total wall
area and the energy of the free surface of each grain. At
equilibrium the pore wall is curved and meets the inter=-
secting grain boundaries at dihedral angles which depend on
the surface tension of the various interfaces involved.

If this type of surface equilibration takes place
under conditions such that solid diffusion is not activated,
then the inter-grain contacts in coherent parts of an aggreg=-
ate must remain fixed at least temporarily. However, during
equilibrium adjacent pores may impinge, thus regenerating
a new disequilibrium structure. Coalescence of pores

involves solution at some sites on the pore walls and
deposition of this material at other sites. Material
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deposited at any one stage may become subject to solution
and re-distribution at a later stages Cyclic adjustments
of this type will proceed until the pores reach a size

where the driving force for further changes is negligible.

(B) Riminishing pore volumes if the pore components

(vacancies, and perhaps interstitial fluids) can diffuse
along grain boundaries (or through the crystal lattice),
then the pores will decrease in size and eventually dis-
appear. - These changes are well exemplified by synthetic
sintering processes. The driving force for densification
is the reduction in the total pore wall area, which is
achieved when the pore components diffuse to an external
sink (i.e. the overlying rocks). Emigration of the void
components is equivalent to a transfer of the lattice com=-

ponents of the bounding grains into the pore, and hence its
closure:: In the natural environment, diffusion of vacane
cies and interstitial fluids to the overlying rocks would
be enhanced by the presence of a thermal and hydrostatic
pressure gradient.

The facility for diffusion to occur in the grain
boundaries means that, contemporaneously with pore closure,
the grain boundaries will migrate in response to signifi=-
cant driving forces due to their surface free energy. If
pore closure is effected the final fabric will exhibit an
equilibrium grain boundary configuration identical to that
produced in an aggregate which is initially fully compacted,
The transient grain shapes will be similar to the equili-
brium fabric of a fully compact, two~phase aggregate.

(2) Stress~Directed Recrystallisation

When an 2ggregate is subjected to a differential stress
there is a thermodynamic potential difference between grain
faces normal to the maximum compressive stress and those

normal to the minimum compressive stress. The overall
effect of thk potential is such that it generates a tendency
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for material to diffuse from grain faces in maximum normal

compression to those in minimum normal compression

(Goranson, 1940, p. 327 - 331).

If an aggregate recrystallises under these conditions
the resulting grain shapes are elongate, However, espec-
ially in the type of structurally anisotropic mineral
aggregate encountered in the natural environment, these
shapes will not be euhedral (cf. the serrate morphologies
of pressure~solution grain boundaries). The principal
factor controlling the interface adjustments is the stress
field, Along a given grain boundary this will have effec=-
tive variations due to: (i) the orientation of the grain
boundary, (ii) the strength anisotropy of contacting
grains, and (iii) the presence of voids or inclusions.

When stress directed diffusion determines the elongate
shape of recrystallising grains, one of three mechanisms
may be operative.

(1) If an interstitial fluid is involved (pressure=-
solution as formulated in the Riecke principle)
adjustments can take place at relatively low temper-
atures, and the potential difference is governed by
the supersaturation levels at the stressed faces.
This mechanism may have considerable importance in
the early stages of compaction when large surface
areas are exposed to the interstitial fluids.

ii) If direct intergranular diffusion occurs then the
potential difference is probably closely related to
the vapour pressure at the stressed faces.

(iii) When diffusion occurs in the lattice volume, the

potential difference is provided by the different
vacancy concentrations at the stressed faces (Herring-
Nabarro creep; see Cahn, 1965, p. 817). This third
mechanism is activated at only relatively high temp-
eratures, and for this reason may have little. importance
under natural conditions.
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(3) Reszystallisation Motivated by Stored Strain Eneray

Grain shape changes of this type have obvious importance
in plastically deformed rocks, where they may take place
either subsequent to the relaxation of an external stress
(static recrystallisation) or during the actual deformation
itself (syntectonic recrystallisation). In metallurgical
usage strain energy changes (except recovery) are referred
to as primary recrystallisation (Cahn, 1585, p. 944): this
terminology will be adopted hewe.

Primary recrystallisation involves the transformation
of strained lattice regions into relatively defect=free
equivalents and is motivated by the resultant free energy
reduction. If classified according to the origin of the
interface separating the strained and newly crystallised
lattices, primary recrystallisation processes fall into
two categories: :

(i) discrete new grains are nucleated; these nuclei may
arise spontaneously, or may develop gradually as a
result of a progressive increase in the misorienta~
tion of sub=grains.

(ii) the boundaries between the strained grains themselves
migrate and become the interfaces separating strained
from recrystallised lattice regions (sb¥rain~induced
boundary migration).

The configuration of the moving intexrface, which deter-
mines the grain shape, is independent of the origin of the
boundary, Growth of the recrystallising region can take
place under one of two conditions, and it is these condi=
tions which govern the grain shape. Growth may be con-
trolled by the rate of incorporation of atoms into the new
grain lattice (diffusion controlled growth), or by the rate
at which atoms cross the recrystallising grain/host grain
interface before incorporation (interface controlled
growth). Which of these two controls is operative will
probably depend mainly on temperature, but also on the
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magnitude of the strain energy..

In diffusion controlled growth the shape of maw grains
is governed by the homogeneity of the diffusion field,
Irregular or inequant grain shapes result from non-uniform
diffusion, and the latter can arise either because of the
symmetry of the lattice structure or through non-uniformity
of the strain energy distribution. Since plastic deform~
ation or recovery processes tend to leave a non-uniform
distribution of the strain energy (concentrated at slip
planes, slip plane intersections, grain boundaries or in a
sub-structure), the recrystallising grain shapes will
generally be anhedral.

In intexface controlled arowkth the rate controlling
step is the diffusivity of atoms across the interface.

This factor is influenced by the structure of the inter-
facial region, which in turn depends both on the misorient-
ation of the grains it separates, and on the orientation

of the boundary itself. For certain lattice misorienta-
tions and boundaxry oxrientations, the grain boundary con-
tains an abnormally high proportion of lattice sites which
are coincident or nearly coincident for both grains. If
these boundaries move parallel to themselves, the number

of atoms that are actually required to diffuse is less than
for other types of boundaries. When diffusion is not
easily accomplished, these particular boundary orientations
maximise the bulk crystal growth rate, and hence dslimit
the recrystallising grain. Since there can only be a few
of the relatively high mobility orientations, the recryst-
allising grains will tend to develop simple euhedral
shapes.

7.1.4 Compositional Changes

Compositional heterogeneities (e.g. growth zoning) or
structural defects grown into crystals during their initial
precipitation are metastable. Under favourable meta-
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morphic conditions these features will be destroyed so

that the crystal as a whole attains equilibrium at the
prevailing temperature and pressure. Compositional changes
are effected by diffusion of the lattice components along
concentration gradients between regions of different come
position, When volume diffusion is operative, the
resulting changes occur readily and involve either homo=
genisation, or the separation of a new phase as discrete
grains (exsolution). Under any conditions permitting
grain boundary migration similar changes will tend to

occur since the lattice components can always diffuse with-
in and parallel to the grain boundary wherever the latter
intersects regions of different composition.

7.1.5 Effect and Behaviour of Impurities

The behaviour of impurity atoms during an annealing process
depends on their stability in the host lattice, and this
in turn, depends mainly on the recrystallisation tempera-
ture, There may be a tendency for the impurities to
distribute themselves more uniformly in the host, or to
segregate to form discrete particles of a new phase.

When impurity particles occur in the form of discrete
grains they are distinguished by the terms, microscopic
impurities, or inclusions, The importance of inclusion
concentration during recrystallisation derives from the
free energy associated with the boundary between the inc-
lusions and the host, A total energy reduction is
achieved whenever a migrating grain boundary intersects an
inclusion, Thus there is a tendency for the inclusion to
remain pinned at the grain boundary. The resulting over-
all pattern of boundary migration depends on the extent to
which the grain boundaries and inclusions remain united,

For recrystallisation processes driven by strain
energy, the evolving grain shapes are indepsadent of sur-
face energy changes, and therefore of the boundary free
energy associated with inclusion concentrations. The
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inclusion array will be effectively inert, and the overall
grain boundary configuration unrelated to it. This con=
dition is analogous to entrappment of inclusions during
crystal growth from a solution oT vapour phase.

Recrystallisation processes driven by interfacial
free energy changes are obviously sensitive to the presence
of impurities. Incorporation of an inclusion at a grain
boundary involves a surface area, and hence an energy
decrease which is comparable with that produced by any
other boundary adjustment. This means that there is a
strong tendency for inclusions to become attached to, and
remain at grain boundaries, Any such attraction implies
that in the resulting fabric the grain boundaries should
be characterised by a relatively bigh inclusion density.
This will be especially true where the inclusions are able
to migrate readily and accumulate in the boundary, whether
the latter is migrating or immobilised.

In the foregoing discussion only rigid inclusions
were considered -~ i.,e, those whose shapes remain essentially
unchanged during recrystallisation, and in which little or
no self-diffusion occurs. If on the other hand, diffusion
takes place readily in the impurity particles (which may
take the form of either solid particles or pore spaces),
there will be a tendency for the inclusions to lower
their surface free energy by altering their shapes and by
coalescing into increasimly larger particles,

Sianifi f the Mi truct £ the Massive O

There are certain general features of the massive ore
which immediately suggest that the primary growth fabric
is unrecrystallised. Among these, the following are imp~
ortant: (i) The virtually complete absence of pyrrhotite
from the sulphide assemblage suggests that the lode was
not sukjected to temperature conditions where solid diffu=
sion in the pyrite lattice would be facilitated; (ii) The
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widesprcad preservation of obvious growth structures

(i.e. colloform structures and pyrite spheres), and some

structures of less certain origin (i.e. the massive=

discrete fabrics, and the structures described in sect,

4.5); (iii) The direct juxtaposition of widely different

types of monomineralic fabrics (especially of fabrics with

extreme grain size differences) is difficult to reconcile
with the simultaneity and general uniformity of changes
involved in recrystallisation; (iv) The fine grain size
of the ore suggests that post~depositional growth processes
have not occurred.

The general implications suggested above are fully
confirmed by the microstructure of the massive ore, and
the purpose of this section is to demonstrate that the ob=
served microstructural properties of the pyrite aggregates
cannot be explained in terms of the known changes accompan=
ving recrystallisation (see the preceding section)., To
simplify the general discussion, the following assumptions
are made at the outset, and justified for the reasons
appended.

(1) Intragranular inclusions were present in the original
sulphides. This is probably a ubiquitous feature of
sulphide deposits in general, especially when the ore
minerals have not been subjected to metamorphism.
Except through exsolution, solid inclusions cannot be
created during recrystallisation. During leaching,
voids may be produced and subsequently filled to
appear as inclusions, but for obvious reasons, these
would nearly always be situated at grain boundaries.

(2) Metamorphism, if effective, did not involve the
breakdown of pyrite to pyrrhotite. A tentative
identification suggests that pyrrhotite occasionally
occurs as inclusions in pyrite, but the absence of
replacement features suggests that these and other
types of inclusions are primary in origin. Moreover,
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the temperature of the pyrite-pyrrhotite breakdown
(600°C - 700°C) is far in excess of that represented
by the metamorphism of the wall rocks (an upper limit
of approximately 350°C).

(3) If the internal growth zoning of pypite is a primary
feature, then its absence from sectional views of
some grains is also a primary feature, and due to ane
of the following causes: (i) the grains in question
are unzoned, (ii) the plane of observation does not
intersect an existing zone structure, or (iii) the
plane of obsexrvation corresponds to a lattice orient-
ation for which the dissolution (etching) rate is
negligible, Grains in which zone structures are not
observed, although frequently grouped together, do
not define distinctive structures. In comparison to
the surrounding zoned grains, their size distribution
is the same and corresponds spatially with that of the
zoned grains. These features suggest that both the
zoned and apparently unzoned grains belong essentially
to the same growth event,

7.2.1 Euhedral Zoning as a Metamorphic Phenomenon
7.2.1 (1) Comparison with Known Examples of Primarv Growkh Zoning

The intragranular zone structures in the Rio Tinto ore are
indistinguishable from those in a number of other deposits
for which there can be little doubt that recrystallisation
has not occurred. Since comparisons with these deposits
are useful both here and in later sections, two examples
are briefly described. The Kinousa pyrite deposits of
Cyprus (Harris, 1956) are contained in unfolded, though
tilted igneous and sedimentary strata which show various
types of alteration but which have not been subjected %o
regional metamorphism. A small pyrite deposit on the
island of Hanesavo (British Solomon Islands; see Pudsey~-
Dawson, 1958) occurs in a tilted succession of unmeta=-






Plates 7,1 and 7.2 Microstructure of pyrite aggregates in

a small, near-surface pyritic deposit on the
island of Hanesavo (British Selomon Islands),
Most grains exhibit sharply defined composi=
tional zoning, and the predominant structure of
the zones is euhedral. In Plate 7.2 the main
euhedral zone structure of the central grain is
truncated along the surfaces indicated T.

Plates 7.3, 7.4, 7,5 and 7.6 Microstructure of pyrite

aggregates in the massive pyritic deposit of
Kinousa, Cyprus.

Sharply defined, euhedral zone structures
are virtually ubiquitous. In Plates 7.4 and
Z.6 the main euhedral zones of the largest grains
are truncated along the surfaces indicated T.
Inclusions are concentrated at the nucleus regions
of many grains and also delineate the truncation
surface marked T in Plate 7.6.
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morphosed volcanic rocks, under near-surface conditions,

In both of these deposits zoned pyrite grains are
commonly observed. Some typical examples are shown in
Plates 7.1 - 7.6. These illustrations were selected to
show the main features of the zone structures, and could
be extended to match practically every type of zone struc=-
ture observed in the Rio Tinto ores. It seems unlikely
that the growth structures produced during the course of a
recrystallisation event could duplicate so closely those
illustrated in Plates 7.1 - 7.6, which wer almost certainly
derived during the primary growth history. This suggests
that the growth zones in the Rio Tinto ores are not meta-
morphic features.

(2) Geometrical Implications

Under conditions of metamorphism permitting volume diffu-
sion, the high instability of any form of compositional
variations (sect. 7.l.4) makes it unreasonable to suppose
that compositionally distinct zones are actually created
during recrystallisation,

However, this argument does not apply in the case of
low temperature, solid state recrystallisation or in the
case of low temperature recrystallisation involving an
interstitial fluid. Here, because of the lower tempera-
tures, it is reasonable to suppose that any compositional
changes brought about during recrystallisation are imposed
on, and retained in the microstructure, The configura=-
tion of the resulting compositional zones forms a complex
subject, but a brief survey is sufficient to show that the
euhedral structure of the observed zones cannot be expected
to devalop during all but two types of recrystallisation
process. Other considerations are required to show that
these processes have not been operative.

Assuming the growth zones are metamorphic features,
then the obvious explanation for their development is as



Figure 7.1 Formation of compositional zoning during
growth of a recrystallising grain R at the expense of
a matrix M. AB and DE are successive positions of the

boundary of the recrystallising grain. ¢ and ¢’
denote the composition of material deposited at
different stages of growth.

Figure 7.3 Successive stages of growth (denoted by
the broken and full line grain boundaries) of the
recrystallising grains R and R' under conditions
where the interface of each grain migrates under
the influence of constant factors and independently
of the neighbouring interfaces. The structure of

a potential compositional zone in the grain R is
indicated by the shaded area.

Figure 7.2 Successive stages of growth (denoted by the
broken and full line grain boundaries) of the recrystall-
ising grains R, R', and R'' under conditions where the
migration and configuration of any one grain boundary
segment depends on adjustments to neighbouring grain
boundaries. The structure of a potential compositional
zone in the grain R is indicated by the shaded area. -

ZONED PRIMARY GRAIN
/ M
A .
%
Gratn A{'//L\q\‘\\\ Boundaty

i

!
RECRYSTALLISING

i

GRAIN

Figure 7.4 Diagrammatic representation of the compos-

itional changes occurring in the interfacial region
between a recrystallising grain and a zoned primary
grain. The migration direction of the interface is
indicated by the arrxow M. The shaded area A represents a
sharply defined primary zone; the broken lines in the
recrystallising grain indicate the diffuse boundaries of
re-formed zones. Arrows in the interface region show

the general diffusion directions of atoms released from
the zone A,
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follows. Consider a recrystallising grain R (fig, 7.1)
in a primary or recrystallising matrix M. At a particu=-
lar time its boundary is given by the line AB and material
deposited up to this time has composition g. After a
further lapse of time, during which material of composi-
tion ¢' is deposited, the matrix/recrystallising grain
interface has moved to DE. Successive compositional
changes imply successive zones. It is important to note
that each zone boundary represents the configuration of

an earlier position of the boundary of the recrystallising
grain. The final position of the latter is represented
by the observed grain boundary.

In discussing the structure of zones resulting from
recrystallisation, it is convenient to classify the type
of growth involved under two headings, that is, according
to whether the growth of single recrystallising grains is
dependent or independent of the growth of the peighbouring,
matrix grains,

(i) Matrix Dependent Growth

When the migration of the boundary of a recrystalli-

sing grain is influenced by, and therefore dependent

upon adjustments to the boundaries of neighbouring
grains (as in the case of gradual grain growth (sect.

7.1.3)) successive configurations of particular seg=

ments of the grain boundaries will generally not be

parallel (fig. 7.2). Especially where the grainp
boundaries do not form an overall orthogonal network,
it can only be by chance that a particular boundary
migrates parallel to itself.

If successive positions of the grain boundaries
are not parallel then the zone boundaries reflecting
compositional changes at successive sites will also
be non-parallel. This prediction conflicts with the
characteristic parallelism of the observed euhedral
zone boundaries (see for example Plates 4.37 to 4.40),
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(ii) Matrix Independent Growth

When the adjustments to any one grain boundary occur
independently of neighbouring boundaries, then, pro-
vided the mode of migration is determined by constant
factors (i.e. constant mobility and constant driving
force), successive positions of the grain boundary
will be parallel (fig. 7.3). Under these conditions,
parallel zone boundaries are formed, but in order to
account for euhedral structures, a special shape for
the recrystallising grain must be postulated,

The transitory grain shapes associated with diff-
erent types of recrystallisation have already been
described in section 7.1.3, where it was shown that
only in two instances are euhedral forms able to dev=-
elop (this excludes the local habit equilibration of
free grain surfaces, which is irrelevant to the
question of bulk recrystallisation):

(a) During strain energy driven recrystallisagion
(i.e. primary recrystallisation), when the growth
of new grains is controlled by diffusion across
the matrix/new grain interface, the shape of the
recrystallising grain can be euhedral. If all
boundary orientations advance contemporaneously,
the resulting growth zones will be essentially
continuous, Growth zones produced under these
conditions might be structurally identical to the
observed euhedral zones. Thus the origin of the
latter as metamorphic features remains a possibi-
lity, which must be considered at further length,

In comparison to strain energy, surface energy
surface energy effects are unimportant during
primary recrystallisation. The behaviour of inc-
lusion particles is independent of migrating grain
boundaries, and hence the euhedral zone structures,
and the final positions occupied by the grain
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houndaries, will generally transect pre=-existing
inclusion arrays (sect. 7.1.5). However, these
are not the observed relationships. Inclusion
concentrations are commonly isolated within single
grains and do not transect the grain boundaries
(see for example Plates 4.41, 4.57). Moreover,
it is frequently observed that inclusions are
arranged along discrete euhedral zones (see for
example Plate 4.41). This latter relationship
is important because it directly implies that
euhedral zone boundaries do nd represent earlier
positions of the boundaries of grains recrystall-
ising under the influence of strain energy.

(b) When recrystallisation is driven by surface enexgy,
abnormally large grains grow more rapidly than the
matrix, This process is known as secondary re=
crystallisation, and may lead to the development
of euhedral grain shapes if an isotropic impurity
phase accumulates at the boundaries of the large
grains and can function as an effective diffusion
medium (sect. 7.1.3).

For two reasons it can be shown that this type of
secondary recrystallisation was not operative in deter-
mining the transient euhedral grain shapes reflected
by the observed zone structures.

Firstly there is no evidence for an isotropic im~-
purity phase. The final site that this phase should
occupy is at the grain boundaries resulting from-im=-
pingement of neighbouring recrystallising grains. In
carefully polished, unetched sections there is no
direct physical manifestation of the pyrite grain
boundaries. Pore spaces are frequently observed at
the grain boundaries, but are always disconnected,
and cannot therefore, represent the diffusion medium
which must be continuous, at least to the extent ind-
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cated by the continuity of single grawth'zones. Grain
boundary melting could produce the required boundary
phase, but in view of the absence of pyrrhotite this
possibility seems exceedingly remote.

Secondly, during the initial stages of recrystall~
isation, before the boundary phase has accumulated to
form a continuous film around the fast growing grains,
the boundary free energy of the latter is effectively
uniform. The grain shapes developed at this stage
are polygonal and include curved grain boundaries,
which do not move parallel to themselves, (sect., 7.1.3).
The resulting zone structures are not euhedral. The
early growth stage thus requires that grains which
recrystallise with euhedral shapes in the later stages
of growth should exhibit non~euhedral zones in the
nucleus region. In fact, this is not observed, and
where zones are developed close to the nucleus they
are always euhedral and conformable with the surround=

ing zones.,
7.2.2 Siqnificange of Euhedxal Zoning as a Primary Growih Featuxre

7.2.2 (1) Geometrical Implications
It has already been indicated in sect. 4.1.4 (3) that the

total pattern delineated by the euhedral growth zones and
inclusions arrays enclosed within a single, closed grain
boundary is uniquely related to the containing grain. The
self distinctive character of discrete sets of internal
structures, and evidence suggesting that each of them is
associated with a single growth nucleus (sect. 4.1.4 (3) A),
indicate that individual sets of structures represent essen-
tially complete and independent regions of growth, These
regions, which are recognisable independently of the pres-
ence of the grain boundaries, can be regarded as single
grains of arbitrary origin.
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If euhedral zones are primary growth features, then
the limits of individual sets of zones must approximately
define the spatial extension of the completsg corresponding
primary grains. Moreover, the region between neighbouring
sets of gzones must contain the primary grain boundary.

If during a metamorphic event, the primary grain
boundaries had migrated over distances that were detectable,
then in general the resulting grain boundary configurations
would transgress the discrete structures defined by zoninge.
However, the observed grain boundaries do not transect
discrete zone structures, but occupy regions whieh must
have contained the primary grain boundaries. This rela=-
tionship clearly means that post-depositional adjustments
in the primary fabric were minimal or non-existent., More=-
over, since discrete zone structures, independently of the
enclosing grain boundary, define the main limits of exten-
sion of individuml grains, a minimum conclusion demands
that the major aspects of the observed microstructure were

established during the primary growth event.

Wherever both sets of zone structures belonging to
two neighbouring grains extend to, and intersect the grain
boundary, it is directly evident that there has been no
migration of this boundary (see for example Plates 4,37,
4,38).

Where euhedral zone structures are truncated short of
the grain boundary, the full extension of the primary grains
is not directly apparent (see for example Plates 4,46 to
4,56). The region defined independently by the presence
of euhedral zones is unrecrystallised, and to this extent,
it iscertain that the observed aggregates represent the
primary growth fabric, However, the region intervening
between the grain boundary and the truncation surface (i.e.
the anhedral zone, or anhedral region) is usually homogen-
eous, thus suggesting that this region may have been orig-
inally zoned, but subsequently homogenised during migration
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of the grain boundary to its present site. This inter-
pretation of the marginal zones can be dismissed for the
following reasons:

(i)

(ii)

(iii)

Truncation of euhedral zone structures is apparently

a common feature in other types of pyrite deposits
(e.g. those in Cyprus and on Hanesavo; see Plates

7.2, 7.4, 7.6) where there can virtually be no question
of recrystallisation. These occurrences suggest that
it is unnecessary to invoke recrystallisation to
account for the presence of truncated zones in the Rio
Tinto ore, -

In sect. 4.1.4 (3) A, it was pointed out that the
truncation surfaces are frequently characterised by an
irregular morphology (see for example Plates 4,46, 4.47,
4,49, 4,50, 4,52), suggesting -that the shape of these
surfaces was controlled by leaching, which occurred

at intermittent periods during the main growth event.
According to the recrystallisation hypothesis, a
truncation surface represents the foremost point of
advance of a migrating grain boundary. Hence, the
shape of this surface should reflect the general type
of grain boundary morphology which obtained during
recrystallisation. In particular, it is reasonable to
suppose that the shape of the gre‘n boundary in its
final position (i.,e. as observed) would correspond in

a general way with the shape of the truncation surface.
Although this is the most commonly observed relation=-
ship, it is noteworthy that there are numerous excep-
tions. For example, plane truncation surfaces are
associated with curved or irregular grain poundaries
(see Plates 4.44, 4,54, 4.56), and irregular truncation
surfaces are associated with comparatively regulr grain
boundaries (see the surface marked T2 in Plate 4.52).
In many occurrtnces euhedral zone structures are
truncated on both sides of the grain boundary (see
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Plates 4.52, 4.53, 4.56). According to the recryst=-
allisation hypothesis, this implies that boundary mig~
ration occurred in two opposite directions, and there-
fore that at least part of the anhedral zones have
been recrystallised twice, In reality, this event is
extremely unlikely because there would almost certain=-
ly be a greater driving force for boundary migration
through the remaining unrecrystallised material (i.e.
the regions occupied by euhedral zone structures) than
through material that had already been recrystallised
once. That is, an anhedral zone could scarcely re~
crystallise +twice whilst contiguous unrecrystallised
material remained,

(v) Along single grain boundary segments euhedral zone
structures are frequently terminated only in local
regions (see Plate 4.43). On either side of these
regions, the zones 1&n both grains extend up to, and
intersect the grain boundary, thus indicating that the
grain boundary occupies its original position. Over
the volume of single grain boundary segments in which
truncated and non-truncated zone structures coexist,
it is reasonable to assume that the factors influencing
recrystallisation would be effectively constant,
Hence, if recrystallisation occurred at all, the
entire grain boundary segment should have migrated,
and the neighbouring zone structures would be trunc-
ated at all points along the perimeter. This pre=-
diction implies that the observed localised truncation
effects are not due to recrystallisation.

It is important to emphasise that where euhedral zone
structures do not intersect grain boundaries, it is per-
fectly reasonable to suppose that this feature developed
during the primary growth event., Therefore the necessity
to explain the truncation features does not constitute a
positive argument for grain boundary migration, Where
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truncated zones are present, a difficulty can arise in
evaluating the question of grain boundary migration, but
the truncation is not significant in the sense that, in
order to explain it, grain boundary migration must be in~
voked, Euhedral zone structures are useful markers
delineating, independently of the grain boundary, the ex-
tension of discrete primary grains. The problem of grain
boundary migration is sometimes difficult to assess simply
because these markers are not always present through the
entirety of single, adjacent grains. But where the markers
are ubiquitous in neighbouring grains, the marker/grain
boundary relationship automatically indicates that the
grain boundary occupies its original site. The fact that
these occurrences are common is taken to indicate that
grain boundary migration was not operative in any instance.

7.2.2 (2) The Stabilify of Growth Zones During Recrystallisation

It is a generally accepted criterion of the metamorphism of
silicate rocks that pre-existing compositional variations
tend to become diffuse or obliterated. For example, zoned
feldspars undergo homogenisation during metamorphism. The
reason for these changes can be viewed as the tendency for
compositional equilibrium to be restored during the course
of the diffusion process which enables recrystallisation to
take place.

The general recrystallisation process is adequately
described as the growth of new grains at the expense of a
diminishing matrix. In the case under discussion, the
matrix corresponds to zoned, primary gralps. Fig. 7.4 is
a diagrammatic representation of the region at a primary/new
grain interface; progressive recrystallisation means that
the grain boundary moves in the direction of the arrow M,
Retention of the primary zones requires that atoms diffuse
directly across the primary/new grain interface. However,
in the plane of the grain boundary, there is a concentration
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gradient to which the diffusing atoms can respond, This
situation means that atoms released from the zone marked A,
for example, will tend to migrate laterally, as well as
directly ac®oss the boundary. The resultant effect is
that the boundaries of zones re-formed in the new grains
are more ¢itfuse in comparison to those in the parent grain.,
If there is sufficient opportunity for lateral diffusion,
then zones will not be re-formed in the new grains (sect.
7.1.4). Except when volume diffusion operates, the new
zone boundaries will tend to be most diffuse when diffusion
occurs through the medium of an interstitial fluid. In
this case, the minimum diffusion path is larger, and there-
fore associated with a greater opportunity for homogenisa—
tion, than when diffusion occurs in the solid state across
a coherent grain boundary.

The tendency for compositional zoning to become oblit-
erated by diffusion in the grain boundary region is a
minimum consequence of recrystallisation. If recrystallis-
ation is accomplished in the solid state under conditions
permitting volume diffusion , then compositional adjustments
can occur within the graings, agd are not only restricted to
the grain boundaries (sect. 7.1.4). Undexr these conditions,
compositional zones are highly unstable and can scarcely be
expected to survive at all.

The observed compositional zone boundaries in the
pyrite aggregate are sharp to the extent that the etched
escarpments defining these boundaries do not exhibit diffuse
edges under the optimum conditions of optical observation
(see for example Plates 4.37 to 4.56). One specimen was
observed using direct electgyon microscopy, and even at this
scale the zones are sharply defined (Plate 4.44). The
sharpness of zone boundaries indicated by these observations
suggests that inter-zone diffusion has not been operative.

A direct solution to this problem cannot be obtained
since there is no independent way of establishing the sharp-
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ness of the primary zone boundaries. However, it is
instructive to draw a comparison with growth zones in other
types of deposits which are almost certainly unrecrystalli-
sed (e.g. the Cyprus and Hanesavo deposits; see above).
Plates 7.1 to 7.6 illustrate the morphology of typical
growth zones from these deposits. In regard to the sharp~
ness of the zone boundaries, the structures illustrated in
Plates 7.1 to 7.6 are indistinguishable from the growth-
zones in the Rio Tinto pyrite (see for example Plates 4,37
to 4.56). This similarity implies that the zone structures
in the Rio Tinto pyrite have not been modified by inter-zone
diffusion.

The significance of unzoned grains has already been
referred to (see (3) in the introduction to sect. 7.2).
However, at th&s point if is important to emphasise again
that the absence of manifest zoning may not reflect a real
absence of zoning. In any case, the unzoned grains are an
integral part of the total fabric, and in view of this
relationship it seems entirely reasonable to attribute their
growth to the same event during which the zoned grains grew.
On this basis, the absence of zoning, if real, cannot be
taken to indicate a response to recrystallisation.

7.2.3.WMW i i

The distribution of both solid and voidal inclusions must
be accounted for in the observed fabrics, and since both
these types of inclusions are coextensive it is reasonable
to assume that they had a common history. There are two
ways in which intragranular inclusions can behave during
recrystallisation (sect. 7.1.5); their original sites may
remain fixed, or they may undergo re~-arrangement whereby
the inclusions coalesce or become localised at grain
boundaries.

If surface energy effects are unimportant, or the
included particles are immobile, the sites of indigidual
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inclusions, and the total inclusion array, will remain
unchanged. In relation to the inclusions, however, the
associated grain boundaries migrate, and finally occupy new
positions, If the inclusions are initially arranged in
discrete regions coinciding with single primary grains, then
in the recrystallised fabric these arrays will generally be
transected by grain boundaries, and their distribution will
bear no special relationship to single recrystallised
grains. ‘

In th3 observed fabrics intragranular inclusions fre-=
quently occur in discrete concentrations which are essent-
jally coincident with single grains (see for example Plates
4,30, 4.41, 4.57). Assuming these concentrations represent
primary inclusion arrays, for which there is good evidence
(see below), then the associated grain boundary configura-
tion must be regarded as inconsistent with any recrystalli-
sation process (e.g. primary recrystallisation) where the
behaviour of inclusions is independent of the grain
boundary adjustments.

There are also many occurrences where the grain boun-
daries transect concentrations of more or less randomly
disseminated inclusions (see for example some parts of the
aggregate in Plate 4.11). The relationships observed here
are consistent with recrystallisation. However, it is
noteworthy that the inclusions themselves frequently occur
in sharply defined, regularly shaped areas which are-inde=-
pendent of the overall grain structure (see Plates 4,56,
4,58), These special types of distribution cannot be ex-
plained in terms of recrystallisation, and strongly suggest
that the distribution of the inclusions was derived by
pseudomorphism of corresponding structures during the
primary growth of the aggregate.

W-en recrystallisation is motivated by a reduction in
the total interfacial free energy of an aggregate, inclus-
ions tend to accumulate at the boundaries of the host grains
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(sect. 7.1.5). Thus, since the observed inclusions are

not concentrated at grain boundaries, their distribution
cannot be attributed to re-arrangement during surface energy
driven recrystallisation. Inclusions delineating discrete
euhedral zones (see for example Plates 4.41, 4.,57) do not
represent accumulations at earlier sites of the boundaries
of recrystallising grains because, as shown above (sect.
7.2.1 (2)), the euhedral zone structures cannot be inter-
preted as represting the transient shapes of grains recry-
stallising under the influence of their surface energy.

7.2.4 Significance of Grain Shapes

Except in the case of gradual grain growth, and in-one of
the two types of secondary recrystallisation (sect., 7.1.3),
criteria relating to grain shape are of little value in
distinguishing fabrics which have responded to recrystalli-~
sation. Consequently no attempt will be made here to
discuss the significance of the observed grain shapes and
grain boundary morphologies. However, it is necessary to
draw attention to the foliate fabrics.

The elongate grain shapes which are characteristic of
these aggregates do not constitute a special occurrence
favouring an interpretation in terms of recrystallisation.
Although recrystallisation can lead to the development of
elongate grains (sect. 7.1l.3), this shape is as much sub-
ject to ambiguous interpretation as others, and could be
produced during primary growth or by mechanical plastic
deformation., Indeed, it is important to point out that,
because of the orientation of the laminar structure of the
foliate fabrics (i,e. parallel to the regional slaty
cleavage}, their special microstructural properties can be
readily interpreted in terms of an anisotropic primary
growth mechanism (see sect. 8.3.2 (3)).

Euhedral zoning is the characteristic intragranular
growth structure of the foliate fabrics (see Plates 4.65,
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4,66). Moreover, although the concentration of inclusions
is generally low, single inclusion particles tend to occur
in the nucleus region as defined by the zone structures
(see Plate 4.66). As indicated in the preceding sections,
these properties constttute sufficient evidence to show
that recrystallisation has not been operative.

C i 0 W Rock M i ‘ icro-
stxucture of the Natural Ore, with the Results of the

R tallisation E R !

In the immediate and distant wall rocks of the San Dionisio
lode the mineral assemblages correspond to the lower green=
schist facies (i.e. quartz-chlorite-epidote-albite), and
there is no evidence that minerals indicative of higher
grades of metamorphism were ever present. It can thus be
assumed that the maximum temperature sustained by the wall
rocks was somewhere in the region of 350°C (see Hietanen,
1967, fig. 1).

The annealing experiments described in Chapter 6
indicate that in the natural pyrite ore detectable solid
state recrystallisation driven by grain boundary energy
first occurs at a temperature somewhere between 600°C and
650°C, in week-long experiments. This suggests that the
temperatures attained during regional metamorphism may not
have been sufficiently high to enable the pyrite ore to
recrystallise, However, owing to the long duration of
natural metamorphic conditions, the minimum recrystallisa=-
tion temperature for pyrite as determined in relatively
short term experiments cannot be directly compared with the
temperature conditions of the regional metamorphism.

Unfortunately there is no basis for extrapolating the
eXperimental results in order to estimate the minimum temp=-
erature at which detectable recrystallisation could be
induced over long periods of time, This would have been
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possible if the activation energy for the recrys#allisation
process was known, but this is unknown because substantial
grain growth was not produced in the experiments. In any
case, owing to the initial grain size heterogeneities, the
natural ore is not well suited to experiments of this kind
where the object is to establish a relationship between the
grain size increase produced in a given time (i.e. the rate
of grain growth) and the annealing temperature. A reason-
able estimate could also be made using the activation energy
for self-diffusion in the pyrite lattice, but these data
were not available,

The experimental results directly illustrate the
instability of the natural microstructure under conditions
enabling recrystallisation. The observed grain shape ad-
justments are relevant only in relation to recrystallisation
driven by a grain boundary energy reduction. That is, the
production of these changes under experimental conditions
indicates that the natural ore has not been recrystallised
under the inflaence of grain boundary energy. However, the
destruetion of compositional zoning, and probably the dis~-
persal of intragranular inclusions, involve a volume
diffusion process, and these changes are therefore indepen-
dent of the driving force for grain boundary migration,

The observed instability of intragranular zoning in partic-
ular indicates that the natural ore has not been recrystal-
lised under conditions permitting volume diffusion,

summary and Conclusions

In deciding whether or not the pyritic ore has been recry-
stallised two indepemdent approaches to the problem were
considered. Firstly, the microstructure of the ore was
examined in relation to known processes of recrystallisation
to test whether or not any of these processes could account
for the observed microstructural properties of the pyrite.
Secondly, experiments were conducted (Chapter 6) to test
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whether or not the pyritic ore could recrystallise at the

temperature level of the regional metamorphism, and to

examine the stab” ity of the microstructure under conditions
permitting recrystal..".sation.

Both the interpretation of the natural microstructure-
and the comparison between the natural and experimentally -
recrystallised microstructures lead to the same conclusion,
that is, that the massive ore is unrecrystallised. It
should be emphasised again that this conclusion refers only
to the pyritic component of the ore, and does not include
the -- cess.ry sulphide and gangue minerals, The latter
have not been studied, but their strictly isolated and minor
occurrence means that, even if these minerals were recry-
stallised, there are still no significant metamorphic effects
in the primary growth fabrics, For example, since euhedral
interstices are defined by unrecrystallised pyrite grains,
single crystals of accessory sulphides which oocur at these
sites could only be internally recrystallised, and the
observed shape of the interstitial grains must be the same
as at the time of their original deposition.

The conclusions derived from the interpretation of the
natural microst-1cture and of the recrystallisation experi=
ments are summarised below:

(1) Intragranular growth zone structures occur in other
types of pyrite deposits for which there can be little
doubt that recrystallisation was not operative, The
similarity between the zone structures in these
deposits and in the Rio Tinto pyrite suggests that in
the latter case also the growth zones are primary in
origin,

(2) If the growth zoning were a metamorphic phenomenon,
then the configuration of the zonesindicates that the
transient recrystallised grain shapes were almost
invariably euhedral. From the summary presented in
sect., 7.1.3, it is apparent that these grain shapes
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could only be explained if special types of -primary,
or secondary recrystallisation had operated, How~
ever, primary recrystallisatfon is inconsistent with
the observed coincidence between zone structures and
discrete inclusion arrays. Secondary recrystallisa-
tion must be rejected because there is no evidence at
the grain boundaries for the diffusion medium which
would be required to ensure that the recrystallising
grains could develop crystallographic boundaries;
moreover, the initial grain shapes produced during
secondary recrystallisation should be non-euhedral,
and this is again inconsistent with the observed
microstructures,

(3) From (1) and (2) it is concluded that the development
of the euhedral zone structures cannot be attributed
to recrystallisation, and must be connected with the
initial growth of the suwlphide aggregate.

(4) The absence of inclusion concentrations at grain
boundaries, and the common tendency for inclusion
particles to be concentrated in discrete groups which
are coincident with single grains indicate that the
observed inclusion arrays were not established during
migration of grain boundaries under the influence of
their surface energy. If the inclusions were inert
during recrystallisation, then the observed coincidence
of single grains and discrete inclusion concentrations
still implies that recrystallisation has not been
operative,

(5) Assuming that the intragranular zone structures are
primary in origin, then their presexrvation and shaxrp
definition, comparable to that observed in other pyrite
deposits which are almost certainly unmetamorphosed,
are inconsistent with recrystallisation,

(6) Since discrete euhedral zone structures, independently
of the enclosing grain boundary, define the principal
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limits of extension of individual grains, the develop-
ment of the observed overall grain size and shape
characteristics of the pyrite aggregates cannot be
attributed to recrystallisation. A minimum conclusion
demands that the major aspects of the observed micro-
structure were established during the primary growth
event.

Because of the virtually ubiquitous gccurrence of
euhedral zone structures the conclusions summarised
above are directly applicable to almost every type of
microstructure in the massive ore, There are only two
occurrences where the significance of the microstruc-
ture is not definitive, Firstly, the ultra-homogeneous
fabrics described in sect. 4.5 cannot be interpreted,
because the external and internal structure of the
component grains is unknown. Secondly, since unzoned
grains provide no independent markers of the extension
of the primary grains, there is no direct way of
establishing whether their oxriginel shapes have been
modified. However, the integral relationship of
unzoned grains to the overall granular assemblage in
which they occur strongly suggests that the absence of
zoning is not indicative of recrystallisation, More-
over, there may be many instances where the absence of
zoning is spurious, and due to a sectioning effect or
to a negligible response to etching. The two occurr-
ences of pyrite referred to above are extremely minor
constituents of the total ore, This fact is signif=-
icant to the extent that the demonstrable absence of
recrystallisation in the bulk of the ore suggests that,
in general, the requisite conditions for recrystalli-
sation did not exist,

Although the minimum recrystallisation temperature
(approximately 600°C, for detectable solid state
changes driven by grain boundary free energy) for the
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natural pyrite as determined in week=long experiments
is much higher than that indicated by the wall rock
metamorphism (i.e, a maximum of approximately 350°C),
a meaningful comparison cannot be made because there
is at present no basis for extrapolating the experi-~
mental results to periods of time comparable with a
natural metamorphic event.

The instability of the intragranular zoning observed
in the annealing experiments directly indicates that
the natural ore was not recrystallised under conditions
permitting volume diffusion in the pyrite lattice,-
In relation to the time of emplacement of the lode,

the final conclusions of this chapter are:
(i) the lode was emplaced prior to the regional metamorphic

(i)

/tectonic event, but the temperatures attained during
metamorphism were not sufficiently high to induce
detectable alterations in the primary microstructure,
or

the lode was emplaced subsequent to the regional
metamorphic/tectonic event.
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CHAPTER 8
0 ON O 0 0 0
SAN DIONISIO LO

For secondary minerals or rocks the possibility arises, at
all scales of replacement, that structures indicative of dig=-
tortion may be inherited from the parent host rock. The fac~
ility for structural pseudomorphism to accompany replacement is
amply demonstrated in nature. In particular, there are several
examples where the deposition of massive and -disseminated pyrite
and other iron sulphides is known to duplicate the structure of -
volcanic host rocks (see for example Tan, 1959; Mukaiyama, 1959).
Thus, although current views (Williams, 1962; Kinkel, 1962)
regard the Rio Tinto deposits as exhalative-sedimentary in
origin and therefore imply that the San Dionisio lode was init=-
ially flate=lying, in principle there seems to be good reason to

investigate the possibility that the observed shape and internal

structure of the lode was inherited by replacement of pre-
existing tectonic and primary structures.

It is proposed to consider two modes of origin for the San
Dionisio ore body, namely: (1) syngenetic or epigenetic
deposition in a flat~lying sedimentary/volcanic basin, -and
(2) epigenetic replacement of an already folded favourable hori-
zon. Following from these hypotheses, there are two alternative
interpretations of the present shape of the lode. Corresponding
to (1) and (2) above, these are: (i) the shape was derived by
folding during the first regional deformation event, and (ii)
the shape is an inherited feature. The objeet of this chapter
is to establish which of the latter interpretations is correct.

In attempting to evaluate the significance of the shape of
the lode, the approach adopted here is to clarify whether or not
the structure of the massive ore reveals direct evidence for
deformation.

The first necessity is to explain the broad implications of
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the gross structure of the lode in relation to the general
features of the deformation required to account for the observed
shape, This discussion forms the subject of sect. 8.1 where the
main conclusions are that folding of the lode must produce
internal deformation of the ore and that the distribution of the
fold-producing displacements must be penetrative.

In sects. 8.2 and 8,3 the microstructure of the ore is
examined with the object of determining whether or not recognis-
able primary structures have been moedified by later deformation.
The results obtained in both these sections, and especially in
sect, 8.3, depend on the conclusion reached in Chapter 7, namely,
that the massive ore is unrecrystallised. In sect. 8.2 the
gross shape and/or internal features of multi-granular primary
growth structures are considered from a geometrical viewpoint,
independently of any specified deformation mechanism. In all
cases the external and/or internal configuration of the structures
indicates that the massive ore is undefovmed. = In.Sect. 8.8 the
microstructure of each of the fabric types described in Chapter
4 is examined in relation to the three deformation mechanisms,
mechanical and diffusional plastic flow, and cataclastic flow.
The effects produced when each of these mechanisms operates are
predicted, and comparisons are made with the observed micro-
structure. Again it is found that the recognisable primary
component of the microstructures (i.e, the shape, arrangement,
spacing and continuity of euhedral zone structures) does not
exhibit modifications consistent with the changes predicted for
plastic or cataclastic deformation. Unless stated otherwise, the
‘discussion of the microstructure in sects., 8.2 and 8.3 refers only
to the pyritic component of the ore.

In sect. 8.4 the course of the previous arguments is
summarised and the significance of the slickensides and leaching
zones describad in Chapter 3 is re-examined. The conclusion is
reached that the San Dionisio lode has not been folded, and-
direct evidence of post~folding mineralisation is presented.



In a cexrtain sense the problem of deciding whether or not
uniformly dipping, tabular ore bodies have been folded to-
gether with the enclosing stratigraphic sequence is more
difficult than the equivalent problem as posed by the San
Dionisio ore body. An initial flat-lying lode of simple
lenticular shape may assume a tilted orientation (conform-
able with bedding, or perhaps confarmable with cleavage)

in one of two ways.

If the lode behaves as an integral part of the total
deforming rock mass, then it must undergo shape changes
and suffer internal displacements. Provided there has been
no subsequent re=-consititution, evidence for these displace-
ments should be recognisable.

Tilted orientations might also be achieved by simple
bodily rotation. This involves no shape change for the
ore body, and the deformation is accommodated by non-
uniform distortion in the surrounding rocks. Since the
lode remains undistorted, there will be no internal evi-
dence for its participation in the folding event.

The second of these tilting mechanisms is likely to be
specially important in the case of many pyritic ore bodies
in pelitic or pelitic/volcanic country rocks, where the
relatively high competency of the sulphide deposits favours
a response to deformation as rigid bodies.

Wherxre the ore horizon has a folded shape, the problem
of determining the origin of the structure is considerably
more tractable, In order to assume any type of non-
planar configuration and remain physically continuous, an
initially flat-lying horizon must alter its shape. A
change in shape, known as pure strain, is needed to account
for fold structures since bodily displacements, regardless
of the manner in which they are arranged, cannot be used to
reconstruct simple tabular forms. Shape changes necessi-.
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Figﬁre 8.1 Configuration of the San Dionisio lode in sections sub-normal to the plunge of the main

synclinal structure. Orientation of the regional slaty cleavage is indicated by the broken lines.
Column (a) simplified forms of the scctions shown in fig. 2.9.

Other columns show the initial shape of the lode assuming the observed shape was produced by:
Column (b) similar-folding of a flat-lying hoxrizon.
Column (c) cgncentric-folding of a flat-lying horizon.
Column (d) 30% compression normal to the regilonal slaty cleavage.
column (e) 50% compression normal to the regional slaty cleavage.
Column (f) 60% compression norwal Lo the regional slaty cleavage.
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tate differential displacements of points within the body
concerned. Recognition of these displacements constitutes
the most direct evidence for deformation.

Particular geometric systems of displacements which
account for simple fold styles are specified by the similar -
or shear-fold, and concentric-fold models. However, the
actual geometry of the displacement field is not specially
relevant to the question of whether or not a particular
structure has a tectonic origin. Nevertheless, even a -
broad knowledge of the displacement field will be useful,
especially in indicating where and along which directions
the major effects of the deformation are likely to be
found,

Some idea of the type and amount of displacement nec-
essary to account for the shape of the San Dionisio ore
body can be obtained through a simple analysis of sections
sub=-normal to the plunge of the lode. Although the de~
tailed configuration of the ore body is complex {figs. 2.8
and 2.9), its overall synclinal form is simple and well
defined. The re~drawn profiles in fig. 8.1 (a) were con-
structed from the five structurally representative sections
shown in fig. 2.9, and were selected at approximately equal
intervals along the central half of the lode where the com-
plete synclinal foxm is well developed,

Owing to the difficulty in interpreting the crenula-
tions and other irregularities of the lode contact, the
simplified profiles of fig. 8.1 {a) were constructed by
taking an average boundary line between the crests and
troughs of the crenulations, and by adjusting this line to
join smoothly with the regular orientation of the northern
limb and the apex of the lower contact., All five profiles
have two main characteristics in common: (i) both fold
limbs become thicker in the axial region, and (ii) the
orientation of both limbs changes -rather sharply along the
lower boundary at approximately equal distances from the
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apexX.

The profiles of fig. 8,1 (a) bear considerable resemb-
lance to similar-folds, and if unrolled according to the
conventional mechanism of formation, the reconstructed sec-
tions of the flat-lying ore body acquire the shapes shown
in fig. 8.1 (b). If the profiles are unrolled assuming
initial concentii¢ folding, the shape of the lode is repre=-
sented by the sections shown in fig. 8.1 (c). Sulphide ore
bodies of replacement origin in flat-lying sedimentary
strata are known to show considerable thickness variations
(see for example Mukaiyama, 1959, pp. 33, 45, 49, 51, 73).
However, it seems unlikely that the shapes shown in figs.
8.1 (b) and (c) represent feasible sedimentary forms, and
there appears to be some indication that flattening has
been important during the deformation.

The €7facts of flattening were briefly studied by using

a simple rectilinear grid system which enabled the profiles
of fig. 8.1 (a) to be reconstructed at selected magnitudes
of strain. The axial plane of the synclinal structure
defined by the ore body corresponds to the regional slaty
cleavage, and was assumed to be normal to the maximum
shortening direction,

At 50% compression normal to the axial plane cleavage,
the shape of the lode at the five selected profiles is shown
in fig. 8.1 (e). The average ratio of the maximum and
minimum thicknesses of the ore body is approximately 2.8:1.
For the similar and concentric models (figs. 8.1 (b), (c¢))
the average thickness ratio is approximately 5:1. Thus the
shape of the lode becomes far more reasonable in terms of a
sedimentary deposit when the deformation involves consider-
able flattening, rather than simple concentric or shear
folding. ' :

At 60% compression (fig. 8.1 (f)), the width of the
lode is perhaps unreasonable, and at 30% compression (fig.
8.1 (d)), the thickness vwariation corresponds to an average
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ratio of 3.5:1.

The above results suggest that if the lode has begen
deformed during the main regional folding event then some=-
where in the region of 50% flattening has been involved,
This figure is indicative of the minimum magnitude of dis=-
placements that should be observable in the internal structure
of the ore body. The actual displacement directions are
not specified, but if flattening has been important, they
must occur with two or more orientations, at least one of
which is oblique to the axial plane cleavage.

Some knowledge of the spatial distribution of the fold=-
producing displacements is necessary in order to assess the
significance of samples selected to test the occurrence of
deformation features. For a simple analysis, it is suffi-
cient to consider only two folding mechanisms: (i) deforma=
tion involving displacements along one or moxre sets of shear
planes of constant or variable orientation, and (ii) deform-
ation involving bodily rotation and displacement of rigid
blocks in a relatively incompetent and yielding matrix.

The separation of the displacement planesin case (i), and
the size of the rigid blocks in case (ii), can be estimated
by examining the configuration of marker structures involved
in the deformation. Two such markers are available: (1)
the upper and lower boundaries of the lode, and (2) the
boundaries of primary, depositional structures within the
massive ore.

Except where the massive ore is gradational to the under-
lying stockwork zone, the morphology of both the upper and
lower contacts of the lode is characteristically smooth and
shows no fault-like offsets, small scale projections or
embayments. In the massive ore itself, grain size differ-
entiation and other fabric variations define a whole range
of magascopic and microscopic structures whose general shape
characteristics almost certainly indicate a primary deposi-
tional origin (see for example Plates 4.1, 4.2 and 4.20 to
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4.24). The boundaries of these structures are continuous
and do not exhibit step=like features or other irregular-
ities. which could reasonably be described in terms of
truncation phenomena,

The significance of the general morphology, and espec-
ially the continuity, of the marker boundaries provided by
the lode contacts and internal structures can be explained
as follows, If the San Dionisio fold was produced by a
deformation involving approximately 50% compression, then
the relative displacements occurring along glanes at right
angles to the maximum compression direction must be of a
similar magnitude to the spacing between the displacement
planes. Hence, if the movement planes were spaced at mega-
scopic intervals, the marker boundaries should be offset
at step-like features with similar dimensions, The mega=
scopic continuity of the marker boundaries thus implies
that the fold~producing displacements could not have been
confined to a relatively small number of widely spaced move-
ment zones. In fact, the continuity of the marker
boundaries, as registered in the microstructure, indicatee
that the deformation must have been penstrative to the
extent that the displacement planes were spaced at distances
in the order of a few grain diameters or less.

A similar conclusion applies in the case where the
deformation is accomplished by rotation of rigid blocks in
a ylelding matrix, These blocks must have dimensions not
greatexr than a few grain diameters, otherwise their identity
would be reflected by observable discontinuities in the
marker boundaries,

The penetrative quality of the deformation is directly
implied by the presence of microscopic folds in the massive
ore (sect. 3.2.2). The orientation of at least some of
these folds (and their axial plan cleavage) corresponds to
the orientation of the regional first generation fold
system. On the basis of this relationship it is reasonable
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to suppose that, if the folds in the ore are tectonic,
their development was contemporaneous with the main deform-
ation of the lode, Since the pyrite layers defining the
fold structures are continuous and show no significant off-
sets at the scale of the microstructure (see Plates 3.16 to
3.20) the fold-producing displacements must be spaced at
extremely small intervals.. Whexre the folded layers are
composed of grains whose diameters approach the layer
thickness, a smooth morphology of the boundary of the layer
can only mean that at least part of deformation occurred by
intragranular distortion, The occurrence of fold structures
also implies that the displacement directions were system=
atically arrayed, and that the deformation was probably not
produced by a mechanism involving rotation of rigid blocks
in a yielding matrix.

The direct juxtaposition of massive ore and incompet=
ent pelitic rocks at the upper contact of the lode has
further implications supporting the conclusiors reached
above,

From field observations it appears that the massive ore
maintains its normal density and composition up to distances
of a few millimetres or less from the sharply defined con-
tact with the overlying sediments. At one representative
locality, a suite of samples was collected -at approximately
10 cm. intervals along a traverse extending from the upper
contact into the massive ore. Microscopic examination of
these samples reveals that the normal density of the ore
is retained up to a distance of less than 10 cm. from the
margin of the lode, In the two samples collected in the
upper 10 cm, layer the porosity increases considerably -
(from the normal average of 5% - 10% to an estimated 20%),
but the pyrite aggregate is physically continuous. On the
basis of the equivalent or near-equivalent composition of
the ore at the upper contact and in the interior of the
lode, it seems reasonable to conclude that the response to
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deformation would be essentially the same at both localities.

However, the overlying pelitic rocks are much less compet-

ent than the ore, and their facility to accommodate inhomo=-

geneous deformation would be correspondingly pronounced.

Thus if the fold-producing displacements were confined to

widely spaced movement zones, the evidence for these zones,

their spacing and their general configuration should be
especially apparent along the upper contact of the lode.

The smooth morphology of the upper lode contact cannot
be explained by assuming that pre~existing irregularities
were smoothed out by intensive shearing in the pelitic rocks
overlying the ore body. In the immediate vicinity of the
hanging=-wall, the slaty cleavage is undistorted and retains
its normal, steep dipping orientation independently of the
local attitude of the lode contact. Fault-gouge material
is apparently rare, and even where it appears the morphology
of the hanging-wall is the same as it is elsewhere. If
pre-existing irregulazi ties were smoothed out by shearing in
the overlying rocks, small or large fragments of ore would
be detached from the margin of the lode. - Sineg the over-
lying rocks are comparatively incompetent, many of these
fragments are likely to become completely isolated, and
would appear as tectonic inclusions, In fact, there are no
isolated lenses or other deposits of massive ore sbove the
upper lode contact.

The main conclusions reached in this section are.

(1) If the San Dionisio lode has been folded, there should
be direct evidence for the deformation in the structure
of the orxe,

(2)  An estimate of the magnitude of the deformation indi-
cates that the folding would have involved substantial
displacements, and therefore that the structural mani-
festations of the deformation should be readily appar-
ent,

(3) The morphology of primary depositional marker surfaces
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(i.e. the lode contacts and the boundaries of primary
structures within the massive ore) implies that the
deformation must have been penetrative to the extent
that the displacement zones are separated by distances
in the order of a few grain diameters or less. It is
also reasonable to assume that, at least within regions
where the oriention of the marker surfaces is uniform,
the magnitude of the displacements is approximately
constant,

The importance of the first part of conclusion (3)
should be emphasised. The penetrative spacing of the dis-
placement zones implies that, irrespective of where the
massive ore is sampled, there should be evidence for the
deformation. That is, if there is no evidence for deforma-
tion, this result must be directly significant, and cannot
be attributed to samples being selected from undeformed
regions between zones of active movement. Since the area
of conventional polished sections encompasses several hun=
dreds to several thousands of grain diameters, even samples
of this size are sufficiently large to incorporate large
numbers of movement zones, and should be more or less repre=-
sentative of the deformation at larger scales. It is also
significant that the composition of the lode is virtually
monomineralic,. since this implies a corresponding uniformity
for the mechanical properties of the ore, and hence confirms
the general validity of the procedure of examining small
specimens for evidence of deformation.

In the following two sections the microstructure of the
ore is examined on the basis of the conclusions obtained
above. Approximately 70 polished sections were studied and
the locations of these are shown in fig. 3.1. The samples
were collected in the western two thirds of the lode at
localities near the upper and lower contacts, near major
crenulations in the upper contact, in the axial region of
the syncline and in the lower parts of the fold limbs.
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Thus, although the sampling is limited, the locations are
fairly representative of the main parts of the fold struc~-
ture. In addition to the polished sections, flat~ground
surfaces were examined on 15 other samples (see fig. 3.1

for localities)}; although it is difficult to interpret

these observations directly, there are no obvious differences
between samples which were sectioned and polished and those
on which only ground surfaces were prepared.

8.2 Implications from the Shape and Internal Featuxes of Primazy
Growth Structures ‘
In monomineralis aggregates the preservation of the original
shapes of primary growth structures is inconsistent with
deformation, and cannot be attributed to preferential
yielding of a surrounding metrix. In the massive sulphide
ore there are four types of growth structures whose original
shapes are either partly or completely known, Since these
structures have widespread occurrence, their implications
provide an important contribution towards assessing the
evidence for deformation of the lode.

8.2,1 Multiaranular Agaregates of Spherical and Sub-Spherical
Shape
The occurrence of spherically shaped grain aggregates has a
unique significance. If the aggregates were initially
spherical, an assumption which does-not conflict with their
interpretation as growth structures, then they are clearly
undeformed.

If the aggregates were initially non-spherical, then a
special strain (or strains) must be postulated to account
for their present shape. Since the deformation is mainly
controlled by the external stress~field, shape changes from
non-spherical to spherical can only be regarded as fortuitous.
Even in the most favourable case, when the initial aggregates
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are elliptical and have a preferred dimensional orientation,
it can only be fortuitous that the maximum compression axis
remains parallel to the long axis of the ellipses, and that
the resulting deformation just compensates for the initial
shape factor. It is therefore concluded that the exist-
ence of spherical grain aggregates implies the absence of
deformation, and furthermore, that these aggregates are
indeed original growth structures.

Apart from the fine grained pyrite spheres and ellipses
whose evolution has already been discussed (Chapter 5),
other types of close~packed and disseminated spherical -and
sub=spherical grain aggregates are also found in the massive
ore (see sect. 4.1.1 (3); Plates 4.3, 4.5, 4.7).

(i) In glose=-packed aaggregates,the tendency towards spher-

icity and relatively equant shapes is obvious. Where
there are departures from sphericity, these can be
shown to have a primary origin, for the following

reasons;
(a) Elliptical and otherwise elongate shapes exhibit

no preferred dimensional orientation (see Plate
4.7).

(b) Since the external boundaries of non-spherical
structures are continuous and not step-like, dis-
tortion of these structures could only have taken
place by intragranular deformation., The shape
and internal structure of the component grains of
an aggregate should therefore reflect whether or
not deformation has been effective.

Owing to the radis® grain arrangement within ind-
ividual structures deformation would produce a fabric
in which some grains have their long axes parallel to
the ax¥ds of maximum compression while others have their
long axes perpendicular to the maximum compression axis,
If the initial grains are assumed to have had similar
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axial ratios, then in distorted structures, grains
initially aligned parallel to the compression axis
should be more equant in comparison to those initially
aligned normal to this axis, Since the shortest dim~
ension of elliptical aggregates is parallel to the
compression axis, relatively equant grains should occur
along this axis, and elongate grains should lie along
the axis connecting the apices of the ellipse.

In the observed elliptical structures, however,
there are no obvious grain shape variations of the type
predicted above. In the majority of structures, the
axial ratios of the component grains are approximately
uniform throughout the ellipse (see Plate 4.8), but
there are some instances where extreme developments of
inequant~irregular grain shapes make it difficult to
estimate the axial ratios of many grains.

Disseminated agaregates frequently exhibit spherical or
near-spherical shapes (see Plate 4.3), but where there
are marked departures from sphericity, the aggregates

almost invariably occur with well developed elliptical
shapes (see Plate 4.4). Although at first sight the
latter appear to be deformed, it can be shown that
their internal grain structure is explicable only when
the overall elliptical shape is regarded as a primary
growth feature.

Assuming the elliptical shapes were initially
spheres, then as already pointed out in (b) above, the
axial ratios of the component grains would be approxim=-
ately uniform, Since the grain arrangement is radial,
subsequent distortionsmeans that grains aligned parallel
to the shortest dimension of the ellipse would be more
equant than those aligned parallel to the longest dim=-
ension.. This configuration is frequently - observed,
but the change in axial ratio is invariably accompanied
by a change in grain size (see Plate 4.4).
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If the initial structures are assumed to be
spherical, it is reasonable to suppose that, because
of the radially uniform growth of the sphere, the size
of the component grains was approximately uniform.
Thus the grain size variation observed in the elliptical
structures cannot be explained in terms of deformation,
and must be regarded as a primary growth feature. Even
if there was a grain size variation in the initial
sphere, then the observed symmetrical distribution of
the coarse and the fine grains in the ellipses impliag
that there was always a corresponding symmetrical
relationship between the external stress-field and the
internal structure of the spheres. However, as pointed
out in the introduction, this can only be a fortuitous
occurrence, In summary, the internal and external
structure of the elliptical aggregates cannot be-
attributed to distortion of pre-existing spheres, and
was apparently derived by anisotropic accretion during
the primary growth event.

8.2.2 Colloform Structures

Although the exact shape of these structures in their
primitive state cannot be independently established in most
specif ic examples, their general shape characteristics can
be estimated. Colloform structures have been described

and illustrated from flat-lying, undisturbed sulphide depos-
its (e.g. the Kinousa deposits, Cyprus; Harris, 1938).
These structures, which presumably represent the primitive
depositional form, are multi-~layered and are characterised
by a botryoidal appearance of the three dimensional surface
topography of individual eolloform bands.

In the Rio Tinto ore it is convenient to consider the
colloform structures in-two categories (sect. 4.4): (i) open
structures (see Plate 4.69), and (ii) closed structures (see
Plate 4.68).

Implications from the shape of gpen structures are
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inconclusive, If they are deformed, then the curvature of
the boundary and the angle of intersection between adjacent
botryoids should be significantly different from the curva~
tures and angles of intersection in equivalent, undistorted
structures. Such differences will be most apparent whepg
the trend of the colloform band is parallel or at right
angles to the maximum compression direction. Although
there is no record of the shape parameters of undistorted
colloform structures, there certainly appears to be no
obvious disparity in the shape exhibited by these structures
in the Rio Tinto ore and those in undeformed deposits. This
suggesfs that the colloform structures are undistorted.

The shape of glosed structures substantiates this con=~
clusion. Although many of these structures are complex in
detail, in nearly every instance either single structures
or parts of composite structures exhibit a spherical form
(see Plate 4.68). As pointed out in the ‘introduction, the
sxistsence ‘of spherical shapes can be taken to-indicate that
the original growth structures are undeformed. Non=-
spherical structures are also compatible with known growth
forms and, especially where they are in direct juxtaposition
with spherical structures, the departures from sphericity
are difficult to attribute to deformation.

8.2.,3 Abpnormally Larde Sindgle Grains

In some fabrics with a strongly bi-modal grain size distrib-
ution, the coarse component is represented by grains with
diameters up to approximately 50 times greater than the
average matrix grain size. Euhedral arsenopyrite grains
with diameters in the order of one or two millimetres have
been reported from the massive ore (A,P. Millman, pers. com,).
With respect to penetrative deformation in the matrix, many
of these large crystals are useful marker objects,

The shape of abnormally large grains ‘is frequently an-
hedral and therefore of doubtful significance in attempting
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to distinguish the possible effects of deformation. In
many instances, however, the grain shape is characterised
by complete or partial euhedralism (see Plate 4.25), Be=-
cause of their size and euhedralism, there is little doubt
that the deposition of the large grains pree=dates thst .of
the sulphide matrix. Therefore, if the latter is deformed,
there should be manifestations of the displecements in the
boundary morphology of the large grains, -

In fact, the preservation of euhedral grain shapes is
basically incongistent with deformation. Planar grain
boundaries could be explained if intragranular displacements
were affine, but this condition can scarcely be justified in
the case of a polycrystalline matrix.

The existence of substantially complete growth zone
structures implies that the coarse euhedral grains are not
fracments derived from larger grains, and the presexrvation
of sharp grain edges indicates that the large grains were
not bodily rotated as rigid units in the surrounding matrix.
Where planar grain boundaries degenerate to irregular shapes,
the boundary morphology can probably be explained in terms
of leaching (see sect. 4.1.4 (1)).

8.2.4 Infexstitial Sifes

Interstitial sites between the component grains of essent-

ially monomineralle pyrite aggregates fall into two cate-
gories, namely, euhedral and leached interstices (sect.
4,6), Although the marginal grains of leached interstices
usually exhibit delicate shapes (Plates 4.81 to 4.84) which
are unlikely to be retained during a deformation event, the

significance of these features is doubtful because of the
difficulty in establishing whether the leaching occurred
before or after the regional folding.

On the other hend, euhedral interstices can be inter-
preted as primary growth structures. Moreover, it can be
shown that the microstructure of their marginal grains is
incompatible with deformation of the primary fabric, irrespec-
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tive of the presencc o absence of infilling minerals.

The importance of these structures in evaluating the genexral

incidence of deformation phenomena lies in their ubiquitous

occurrence throughout the lode, and in their small distance
of separation (a few to a few tens of grain diameters).

Euhedral interstices show the following important
properties:

(1) +the boundary surface is composed of plane grain faces
corresponding to euhedral growth forms of the marginal
pyrite grains (Plates 4.78, 4,79, 4.80),

(2) the marginal grains frequently exhibit (a) an increase
in size compared to the average grain size of the
surrounding aggregate, and (b) a sub~radial elongation
(Plate 4.79).

(3) nearly all interstices are characterised by physical
continuity of equivalent growth zones between at least
some of the marginal grains (Plates 4.78, 4.79, 4.80),

(4) a high proportion of interstices are approximately
equal or greater in size than the average surrounding
grain size (see for example Plates 4.10, 4.79, 4.80).
The first two of the properties listed above suggest

that euhedral interstices must be explained essentially in

terms of the primary depositional history. In brief,
interstitial regions represent sites in the local fabric
where, when the surrounding aggregate was fully replaced,
grains at these centres had not yet fully impinged, and
hence retained their transitory growth habitg, Continued
growth at the interstitial site is likely to occur on all
unimpinged surfaces contemporaneously, and must proceed to=-
wards the centre. The continuity of zoning between adjacent
marginal grains, the elongation of the grains, and their
radial growth directions can be explained on this basis.

For a number of reasons it can be shown that the
primary fabric immediately surrounding the interstitial
region has not been distorted.
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The presence of plane faces on the marginal pyrite
grains 1is incompatible with deformation. Plastic
grain boundary sliding or internal deformation of ind-
ividual grains would produce at least local distortion
of euhedral faces both at voidal and filled interstices.,
Euhedral forms incorporating sharp grain edges and
corners cannot be expected to persist during cata-
clastic displacements.

Although the total sequence of internal growth
zones in the marginal grains frequently incorporates
changes of growth habit, there is no record of distur-
bance or extensive corrosion effects at any stage of
the growth history. Because of their essential con-
tinuity and identity with grains of the surrounding
fabric, the marginal grains cannot be regarded as
belonc*ng to a separate or later period of deposition,
which might be argued to post-date a later deformation
event. Even if this were so, then the interstitial
region must have been occupied by other material- during
the deformation if stability were to be retained.
There is no evidence for this material, or for its
subsequent removal.

The physical continuity of equivalent growth zones
between adjacent marginal grains indicates that inter-
grain displacements have not occurred since the primary
depositional event.

A large proyrortion of voidal interstices must be
regarded as unstable during a compressional deforma-
tion event. This is especially true of abnormally
large pore spaces whose dimensions exceed the average
grain size of the surrounding aggregate. Since com=
pression would tend to minimise the total volume, pore
spaces whose size approaches the average surrounding
grain size are unlikely to be retained. If the in-
filling sulphide and gangue minerals were introduced
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later than the deformation, then the vast majority of
interstices must be considered unstable.

In a wide variety of materials the structural manifestations
of deformation at the granular level are known, and there is
sufficient knowledge of the basi: principles of shape-
changing mechanisms to be able to predict the structural
changes accompanying the deformation of crystalline materials
in general. By using this knowledge it is possible to test
whether or not the grain structure of particular mineral
aggregates is consistent with the changes required by deform-
ation.

A body subjected to strain may behave either as a brittle
material or as a viscous/plastic material, Since the mani-
festations of the response to deformation under these two
conditions are different, they need to be distinguished.

Stress-strain relatiomships can be used to distinguish
brittle and plastic types of deformation., However, a dist=-
inction on this basis serves little useful purpose because
the actual displacement mechanisms are not referred to
directly.

Strain accomplished by brittle fracture and accompanying
displacements is referred to geologically as cataclastic
deformation. This process is characterised by discontinuous
adjustments and involves extended repetition of the following
sequence of events: failute at the limit of the elastic
region; displacement accompanied by firstly, stress relief,
and secondly, stress increase; failure at the limit of the
elastic region, etc. Failure occurs by loss of cohesion
between discrete surfaces which are referred to as fracture
planes,

Plastic deformation strictly refers to the mechanical
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distortion produced in solids in their ductile region, above
the yield point. Although this definition excludes shape
changes produced by diffusional mechanisms, it is convenient
to group non-brittle mechanisms and diffusional changes
under the one ‘heading, namely, plastic deformation, This
term, unless qualified, will be used to encompass all types
of deformation outside the realm of cataclasis. The dist~
inction between diffusional and mechanical plastic deform=-
ation is outlined below,

The cold=-working:process undergone by metals involves
meghanical plasticitv. Distortion is achieved by intra-
granular displacements and by grain boundary sliding. De-
formation of the lattice structure of single grains occurs
by translation and twin gliding, and the actual atomic re=-
arrangements are produced by dislocation movement.

When the deformation is not controlled by dislooation
glide, material reorganisation must occur by diffusion.
These changes are grouped under the heading diffusional
plastic deformation. They are exemplified in the hot-
pressing process used for fabricating metallic compounds and
ceramics, and probably in the hot-working of metals.

In almost every type of pyrite aggregate in the massive
ore the component grains exhibit euhedral zone structures.
Since it can be shown that the zoning-was not induced by a
recrystallisation process (Chapter 7), its origin must be
connected with the initial growth of the sulphide aggregate.
The importance of euhedral zone structures derives from the
fact that they zecord not only the internal structure of
single grains, but also, and independenkly of the ggsin. bgoun~
daries, the main grain size and shape characteristics of the
primary sulphide aggregate. . The object of this section is
to test whether the recognisable primary component of the
microstructure (i.e. the shape, arrangement, spacing and
continuity of euhedral zone structures) is modified by
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features which could be interpreted in terms of the deforme
ation mechanisms referred to above. This has been done by
predicting the microstructural changes which should occur
when the ore is plastically and cataclastically deformed,
and then by comparing these changes with the observed micro=
structure. Each of the microstructures described in
Chapter 4 are treated separately, but the main emphasis is
placed on the massive and foliate fabrics which are the
dominant components of the ore. In fact, the basic pro-
blem is presented by the massive and foliate fabrics, and
the criteria developed there can be readily applled to the
other types of microstructure.

Since the bulk shape of the lode requires that dis-
placement domains be spaced at distances in the order of a
few grain diameters or less (sect. 8.1), the influence of
deformation on the grain structure must be recorded at an
equivalent scale, It is therefore meaningful to test for
these effects by examining small specimens, which was the
procedure adopted in obtaining the following results.

8.3.1 Massive Fabrics
8.3.1 (1) Cataclastic Deformation

Two repetitive events are involved in cataclastic deforma=-
tion. In the first place, discrete units in the initial
aggregate must become effectively isolated by the develop-
ment of a sufficiently large number of fracture planes, so
that secondly, relative displacements can be initiated
between the resulting units. In principle, the first stage
is a pre-requisite for the actual deformation, which is
produced in the second stage.

Unless the shape of the granular units undergoing dis-
placement is extremely regular, their final packing arrange=~
ment must incorporate voids. Neighbouring units will
generally impinge at points, along lines, and rarely across
extensive surfaces,  The voidal regions will therefore be



239

almost continuous. Thus, since the observed sulphide
fabrics are essentially compact, the initial voids resulting
from a hypothetical cataclastic deformation event must have
been largely infilled at a later stage.

It is reasonable to expect that in some form c# other
the infilling material (derived from attrition of the frag=-
ments, subsequent introduction of material or both these
sources) differs from that comprising the fragments them=
selves. Hence, in the absence of recrystallisation, the
identity of the units of fragmentation and of the cementing
material should be recognisable in the form of: (i) some sort
of fabric discontinuity at the fragment/cement interface,
and (ii) a morphology of the fragments consistent with their
evolution. The bulk structure is likely to exhibit close=
packed, equant or elongate fragments, separated by cementing
material which occupies a semi=-continuous intexrstitial
structure.

A, Si 0 i of-Fra ation

In predicting the effects of cataclasis it is advantag~-
eous to consider at first the possible dimensions of the
units of fragmentation, It has already been shown in sect,
8.1 that, in order to account for the morphology of the lode
contacts and of primary depositional marker surfaces within
the lode, the displacement domains must have dimensions in
the order of a few grain diameters or less. This condition
means that discrete units of fragmentation could be either
single grains or polygranular aggregates, Direct juxta=
position of polygranular aggregates of sharply different
grain size is a common feature in the massive fabrics, and
indicates the necessity to establish whether or not the diff=-
erent grain size components can be correlated with the frag-
ment and matrix components of a cataclastically deformed
aggregate, This question is examined under (1) and (2)
below. The significance of interstitial sites, which might
be argued as representing relicts of the initial voids derived
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during cataclasis, is discussed under (3). The general
conclusion, that the units of fragmentation must be either
simg le-grains, or perhaps small groups of grains, is derived
in (4).

(1)

In the massive ore there are numerous fabrics composed
of a fine grained matrix enclosing either discrete
coarse grained aggregates (massive-composite fabrics,
sect. 4.1,3; see for example Ftates 4,17, 4.18) or:
singly occurring, abnormally large grains (sects, 4.1.2,
4,1.4 (1); see Plates 4.25 to 4.29). In principle it
seems possible to interpret the overall structure of
these fabrics in terms of brecciation; the coarse
grains or aggregates of these grains would represent
the main units of fragmentation, and the fine grained
component would represent an attrition derived matrix.
However, this interpretation must be discounted for
the following reasons:
(i) Coarse grained components cannot be identified
with the main units of fragmentation because:

(a) the fabrics containing discrete coarse
grained clusters or singly occurring, abnor-
mally large grains are not ubiquitous in the
lode, and therefore, if considered alone, can-
not account for the required penetrative
character.of the deformation.

(b) the boundary morphology of discrete coarse
grained aggregates nearly always shows de-
tailed irregularities which are correlable
either with the microstructure of the matrix
or with the microstructure of the coarse
grained aggregate itself (see for example
Plates 4.17, 4.18); +this relationship implies
that the boundary configuration was derived
during growth and not by the development of
fractures, and subsequent displacements along
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the margins of the corase grained aggregatese.
(¢c) singly occurring, abnormally large grains
exhibit euhedral shapes which usually incorp-
orate, or may be entirely replaced by embay=-
ments or irregular projections (Plates 4,25
to 4.29); these features almost certainly
mean that the entire grain shape was derived
during growth and/or leaching. Both the
development and preservation of euhedral
shapes and embayed oxr projecting forms is
difficult to reconcile with the displacements
involved in cataclasis.
Since singly occurring coarse grains or clustexrs
of these grains are usually well separated, the
intervening matrix must have been present at the
time of the hypothetical deformation event in-
order to support the main fragmentation units.
Thus, the fine grained component of these fabrics
can only be interpreted as an attrition derived
matrix, and not as cementing material which was
subsequently introduced. On this view single or
small groups of matrix grains must be regarded as
discrete units of fragmentation, The general
question of cataclasis which is penetrative at the
scale of single grains is discussed under B below.
The arguments presented there are fully applicable
to the relatively fine grained matrix components
of the fabrics under consideration at present.
Under B, below it is shown that single grains or
small groups of grains cannot be interpreted as
units of fragmentation. Hence, fine grained com-
ponents do not represent attrition derived matrices.

In massive fabrics where the different grain size com=-
ponents are strongly differentiated and occupy sharply
defined aggregates, the shape of these aggregates must
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satisfy certain conditions if the different grain size
components are to be identified with a matrix and frag=-
ments derived during cataclasis. The units of frag=-
mentation will be essentially isolated, and probably
fairly equant. Elongate fragments could develop, and
these would tend to assume a preferred orientation
during the movement episode. The matrix would tend
to occupy a continuous interstitial volume,

In the majority of massive fabrics these conditions
are not met. The closest approach to gross structures
resembling a breccia aggregate are the fabrics composed
of singly occurring, or small groups of abnormally
coarse grains contained in a fine grained matrix.

These fabrics have been discussed in (1) above, where
it was shown that the detailed microstructure cannot
be explained in terms of cataclasis, In the massive=
composite fabrics coexisting aggregates of different
grain size usually exhibit irregular shapes (see Plate
4,17). Grain-size differentiation in the massive-
discrete (sect. 4.1.1) and massive~composite fabrics
also produces aggregates with angular shapes (see
Plates 4.2, 4.23, 4.,24), but these forms are difficult
to reconcile with the effects of attrition at the
corners and edges of fragments, In bi-modal massive=
homogeneous fabrics (sect. 4.,1.2), neither of the grain
size components occupies regularly shaped or equant
clusters which could reasonably be identified with units
of fragmentation (see Plates 4.13, 4.14, 4.15).
Occupied or voidal interstitial sites cannot represent
the voids produced during cataclasis. The following
arguments apply to (a) leached interstices (sect. 4.6.2)
and (b) euhedral interstices (sect. 4.6.1).
(a) The sporadic distribution of leached interstices
is inconsistent with the required penetratiwe
character of the deformation, Moreover, in the
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context of a cataclastic genesis, .leached inter-
stices must be regarded as embayed modifications
of the initial voidal regions.. Since the latter
must already be almost continuous, isolated leached
interstices cannot be interpreted as voids which
originated during cataclasis,. Continuous leached
pore spaces are characteristic of the leaching
zones, but as already shown (sect. 3.2.5), these
structures are not associated with mechanical
displacements.
(b) The size of guhedral interstices implies that the
size of the units of fragmentation approximates
the inter-interstice distance or more. The dis~
connection of interstices means that much of the
original voidal space has been subsequently in=-
filled. - Since the size of the postulated relict
voids (i.e. the observed interstices) generally
approaches the average surrounding grain diameter,
the infilled regions should be conspicuous. More=-
over, these regions should exhibit a microstructure
resembling that at the margins of the present inter~
stices, In fact none of these features is present
in the observed fabrics. The grain structure -
along lines linking nearest=neighbour interstices
is identical with that found elsewhere in the com=
pact aggregate. In particular, the grain shapes
and arrangements characteristic of additional-
growth interstices are entirely restricted to the
sites of these interstices, and do not extend into
the surrounding region to connect with adjacent
interstices. It is also important to point out
that there is no evidence for mechanical disrup-
tion in the internal structure of the marginal
grains at the observed interstices (see sect. 8.2.4).
(4) From the foregoing discussion it is evident that the



Figure 8.2 Diagrammatic illustration of the microstructure resulting from

cataclastic deformation of an aggregate of zoned grains.

(a)

(b)
(c)

()

(e)

Compacted fragment units immediately following the deformation and prior
to cementation. Blank areas represent interstitial voids.

Pragment units cemented by ovecrgrowths of uniform composition.

Fragment units cemented by overgrowths showing compositional zoning
controlled by the shape of the fragment surfaces.

Fragment units cemented by overgrowths showing compositional zoning
controlled by the lattice structure of the overgrown grains.

Compaction of fragment units by pressure-solution of material at the

original fragment contacts and re-deposition of this material in the
initial voids.
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various structural relationships between groups of
grains characterised by different grain sizes cannot be
interpreted in terms of a fragment/cement structure,

If the units of fragmentation are multigranular, then
their boundaries must in general transect the boundaries
separating aggregates characterised by different grain
sizes or different fabrics. With subsequent displace~-
ments, the latter boundaries must lose their continuity,
and the growth fabric will appear fragmented, However,
since the fabric and grain size variations which define
the growth structures are continuous and show no evid=
ence for multi-grain diameter offsets, the postulated
units of fragmentation-must be single grains, or per=-
haps in some instances, small groups of grains.

B. Sinale Grai Small G £ Grai the Unii
of Fragmentation
Four main arguments are relevant in showing that single

grains or small groups of grains have not undergone catae

clastic displacemants.

(1) Since the present sulphide aggregates are almost fully
compacted, most of the initial voids resulting from
cataclasis must have been infilled. Apart from the
contribution due to attrition derived fragments (where
it is largely speculative to estimate the quantity of
these fragments that would be produced),-there are two
possible mechanisms by which the infilling might be
accomplished, namely, (i) simple overgrowth, and (ii)
pressure=solution and overgrowth combined.

The microstructural changes produced by the opera=
tion of these mechanisms are illustrated diagrammatically
in fig. 8.2. The microstructure at an initial void can
generally be represented as in fig. 8.2 (a). At most
voids at least part of the enclosing surface will be
defined by the truncation of primary growth zones at the
margins of the contacting fragments,
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If the void is infilled by simple overgrowth at
the free surfaces of the fragments, then the resulting
microstructure must be represented by one of the three
.alternatives shown in figs, 8.2 (b), (c), (d). When
the overgrowth depesition is not accompanied by compos-
itional changes (which is likely for small volume over-
growths), the voids will be replaced by homogeneous ex-
tensions of the original grains (fig. 8.2 (b)). These
extensions will be obvious where they are superimposed
on free surfaces which are intersected by growth zones
belonging to the primary grains (upper fragments in
fig. 8.2 (b)). Even where they are superimposed on
free surfaces which are not intersected by growth
zones (lower fragment in fig. 8.2 (b)), homogeneous
overgrowths are likely to differ in composition from
the adjacent primary grain., The identity of the over-
growth will then be reflected by the compositional
change across the overgrowth/primary grain interface.

If compositional changes occur during overgrowth,
the resulting zonation may be controlled by the config=-
uration of the initial free surface or by the lattice
structure of the overgrown grains. Where the zonation
is controlled by the shape of the initial free surface,
the overgrowth will be easily distinguished by the
zonal unconformity at the overgrowth/primary grain
interface (fig. 8.2 (¢)). Overgrowths whose composi-
tion is crystallographically controlled (fig. 8.2 (d))
will also be recognisable, though perhaps less readily
than other types. Changes in composition during over-
growth cannot be expected to correspond with the changes
which occurred during precipitation of the primary
grains, Hence the individual zones in a crystallo-~
graphically controlled overgrowth will not, in general,
be continuous with the zones in the contiguous primary
grain (fig. 8.2 (d)).
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When void filling is accomplished by a simple
overgrowth process, the identity of attrition derived
fragments must be presezved.

Compaction of the fragmental aggregate could also
be effected without the introduction of additional
material, When interstitial fluids are present, and
when the aggregate is subjected to a load, solution
will be promoted at points, lines and surfaces of con-
tact between adjacent fragments. The material re~
moved at these sites can then be re=-deposited at the
free surfaces of the voids. During pressure=-solution
the area over which the original fragments are in con-
tact becomes enlarged (fig. 8.2 (e)). The grain
structure across these boundaries could be indisting-
uishable from that across the initial grain boundaries.
However, at the sites of re-deposition, the identity
of the original voids would be preserved in the form
of overgrowths with distinctive internal features
corresponding to the three possible types described
above. Interstitial fragments of attrition would be
subjected to similar solution and re-deposition adjust=-
ments, but the additional number of growth nuclei pro-
vided by these fragments should be reflected by the
presence of a multi-granular, fine grained aggregate
occupying part of the overgrowth region.

Previously existing voids may also be defined by
solid inclusions or other defects which could accum=~
ulate on the fragment surfaces and become entrapped
during the subsequent overgrowth,

In massive fabrics, there is no evidence for the
previous existence of voids in the vicinity of grain
boundaries or grain boundary intersections. The con-
formability of the euhedral growth zone structure in
single grains indicates that each grain grew during
essentially a single continuous time interval,
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Microstructures corresponding to overgrowths of
the types shown in fig. 8.2 are not present, Adjacent
grains meet across simple interfgaces and are not sep~ ¢
arated by fine grained interstitial deposits which
could be identified with attrition derived material,
However, the structure of growth zones in the grain
boundary region is' frequently complicated by truncation
effects (sect. 4.1.4 (3) A), and the full significance
of the zoning in relation to the possible existence of
overgrowths connected with cataclastic phenomena needs
to be considered at further length. For this purpose
it is convenient +to divide the discussion into four

parts.

(i) Groups of arains in which the internal zone
S c as t o_and i S in -
oundari e o 3 38,

4.39). These occurrences are common in all

types of massive fabrics and the microstructural
relationships provide definitive evidence that
cataclasis has not been operative. The contin=-
uity of primary growth zones to the grain bound-
aries means that the entire volume of these aggre-
gates 1s occupied by material which was deposited
during the initial growth event, Overgrowths are
absent and the grain to grain contacts are those
established during primary growth.

(ii) Groups rains_in whic e i rnal zon
structures do not extend to the grain boundaries
se or exa e Plat 4,46 o0 4, . These

occurrences are also common, and in some aggre=-
gates are probably more prevalent than those dis-
cussed under (i). Although the anhedral zones
intervening between the truncation surfaces and
the grain boundaries appear as overgrowths, there
is no evidence to suggest that the deposition of
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these overgrowths followed a period of cataclasis
and re-=packing of the fragmented grains. As
shown in fig. 8.2, the voids in a fragmented agg-
regate should be largely confined to the immediate
vicinity of triple= or multi~-grain boundary inter-
sections since it is at these sites that the least
close packing of the fragments will be achieved
during cataclasis. Thus the later deposited
overgrowths should occur as more or less discon=-
tinuous and roughly triangular zones centred at
the grain boundary intersections, The observed
anhedral marginal zones do not exhibit this
configuration.

In a few instances anhedral zones occur as
major discordant features (Plate 4.46) which
appear in only a few grains in aggregates contain=-
ing in the order of hundreds of grains. The
gross size and sporadic distribution of these zones
shows no similarity to the predicted form of the
overgrowths developed in a cataclastically deformed
aggregate (fig. 8.2).

More commonly anhedral zones occupy wide or
narrow marginal rims which are more or less con=-
formable with the grain boundary (Plates 4.47 to
4,56), Again, these rims are not confined to the
grain boundary intersections. Indeed, where the
marginal-zones are discontinuous (see for example
Plates 4.52 to 4.55), they are more frequently
situated between the grain boundary intersections.,
However, there are many instances where the anhed-
ral zones tend to be continuous around the entire
perimeter of a grain. Where the marginal zones
show maximum continuity (Plate 4.47), the truncated
euvhedral zone structures are completely or almost
completely isolated, and similarly unsupported
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through contacts with neighbouring euhedral zone
structures. Since this condition would obviously
be unstable during cataclasis, the discrete euhed-~
ral zone structures cannot be interpreted as frag-
ments, and the marginal rims cannot represent
material deposited in cataclastically developed
voids.

The morphology of many truncation surfaces
almost certainly indicates that these surfaces are
not fracture planes, and hence that the superimp-
osed anhedral zones do na& represent overgrowths
deposited on cataclastically derived fragments.
Evhedral zone structures are frequently terminated
along surfaces which exhibit gently curved, embayed
and projecting forms (see for example Plates 4.46,
4,47, 4.49, 4,50, 4,52). These features are
difficult to reconcile with mechanical phenomena
occurring at the fragment surfaces. Externally
projecting shapes would be especially unstable
when fragments undergo rotation and relative dis-
placements. Pre=-existing embayments could be pre-
served, but are extremely unlikely to be generated
during cataclasis. Marginal attrition could lead
to the development of grossly rounded fragments,
but is scarcely consistent with the smooth boundary
morphology which frequently persists at least to
the limit of optical resolution.,

In many instances, euhedral zone structures
are truncated along planar surfaces (Plates 4.44,
4.54, 4,56), The absence of a well developed
cleavage in pyrite suggests that plane fracture sur-
faces are unlikely to develop, and especially when
the effects of attrition are taken into account,
the maintenance of a smooth fracture plane morphol-
ogy is difficult to explain.
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It is noteworthy that in the case of trunca-
tion surfaces with anhedral configurations, there
is considerable evidence to suggest that the sur~
face morphology was derived through leaching which
occurred at intermittent periods, as an integral
part of the main growth event (sect. 4.1.4 (3) A),
Even if the leaching was initiated on fracture
surfaces developed during cataclasis, then the
observed infilling of the voids implies that a
second and substantial mineralising event followed
the deformation. There is no independent evid=-
ence for this,

In conclusion it is important to point out
that thetruncation of the main euhedral zone struc=
tures is not a special feature for which it is
necessary to invoke an origin outside the primary
or secondary depositional history of the lode.
Identical features occur in the microstruature of
other types of pyrite deposits for which there can
virtually be no question of metamorphic or tectonic
adjustments., For exampke, in the massive pyrite
deposit of Kinousa (Cyprus) and Hanesavo (British
Solomon Islands) referred to in sect. 7.2.1 (1),
intragranular euhedral zone structures are common,
but are frequently truncated shoxrt of the grain
boundary along both plane and irregular surfaces
(see Plates 7.2, 7.4, 7.6).

Groups_ o rains in which zoning is absent (Plate:
4,36). These occurrences are comparatively rare,
and moreover it should be emphasised that the
absence of zoning may frequently be an apparent
effect (sect. 4.1.4 (3) A). In principle, it
could be impossible to establish whether or not
overgrowths are incorporated in unzoned grains.
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Since their initial growth did not involve com~
positional changes, there are no independent
markers of the extension of the primary grains,

If cataclasis occurred, the resulting voids
might be infilled by material derived from the
fragmented grains themselves, The final compact
aggregate could be composed of internally homogen=
eous grains. This mode of overgrowth in the voids
would imply that pressure-solution was operative;
hence at least some parts of the grain boundaries
could be expected to exhibit a serrate morphology.
This prediction is not borne out by observations,
and in fact, unzoned grains are normally charact-
erised by an unusually strong development of glane
or smoothly curved grain boundaries (sect. 4.1l.4
(2); Plate 4.36).

In view of the absence of direct evidence for
secondary overgrowths or grain boundary adjustments,
it is concluded that unzoned grains grew entirely
during the primary growth event. This conclusion
is directly substantiated by the genetic correla-

tion between the compositional homogeneity of
unzoned grains and their plane or smoothly curved
grain boundary configuration (see sect. 4.1.4 (2)).
Some parts of the massive fabrics are characterised
by an abnormally large, intergranular pore space
volume. In these aggregates it is extremely
difficult to evaluate the possible effects of cata-
clasis. In terms of brecciation, at least part of
the pore space gould be interpreted as the excess
volume due to the initial packing limitations.
Complexly shaped grain boundaries could be attrib-
uted to pressure-solution; the material derived
through the activity of this process must be de=
posited elsewhere, as overgrowths or new grains.
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Although there is no evidence for re-=distributed
material, this might partly be expected since the

thickness of overgrowths would be small where
large pore wall areas are available for deposition.

Where pore space has developed during the
course of leaching, which is frequently the case,
the important.marginal regions of the grains have
been destroyed. Pre-existing overgrowths may
have been completely obliterated at these sites,
or only minor relicts may remain and these might
not be easily recognisable.

Comparatively porous aggregates are strictly
isolated and are always (except in the leaching
zones described in sect. 3.2.5) confined to vol-
umes containing in the ordér of a few tens to
several hundreds of grains, In the surrounding
compact fabric all evidence indicates that the
primary microstructure is undistorted. Hence,
even if brecciation is admitted in the relatively

porous aggregates, the deformation must be entirely

confined to small isolated regions which could

not function as effective movement zones allowing

continuous propogation of displacements.
It has already been shown that because of the special
relationships of euhedral growth zone structures (and
in many instances, discrete inclusion arrays) to the
enclosing grain boundaries each grain has only one
growth nucleus (sect. 4.1.4 (3)A). There is no evid~-
ence to indicate that growth nuclei are absent from
some grains, which might therefore be interpreted as
parts of larger grains. Since recrystallisation has
not occurred (Chapter 7), and since each grain posse
esses a single growth nucleus, the main grain size and
shape characteristics of any given aggregate must be
those of the primary depositional fabric, This means
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that, if cataclasis has been effective, the fracture
planes must coincide at least approximately with the
initial grain boundaries. As there is no evidence

for interstitial fragments of attrition, the coincid-
ence of fracture planes and the primary grain boundaries
must be virtually complete. This ceonclusion is diffi-
cult to accept.

Intergranular fracture is, in principle, more
favourable than trans-crystalline fracture since the
cohesion across a grain boundary is less than in the
interior of the lattice. However, where equant grain
shapes are involved, and when deformation occurs under
a considerable confining pressure, it is exceedingly
unlikely that all fractures and their associated dis=-
placements would be intergranular,

There is no positive evidence to indicate that pressure-
solution has been effective in allowing grains to ex=-
tend their areas of coherent grain to grain contact.
Serrate grain boundaries (Plate 4.35), which are char-
acteristic of known examples of pressure~solution, have
limited occurrence, but the relationship of these and
other types of grain boundaries to the internal growth

zone structures implies that boundary migration was not
effective in a fully compacted aggregate (sect. 7.2.2
(1)). This means that the activity of pressure-
solution in a breccia aggregate must have been termin=-
ated when compaction was complete. At this time, even
in a hydrostatic pressure environment, significant
stress concentrations are still likely to exist. Thus
it is not easy to explain why pressure-solution, if
previously operative, suddenly ceased when compaction
was achieved. The operation of a pressure-solution
mechanism appears even more doubtful because of the
widespread occurrence of plane and smoothly curved
grain boundaries. These shapes probably imply that
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the stresses at the grain boundaries were uniform.

This condition is almost certainly not fulfilled, esp-
ecially in a breccia aggregate whose structure auto~-
matically means that the stress distribution at frag-
ment contacts will be complex.

In all types of massive fabrics there is abundant evi~
dence to demonstrate the absence of intergranular dis-
placements, In small volumes, which may encompass be-
tween a few to a few tens of grains, many grains fre-
quently exhibit similar or identical zonal patterns.
Where similar zonal patterns in adjacent grains inter-
sect a common grain boundary, equivalent zones invar-
iably meet at this boundary (see Plate 4,37). The
intersection of equivalent zones at the grain boundary
is obviously a feature developed during the growth pro~
cess, and the preservation of this relationship implies
the absence of intergranular displacements.

The continuity of distinctive zonal patterns be-
tween neighbouring grains has already been mentioned in
connection with the marginal grains of interstitial
sites. It is a common feature in a wide variety of
mutli-granular growth structures, where the continuity
of zoning may even extend over several to several tens
of grain diameters (e.g. in the massive-discrete and
massive-composite fabrics). In the massive~homogeneous
fabrics similar zone patterns can usually only be corr-
elated over small groups of less than about ten grains.

If these fabrics are considered together with their
interstitial sites, then the spacing between groups of
grains in which the zone patterns are contiguous is
frequently in the order of ten grain diameters or less.

Mechanical Plastic Deformation

When a polycrystalline aggregate undergoes mechanical plastic
flow, single grains are internally distorted and the deform-
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ation may be accompanied by intergranular displacements.,
There are five properties of the deformation which are
important here, Each of these is discussed below, and it
is found that the predicted modifications to the primary
aggregates are inconsistent with the observed microstructure

of the massive fabrics.

(1)

(2)

During translation gliding individual grains increase
their dimensions parallel to the minimum principal
stress axis at the expense of a decrease in the dimen=-
sion normal to this axis. If the grains are initially
equant, in the deformed state they will assume elongate
shapes parallel to the minimum principal stress axis.

The vast majority of grains in the massive ore are
equant, This shape could develop in response to intra-
granular deformation, but it implies that the initial
grains had axial ratios which bore a definite relation-
ship to the ratios of the principal strain axes, The
full implications of this requirement need not be elab~
orated, and it will be clear that even under the most
favourable circumstances (i.e. where the initial grains
had similar axial ratios and a preferred dimensional
orientation) the conditions required to account for a
majority of equant grain shapes are too special to be
credible.
In cold-worked polycrystalline aggregates restrictions &=
imposed on the deformation of any one grain by the pre-
sence of surrounding grains. Though the bulk strain
for different grains tends to be uniform, the intra-
granular displacements in single grains are not homo-
geneous, The constraining effects due to the presence
of surrounding grains are especially important in the
vicinity of the grain boundaries.

When intragranular displacements are inhomogeneous,
the internal strain will be expressed in the form of a
non-affine deformation - i.e. features which are
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initially linear or planar will acquire curved shapes
in response to the deformation. Since euhedral growth
zone structures are initially composed of planar zone
segments, the configuration of the latter should dir-
ectly reflect the detailed strain pattern in single
grains.

Distorted euhedral zone structures do not occur
in the observed fabrics. Each zone segment is planar,
and maintains this configuration both in the interior
and marginal regions of the grains (see for example
Plates 4.37, 4.38, 4.39). These observations imply
that the primary growth zones have not been deformed
inhomogeneously, and hence that the microstructure of
single grains is inconsistent with the predicted effects
of deformation in a polycrystalline aggregate.

Twin gliding involves reorientation of discrete lattice
domains. The deformation is inhomogeneous. Thus, as
pointed out in (2) above, the regions of differential
displacement should be recognisable from the configur-
ation of the primary growth zones.

In the observed aggregates there is no evidence
for reorientation of the zone structures in domains
which can-reasonably be identified with twin lamellae,
Discrete zene segments have different orientations in
different zone sectors, but this is undoubtedly an
integral part of the initial growth structure (which
represents the three-~dimensional, crystalline morphol-
ogy at earlier stages of growth) and cannot be reason-
ably interpreted in terms of deformation,

During translation gliding the initial lattice structure
of a crystal, though undergoing bodily rotation, is not
otherwise distorted or transfermed. However, material
crystal structures are internally rotated and assume
new orientations, both in relation to external co-
ordinates and in relation to each other. In general,
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material structures which initially have rational

crystallographic orientations (e.g. euhedral growth

zones) will have irrational orientations in the de=-
formed state. Moreover, the characteristic inter=
facial angles between material structures parallel to
rational lattice planes will generally not be retained
after the deformation.

Two lines of evidence suggest that in the observed
fabrics euhedral growth zones and the free grain faces
exposed at euhedral interstices have rational lattice
orientations. This implies that the primary structure
of the grains is undistorted.

(i) The interfacial angles between growth zones are
difficult to determine directly. However, a
serial-sectioning technique (which involves two
stages of polishing, etching, photographing and a
final graphic solution) was employed to measure
two interfacial angles (50°, 50°) between three
segments of a typical euhedral zone structure.
Within the limits of error of the measurements
involved, these segments correspond to the cube
and octahedral planes of the pyrite lattice.

(ii) Three dimensional observations at voidal inter-
stitial sites suggest that there is a high fre-
quency of crystal faces intersecting at 90°, It
seems highly probable that these faces are rational
cube planes. The conformability of the free
grain faces exposed at these sites with the euhed-
ral zone structures in the corresponding grains
suggests that the growth zones have rational cry-
stallographic orientations.

(5) Except when the component grains have special and
highly preferred dimensional orientations, intergran-
ular plastic displacements must be accompanied by
intragranular flow if the aggregate is to remain co-
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herent. If the bulk strain was accomplished mainly
by intergranular displacements then, for the equant
and irregular grain shapes in the observed fabrics,
the amount of intragranular deformation must be sub-
stantial, at least locally (i.e. in the vicinity of
the grain boundaries). Thus, since there is no inde-
pendent evidence for intragranular distortion (see (1)
to (4) above), the observed microstructures cannot be
accounted for in terms of intergranular plastic dis=-
placements,

In addition to this, there is considerable direct
evidence to show that adjacent grains occupy the same
relative positions that were established at-the time
of their original deposition (see sect. 8.3.1 (1) B
(5); Plate 4.37).

8.3.1 (3) Diffusional Plastic Deformation

When a diffusional mechanism operates to produce bulk
distortion of a polycrystalline aggregate, the shape
and the lattice structure of single grains are modified
by a recrystallisation process. Thus, the problem of
evaluating whether diffusional plastic deformation has
been operative is reduced to the question of deciding
whether or not the ore is recrystallised. This
question forms the subject of Chapter 7. By comparing
the predicted microstructural changes produced by re=-
crystallisation with the observed transient grain
shapes and inclusion arrays, and from other lines of
evidence including experimental observations, it-was
shown that the massive ore is not recrystallised.

From this conclusion it follows that diffusional plastic
deformation has not been operative. The main steps

in the arguments presented in Chapter 7 and based on
the comparison of the observed and predicted mirco-
structures can be summarised as follows.
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When recrystallisation occurs in a stressed en=-
vironment single grains adjust their shape, depending
mainly on the prevailing temperature conditions, either
by volume or grain boundary diffusion; the latter pro-
cess may or may not take place in the presence of an
interstitial fluid, Because of the preferential re-
distribution of material, the transient and impinged
grain shapes are elongate, but not euhedral (sect.
7.1.3). The absence of recrystallisation is inferred
from the fact that, in the observed fabrics, the pre-
dominant grain shapes are equant and the most conspic-
uous zone structures (i.e. transient grain shapes) are
euhedral., It should be emphasised that this conclusion
also applies to the foliate fabrics where, although the
impinged grain shapes are elongate, the transient grain
shapes are strictly euhedral.

If deformation occurs by a hot~working process
(i.e. cyclic repetition of mechanical plastic deforma-
tion and primary recrystallisation), the transient
grain shapes could be euhedral. Although this predic=-
tion agrees with the euhedral structure of the observed
zones, it can be shown by a second argument that primary
recrystallisation has not occurred - i.e. the observed
spatial coincidence between discrete zone structures
and discrete inclusion arrays could not be maintained
when grain boundary migration is driven by strain
energy.

Although reference to diffusional plastic deforma-
tion has been included in the discussion of the massive
fabrics alone, the conclusions summarised above apply
to almost every type of microstructure, That is,
except for the ultra-homogeneous fabrics described in
sect, 4,5 (where the fine grain size imposes a practical
limitation), all other pyrite aggregates are character-~
ised by intragranular, euhedral zone structures which



260

are frequently associated with discrete inclusion
arrays. As shown in Chapter 7, these properties are
sufficient criteria to establish the primary origin of
the observed microstructures.

8.3.2 Eoljate Fabxics

The microstructure of the foliate fabrics is characterised
by a preferred dimensional arrangement of elongate grains.
Both the elongation of the grains and their preferred orien=-
tation are special properties of the foliate fabrics, and

in examining the question of deformation the principal em=
phasis automatically centres on establishing the signifi-~

cance of these features.

In the following three sections the microstructure of

the foliate fabrics is examined in relation to plastic and
cataclastic deformation, The main objective in the first
two sections is to clarify the significance of the grain

shape, The third section is an account of the genesis of
the foliate fabrics.

8.3.2 (1)

Catagclastic Deformatio
The occurrence of elongate grains in the foliate fabrics
suggests that these aggregates may have originated from
pre=-existing massive fabrics by: (i) initial develop~
ment of elongate fragments, and (ii) rotation of these
fragments to assume a preferred orientation during the
movement episode. Single grains in the observed
fabrics should then be identifiable with the initial
fragments, and these would be parts of larger grains
which originally composed the parent aggregate. If
single elongate grains are fragments of larger grains
their internal zone structures would generally not show
any special relationship to the grain shape. This
prediction can be readily tested.

In the foliate fabrics the incidence of zoning is
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distinctly less than in the massive fabrics., This is
partly accounted for by the small average grain size
of the foliate fabrics, which means that, in compari-
son to the massive aggregates, there is generally a
smaller chance that compositional changes will occur
during the period required for complete growth of
single grains.

Despite the relatively high incidence of composi=-
tionally homogeneous grains, zoned elongate grains are
frequently observed in the-foliate fabrics (see for
example Plates 4.65, 4.66). The compositional varia-
tions are manifested by closed or open euhedral zone
structures which tend to be symmetrically oriented
either about the grain centre or about the major or
minor axes of the grains. As already pointed out in
sect, 4.1.4 (3) A, these properties of the internal
structure imply that each zoned grain possesses a
single growth nucleus, and is therefore not part of a
larger pre-existing grain. Hence, it 1s evident that
the development of elongate grain shapes was not
achieved through a process of fragmentation.

In the internal grain structure there is no evid-
ence to indicate that single elongate grains grew
during more than one main growth event. For example,
there is no evidence suggesting that initially equant
grains were subsequently enlarged and acquired elongate
shapes by preferential accretion at diametrically
opposite sides., Compositional changes occurred during
the growth of zoned grains, but, as in the massive
fabrics, it is perfectly reasonable to suppose that
these changes were an integral part of an essentially
single and continuous growth event. Unzoned grains
are entirely homogeneous and imply continuous growth
under uniform conditions, From the general integrity
of single grains it is concluded that their elongate
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shapes and their observed sizes were acquired directly
during the primary growth event.

Since the main grain size and shape characteristics
of the foliate fabrics were established during the
primary depositional history, the problem of evaluating
whether other aspects of the microstructure (e.g. the
grain orientation) are related to cataclasis becomes
virtually identical to the corresponding problem in the
massive fabrics. In the case of massive aggregates it
was shown that, if cataclasis had been operative, the
units of fragmentation -must be single grains or small
groups of grains (sect. 8.3.1 (1) A). To provide a
measure of continuity in the deformation of contiguous
massive and foliate fabrics it is necessary to assume
that similar, single or small, multi=-granular grain
groups constitute the supposed fragmentation units in
the foliate fabrics. From this point, the arguments
presented under (1) to (4) in sect. 8.3.1 (1) B are
fully applicable in showing that single grains or small
groups of grains have not undergone relative displace-
ments and subsequent cementation since the growth of
the initial aggregates.

Mechanical Plastic Deformation

The occurrence of elongate grain shapes and their pre-
ferred orientation immediately suggests that the foliate
fabrics were derived by plastic deformation of pre=-
existing massive aggregates. However, there are two
important properties of the microstructure which are
inconsistent with this interpretation.

(1) If the grain shapes in the primary, undeformed
aggregate were equant, then the intragranular zone
structures are also likely to have been correspond-
ingly equidimensional. Since distortion of the
internal structure must accompany deformation of
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the overall grain shape, the deformed grains
should exhibit inequant zone structures whose long
axes are parallel to the grain elongation. How=-
ever, in the observed aggregates many elongate
grains contain euhedral zone structures whose
gross form is equant (see Plates 4.65, 4.66).
Inequant zone structures also occur, and their
longest dimension is almost invariably parallel
to the grain elongation (see Plate 4.66). Al-
though this relationship is consistent with the
required equality of internal and external deform-
ation, it does not provide definitive evidence
that plastic deformation occurred. In fact, the
interpretation of inequant zone structures is am-
biguous, and the significance of the shape of both
the zone structures and the grains themselves must
also be considered in terms of anisotropic growth.
These points are clarified in the next sub-section.
For polycrystalline aggregates in which there is
more than one crystallographic orientation of the
component grains, plastic deformation occurs by
glide on slip systems which are differently orien-
ted in different grains. This means that the de-~
formation of meighbouring grains will generally
not be mutually accommodating, and hence, if the
aggregate is to remain coherent, that single grains
must deform inhomogeneously especially in the grain
boundary region, The foliate fabrics are both
coherent and, as indicated by the variable orien-
tation of euhedral zone structures, composed of
grains with different crystallographic orientations.
Plastic deformation of these aggregates should
therefore involve heterogeneous distortion of
single grains.

It has already been indicated (sect. 8.3.1
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(2), (2)) that, during inhomogeneous deformation,
intragranular material structures which are ini-
tially planar must be distorted, and assume non-
planar forms. In particular, the plane segments
of euhedral zone structures should acquire curved
shapes in response to the deformation. In the
observed fabrics, however, the planarity of zone
segments is retained ubiquitously, and even in
the immediate vicinity of grain boundaries dis-
torted shapes are conspicuously absent (see Plates
4,65, 4.66).
In addition to the evidence discussed in (1) and
(2) above, the arguments presented under (2) and (4)
in sect. 8.3.1 (2) are also applicable in rejecting the
interpretation of the foliate fabrics in terms of
plastic deformation.

Origin of the Foliate Fabrics
The evidence presented above leads to the conclusion
that the foliate fabrics cannot be interpreted in terms
of either cataclastic or plastic deformation. Since
it has already been shown (Chapter 7) that recrystalli-
sation was not responsible for the observed microstruc-
ture, the development of these fabrics must be attrib-~
uted to the primary growth process. Assuming the sul
phide ore was deposited by replacement of a pre-existing
host rock, then the evolution of the foliate fabrics
can be explained as follows.

If the host rock was substantially isotropic the
ore-bearing solutions would tend to diffuse with equal
velocities in all directions. Under these circum~
stances (and neglecting the inherent growth anisotropy
of different crystallographic planes) the rate of acc-
retion would be approximately equal for all growth sur-
faces, and both the transient and impinged shapes of
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the sulphide grains would tend to be equant,

On the other hand, if the host matrix was aniso~
tropic and contained a sufficiently penetrative layer-
ing structure, then it is probable that the diffusion
of the ore-bearing solutions would be correspondingly
anisotropic. Maximum transport would occur in direc-
tions containing the highest density of effective diff-
usion channels (i.e., grain boundaries), If a bedding
or cleavage lamination defined the anisotropic struc-
ture of the matrix, diffusional transport would reach
a maximum parallel to the plane of the lamination, and

a minimum at right angles to this direction. For
sulphide grains growing in this emnvironmrot, accrction
would be most rapid at growth surfaces oriented at

high angles to the laminar structure in the matrix.
Under these conditions, where material accretes prefer-
entially at equivalent points on different grains, both
the transient and impinged grain shapes would be elon-
gate, Moreover, in the final fabric, both inequant
zone structures and elongate grains would exhibit a
preferred dimensional orientation parallel to the lam-
inar structure of the original matrix.

8.3.3 Vein Aggregates and Colloform Structures
Both in vein aggregates and in colloform layers composed of

zoned grains the microstructural properties which are rele-
vant in evaluating the evidence for deformation are essent-
ially the same as in the massive and foliate fabrics. That
is, veins and certain layers in colloform structures are

composed of compact aggregates of elongate or equant grains

which exhibit euhedral growth zone structures. Because of
their basic microstructural similarities, the analysis of
vein and colloform aggregates follows the same lines as
already discussed for the massive and foliate fabrics (sect.
8.3.1, 8.3.2). It is not proposed to reiterate the various
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arguments presented in the preceding sections, but it is
worthwhile to emphasise the implications of the two main

features which prohibit an interpretation of the microstiuc-

ture in terms of deformation,

(1)

In sects. 8.3.1 and 8.3.2 it was shown that the presencc
of euhedral zone structures is inconsistent with the
effects of mechanical plastic deformation in a poly-
crystalline aggregate containing grains with different
crystallographic orientations. Although the config-
uration of zone structures indicates a high degree of
preferred crystallographic orientation in vein aggre=-
gates, there are numerous instances where neighbouring
grains have significantly different orientations (see
Plate 4.67). Even here, however, euhedral zone struc-
tures are preserved without modification to the planc
configuration of the zone segments, thus indicating
that groups of variously oriented grains have not been
plastically deformed.

Compared to vein aggregates, the degree of pre-
ferred crystallographic orientation in colloform layexrs
is considerably higher (see Plate 4.70). However,
stress concentrations could be expected to develop in
conjunction with deformation of the surrounding, less
homogeneous aggregate. Thus, in spite of the cry-
stallographic uniformity of the colloform layers, at
least some grains should deform inhomogeneously. This
prediction cannot be reconciled with the ubiquitous
presence of undistorted euhedral zones.

In groups of grains which are equidistant from the
centre of a vein, or which cccur in the same colloform
layer, the internal zone patterns (defined by the
spacing, thickness and relief of discrete euhedral
zones) in different grains are generally either ident-~
ical or-closely similar, and at least some of the equi-
valent zones in adjacent grains intersect at the grain
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boundaries (see Plates 4.67, 4.70). This property is
a characteristic feature, and persists along the entire
length of a vein or colloform layer even though the
gross pattern defined by single zone structures may
show gradual changes over several or several tens of
grain diameters.

Equivalent zones in neighbouring grains represent
the same stage in the initial growth ‘history, and the
zone continuity can be simply explained in terms of the
particular geometrical conditions which obtain when the
growth of adjacent-grains is initiated from a single
nucleation surface. Thus, the preservation of the
zone continuity indicates that inter=-grain displace=-
ments - -have not occurred.since the original growth
event,

8.3.4 FEold Structures

Fold structures in the massive ore are defined by narrow,
coarse grained bands in which the grain shapes are usually
elongate with their long-axes showing a radial arrangement
about the fold structure. Apart from these general prop-
erties, the coarse grained bands exhibit two fairly distinct
types of microstructure.

(1)

(2)

In some bands the principal microstructural features
are effectively the same as in the vein aggregates.
That is, the component grains are euhedrally zoned, and
different grains exhibit similar or identical zone
patterns which are directly continuous across the-boun-
daries between ne ighbouring grains (see Plate 3.,19). .
The implications of these properties have already been
discussed in the preceding section, where it was shown
that the effects of both plastic and cataclastic deform-
ation are inconsistent with the presence of euhedral
zones and their continuity between adjacent grains.

In certain folded bands many of the component grains
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are unzoned, though a few singly occurring grains ox
small groups of grains contain euhedral zone structures
(see Plate 3.18). In effect, these aggregates are
equivalent to massive-homogeneous or foliate fabrics.

Thus, their microstructure can be analysed in the same

way as discussed in sect. 8.3.1 and 8.3.2, The main

arguments presented in these sections are fully applic~

able in demonstrating the absence of deform:=tion effects

in the banded aggregates defining “old structures. It

is not proposed to reiterate these arguments in cdctail, -

but the following points are worthy of special emphasis.

(i) 1In zoned grains the presence of euhedral zone struc-
tures is inconsistent with the required inhomogen-
eity of plastic deformation in single grains be-
longing to a polycrystalline aggregate,

(ii) Where single zoned or unzoned grains are equidim-
ensional their shape indicates that mechanical
plastic deformation was not operative.

(iii) Since elongate grains tend to be arranged radialir
rather than parallel to the axial plane of the fold
structures, it is difficult to reconcile the dev-
elopment of the grain elongation with the likely
orientations of the fold-producing stresses. At
the limbs of a fold the grains are elongate at high
angles to the axial plane, thus implying that the
maximum compressive stress was approximately para-~
llel to the axial plane. In contrast to this, a
conventional interpratation of fold structures re-
quires that the maximum compressive stress is
oriented approximately a right angles to the axial
plane (cleavage).

(iv) Both in groups of zoned and unzoned grains there is
no evidence for single or multi-grain overgrowths
which could be identified with the infilled voids
produced during cataclasis.
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8,3.5 Othex Special Microstructurcs

(1) Owing to their fine grain size no attempt has been
made to evaluate the evidence for deformation in the
ultra~homogeneous pyrite aggregates deseribed in seot.
4,5.1 (see Plates 4.71, 4.72).

(2) The spherical and elliptical structures described in
sect. 4.5.3 (see Plates 4.73, 4.74) are defined by
multiple concentric layers composed of abnprmally fine
grained pyrite. The shape of spherical and near=-
spherical structures implies that their microstructure
is undeformed (see sect. 8.2.1)., In both spherical
and elliptical structures certain layers are composed
of identical, compact aggregates of euhedrally zoned
grains. The identity of the microstructure of these
layers in the two types of structures strongly suggests
that the elliptical aggregates were not developed by
distortion of pre-existing spheres.

(3) The sub~-angular and apparently contorted structures
described in sects. 4.5.4, 4.5.5 (see Plates 4,75,
4.77) are composed of internmally banded aggregates of
substantially equant grains. The presence of equant
grain shapes implies that these aggregates have not
been subjected to plastic deformation. The continuity
of the internal banding and of the external boundary of
the bulk aggregate suggests that cataclastic displace=~
ments have not occurred.

B8.3.6 Acgessory Sulphide Minerals

The accessory sulphide minerals (sect. 4.7) occur predomin=
antly at euhedral interstitial sites in the massive (pyrite)
fabrics, but also occupy leached interstices, and especially
in the case of chalcopyrite, discontinuous polycrystalline
veins, Where the accessory minerals occur at euhedral
interstitial their deposition must post-date the growth of
the surrounding pyrite aggregate, Since it can be shown
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that the surrounding aggregate is undeformed, the accessory

minerals occurring at these interstices must be similérly

undistorted. This conclusion can be extended to apply to
all occurrences of the accessory minerals if, as seems
likely (see sect. 4,7), the general deposition of the non-
pyritic ore minerals post-dates the main, pyrite mineralis-
ation,

Unlike the pyrite aggregates of the massive ore, the
accessory minerals do not exhibit internal structures whose
development can definitely be attributed to the primary
growth event. Thus, it 1s much more difficult to obtain
an indep-~cdznt interpretation of the microstructure of the
accessory minerals. This statement applies with equal sig-
nificance both in relation to the question of deformation
and in relation to recrystallisation., Although the micro=-
structure of the accessory minerals has not been examined
in detail, it is worthwhile drawing attention to the follow=
ing points.

(1) Where -~~-~s5sory minerals occur at, and fully occupy
euhedral interstices, the interpretation of the micro=- -
struzsture is unambiguous. The structure of the margin=-
al pr—ite grains implies, independently of the presence
of the accessory mineral, that euhedral interstices are
undistorted (sect. 8.,2.4). Hence, even if the access-
ory minerals were internally recrystallised, the shape
of the interstitial grains, or grain aggregates must
have remained the same since the completion of the
primary growth event.

(2) Twinned sphalerite grains are rare, Each grain con-
tains only a few lamellae, and these show no obvious
relationship to the grain boundary configuration, thus
suggesting that the origin of the twinning is non=-
mechanical.

(3) Chalcopyrite inclusions in sphalerite grains frequently
define two or three differently oriented laminar arrays.
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Since the lammellar structure almost certainly reflects
a crystallog»~:hic control, its plane configuration
implies that single grains are not inhomogeneously
distoxrted.

(4) Chalcopyrite grains are frequently twinned but each
grain generally contains only a few lamellae, In
some aggregates twinning is extensively developed, but
even vhnrre the incidence of twinned grains is high, the
lamellae in different grairs show no preferred orienta-
tion, thus suggesting that the origin of the twinning
is non-mechanical.

Summary_and _Conclusions

The purposec of this chapter has been to establish whether
or not the San Dicnisio lode was folded during the tectonic
activity which affected the country rocks. If the original
configuration of the lode was horizontal then ‘its present
shape implies that the ore bodyhas bean internally deformed.
This premise constituted the starting point of the investi-
gation. That is, the basic objective has been to clarify
whether or not the structure of the massive ore reveals
direct evidence for intarnal deformation. The success
achieved in approaching the problem from this viewpoint
depends on the assumption that the composition and structure
of the ore have not been subjected to other major changes
subsequent to the regional folding events. In this respect,
the conclusion established in Chapter 7 is of prime import-
ance - i.e., recrystallisation has nct occurred since the
time at which the massive ore was first composed of crysta=-
lline pyrite.

In the absence of recrystallisation the structural
changes produced by deformation must be preserved, and would
e{ther obliterate or be superimposed upon the primary growth
fabric of the ore, Thus by assuming an initially crystal-
line, massive ore body it should be possible to test for the
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effects of a hypothetical deformation event, If the lode
has been folded during the first deformation phase in the
country rocks, the shape distortion must occur by signifi-

cant

displacements within the ore body. In examining the

ore for evidence of these displacements it is important to
distinguish between two different aspects of the lode struc-

ture:

(1)

On the basis of the morphology of the lode contacts,
and the equivalernceor near-egquivalence of the composi=-
tion of the ore at the contacts and in the interior of
the lode, it has been argued that the spacing of the
fold~producing displacement must be fairly uniform, and
with sub-megascopic dimensions. That is, the observed
shape distortion of the lode could only be produced by
penetrative displacements, and not by movements which
were localised in widely spaced or discontinuous zones.
A similar argument can be extended to the microstructure
where the continuity of the margins of structures de-
fined by grain size and fabric changes implies that

the displacement domains must be single grains or

small groups of grains.

At this point it is pertinent to refer back to the
slickensides and leaching zones described in sects.
3.2.4 and 3.2,5. In many respects these structures
have a general appearance which suggests that they
might represent important movement zones. The leaching
zones are megascopic, discontinuous features which are
mainly confined to the axial region of the lode, In
some parts of the ore slickenside planes are densely
spaced, but generally they occur at wide and uneven
intervals, and are invariably discontinuous. Hence,
both the slickensides and the leaching zones are
strictly non-penetrative structures, and for this
reason cannot be interpreted as representing the sones
of movement which are required to account for the folded
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structumre nf th2 lode; This conclusion is confirmed

by indepandent evidence indicating that bulk displace=~
ments are not associated with either the slickensides

or the leaching zones (see sects. 3.,2.4 and 3.2.5).

At this point 1t 73 ~lso important to draw atten=
tion to a second implication of the required distribu-
tion of the movement zones. Although the sampling
conducted foxr this study is limited, there is little
doubt that the foliate and especially the massive
fabxrics are tho dominant components of the massive ore,.
Thus, even if it was subsequently found that there are
other typ~s of fabxics which display evidence of deform=
ation, the movemant zonaes rcpresented by these fabrics
must be non-ponetrative features., For the reasons
given above non-penntrative displacements cannot account
aing of tne lode, though they could repre=-
sent late-stage fault movements. Deformed fabrics

1

for the fol

could alzn "cpresent sulpnide aggregates deposited be=

ae fol g event, and therefore substantially

eamlicr:® thrn tio main period of mineralisation,

Having nsﬁab;i:hed that the fold-producing displace=

ments 2ust bn ponetrative, it then becomes a valid
aduxmae o cxanine tie microstructure of the ore for

cv1den:e o: <the acformation,

It should ke emphasised here that even though the
ore bedy is large, there should be no major limitations
involved eitham in coilecting a comparatively small
ninbor of ¢p2cimsis, or in examining the microstructure

over conulnuous amcas as small as those of conventional
polichad sections- The maquired penetrative character
of the dein=mticn meanrs that there should be evidence
for di ~lascmants vhemaver the ore body is sampled.
Continuous fields of chzzzvation contain several hun=-
dreds or ceveral tuoousands of grains, -and encompass

the mort pronounsod fabric variations., Hence, if the
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microstruciural properties influenced the response to
deformaticn, ox if they were determined by the deform-
ation, the zosulting effects should be directly observ-
able., It is also of considerable significance that
the composition of the ore body is virtually monominer=-
alic, sinsca this implies a corresponding uniformity for
‘"~ mechanical properties of the lode, Furthermore,
the minor ore components (i,e. the accessory sulphides,
gangue minerals ard vcids) are distributed both sporad=
ically and at strictly isolated sites in a physically

continuous pyrita aggregate. Both these features
indicate "ant tiie homoarnnity of the deformation could
not be soxiously infliznced by the presence of the non-
pyritic componenis, liorecver, since the accessoxry
sulphide and gangue mincrals occur at strictly isolated
sites, it will be obvious that deformation could not

be accomniish~d by distor:ion of these minerals alone.
The examination of the microstructure of the ore
has becan conduzted along two lines:

[t}

(1) (sact. 8,2) Certain microscopic structures are
defined by srozial types of grain arrangement whose dev=-
elopment can only be attributed to the primary growth
event. Tnnse structures are -7 fectively objects of
known initial snape and can be treated on geometrical
grounds incdepandently of any specified deformation

mec :Anisim, The preservation of their primitive forms
means =that deformation has not occurred. Moreover,
sin-» the surmxwounding aggregate 1is composed of similarly
compact pvritz, it secms entirely reasonable to suppose
that the manifest absence of deformation at the sites
ecognisable growch structures exist is actually
entative ¢ the oxsz mass as a whole.

(sect, 8,3) “he sacond approach to analysing
crostnusture of the ore has general application

o avery tyes of pyrite aggregate (except the special



275

elliptical and spherical structures described in Chap=-
ter 5 and the ultra~homogeneous aggregates described
in sect. 4.5), The results obtained here are import-
ant because of theixr general applicability, because
they require minimal assumptions regarding the initial
structure of the ore, and because the criteria devel=-
oped can be readily applied as the sampling is extended
to other parts of the lode,

In almost every type of pyrite aggregate the com=-
ponent grains exhibit euhedral zone structures. It
can be shown that the development of the zoning was not
ind uced by a recrystallisation process (Chapter 7), and
must therefore be connected with the initial growth of
the sulphide aggregate, The importance of euhedal
zone structures derives from the fact that they record
not only the internal structure of single grains, but
also, and indevendently of the grain boundaries, the
main grain size and shape characteristics of the primary
sulphide aggregates,

Three deformation mechanisms could be effective in
producing distortion of the lode, namely, mechanical
and diffusional plastic deformation and cataclastic de=-
formation, When these mechanisms operate there are
certain basic modifications which must be produced in
the primary microstructure, By predicting these mod=-
ifications it is possible to make direct comparisons
between the total observed microstructure and that part
of the fabric wnhich must represent the features: derived
during the initial growth event (i.e. the shape, arrange-
ment, spacing and continuity of euhedral zone structures).
In sects. 8.3.1 to 8,3.3 it h~s been shown that the pre-~
dicted effects of both plastic and cataclastic deforma-
tion are inconsistent with the observed microstructure
of the massive and foliate fabrics, vein aggregates and
colloform structures.
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The only fabrics in which there is definitive evid=~
en~2 for deformation are the pyrite ellipses described
in Chapter 5. However, these fabrics occupy a negli~
gible volume of the total ore. Moreover, they are
essentially unrepresentative of the normal massive ore
since their deposition involved a special mode of
growth (i.e, a colloid - crystalline transformation),
and the deformation occurred under special conditions
(i.e. when the ellipses were composed of a wiscous,
non~crystalline precipitate).

On the basis of the results summarised in (1) and (2)
above it is concluded that the massive ore is undeformed,
and exhibits megascopic and microscopic structures which-
were already established during the primary growth event.
In relation to the regional tectonic activity, this conclu=

sion means that:

(a) the original lode was not flat-lying,

(b) the observed shape of the lode was not produced by
folding during the first phase of deformation in the
country rocks, and

(c) +the lode was directly emplaced in a pre~existing fold
structure.

Two occurrences in the microstructure provide direct
evidence for the deposition of sulphides later than the
regional first phase folding event:

(1) From oriented specimens it is known that at least some
of the fold structures in the massive ore are geometri=-
cally equivalent to the first generation fold system in
the country rocks = i.,e. their axes trend EW and a steep
dipping axial plane cleavage is defined by elongate
features in the microstructure. On the basis of their
similar orientation it is reasonable to suppose that
the folds in the ore were developed at the same time as
the first generation folds in the country rocks., Thus,



277

since the folds in the ore are composed of pyrite
aggregates which are undeformed (with the exception of
layers composed of pyrite ellipses), the deposition of
the sulphides must post~date the folding.

In support of this conclusion it is significant
that the long axes of elongate grains (in the foliate
fabrics) and elongate interstitial sites show not-
iceable departures from the axial plane orientation
near the margins of, or within, certain bands defining
the fold structures (see Plate 3.20). These departures
are analogous to the configuration of the axial plane
cleavage frequently observed in silicate rocks composed
of intercalated competent and incompetent kands, -

Competency variations reflect differences in mech~
anical behaviour, and are almost certainly caused by
bulk mineralogical or density changes. It saems
reasonable to suppose that different layers composed of

substantially compact, monomineralic pyrite aggregates
would not exhibit significantly different mechanical
propexrties, even if the initial mierostructure was diss-
imilar in different layers.

These remarks suggest that the observed configura-
tion of the axial plane lamination was not developed,
as a result of folding, at a time when all layers were
composed of pyrite. However, it is reasonable to supp-
cse that the composition of layers, now occupied by
different microstructural assemblages, was initially
different, Under these conditions, folding could lead
to the development of the observed cleavage patterns,
With subsequent mineralisation, the mechanical distinc=
tion between different layers would be preserved by
pseudomorphism of the cleavage structure, but at the
same time, the compositional differences, which deter=-
mine the mechanical properties, would be obliterated,
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though indirectly preserved in the form -of sulphide
aggregates with different microstructural properties,

From oriented samples in which the foliate fabrics
occur it is known that the orientation of the laminar
structure defined by elongate grains is equivalent to
the orientation of the slaty cleavage in the country
rocks (i.e. the axial plane cleavage of first genera-
tion folds). However, the foliate fabrics are unde~
formed, and it is necessary to invoke an anisotropic
growth mechanism to account for their special micro-
structural properties. For this mechanism to be
effective, sulphide deposition must occur by replace=
ment of a pre-existing matrix which contains a pene~
trative laminar structure corresponding to the layering
in the foliate fabrics.

When the country rocks were flat~lying the only
penetrative structural anisotropy which could exist
would be the horizontal bedding planes. However, the
orientation of the laminar structure in the foliate
fabrics 1s sub-vertical, and therefore cannot be ex~
plained in terms of replacement of flat~lying rocks.

In fact, the absence deformation in the foliate fabrics
and the orientation of the layering structure can only
be reconciled in terms of a pseudomorphic replacement
process in which the pre-existing anisotropy corresponds
to the slaty cleavage in the country rocks. This
interpretation implies that sulphide deposition post-
dates the development of slaty cleavage, and hence the
development of the regional first generation fold
system,

In the country rocks the defoxmation effects (i.e. the

development of folds and a fracture cleavage) associated
with the second generation fold system are entirely confined
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to the less competent rock types. This relationship
suggests that, even if the lode was emplaced prior to the
second phase of deformation the subaequent effects are
unlikely to be imposed on the massive ore which is an ex-
tremely competent material. Actually there is evidence
that the lode was emplaced later than the second phase of
folding. In some parts of the ore elongate interstices
and leaching zones occur in undeformed pyrite aggregates,
and are parallel to the fracture cleavage (i.e. the axial
plane cleavage of second generation folds) in the country
rocks (sect. 3.2.2). The orientation and the general -
laminar character of the structures observed here strongly
suggest that sulphide deposition was controlled by, and
therefore post-dates the axial plane cleavage of second
generation felds.
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CHAPIER__9
CONCLUDING S

In Chapters 7 and 8 it has been shown that the San Dionisio
ore body was not subjected to the Hercynian metamorphism and
folding which affected the Paleozoic country rocks. Thus, the
deposition of the pyritic ore is epigenetic, and is not related
to the volcanism associated with the underlying host rocks in
the way that is specified by the exhalative-sedimentary theory
of ore genesis (Oftedahl, 1958). Although the country rock
volcanism and the deposition of the ore were not synchronous,
there may be a distant connection between these phenomena in so
far as the magma source from which the volcanics were derived
may have also contributed at a later stage to the pyritic miner-
alisation. The presence of a joint system in the massive ore
and its symmetrical relationship to the trend of the main fold
system in the country rocks suggest that the lode was emplaced
at depth and subsequently uplifted. In view of this it seems
reagonable to consider the possibility that the mineralisation
occurred in relatively close proximity to a magma source, and
perhaps at a time when the Hercynian folding had produced max-
imum down-warping of the Paleozoic geosyncline,

Epigenetic deposition of the lode oan be envisaged in two
ways: (i) a replacement process involving concomitant dissol-
ution of the host rocks and precipitation of pyrite from hydro-
thermal solutions, or (ii) intrusion of a sulphide magma and
subsequent crystallisation of pyrite. The latter mode of ori~-
gin implies that the internal structure of the lode should re-
semble that of igneous intrusions. That is, a sub~horizontal
layering might develop and substantial grain size variations
could be related to the proximity of the lode contacts, but the

microstructure of the ore-should be essentially isotropic. These
features are not observed, and in fact the ore body is character-

iJ
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ised by variously oriented layering structures, an extremely
uniform grain size and by a heterogeneous structure both at the
megascopic and microscopic scale. Furthermore, deposition of
the ore from a sulphide magma is scarcely compatible with the
occurrence of primary growth structures such as those described
in the accounts of the massive~discrete and massive~composite
fabrics, the foliate fabrics, and in sects. 3.2.5 and 4.5.

The external form and internal fabric of these structures is
extremely difficult to explain except in terms of pseudomorphic
replacement of equivalent structures in a pre-existing host
rock. Pseudomorphism of tectonic features resulting in the
preservation of small scale folds and the development of the
foliate fabrics has already been discussed in Chapter 8. The
general importance of pseudomorphic replacement is supported by
the resemblance between many of the pyrite microstructures and
features which might reasonably be expected to have existed in
the earlier host rocks. For example, spherical structures
such as those illustrated in Plates 4.3, 4.7 and 4.73 can prob-
ably be identified with primary volcanic spherules; grain
aggregates showing angular shapes or sharp definition against
the surrounding matrix could represent pre~existing rock frag=-
ments (see for example Plates 3.15, 4,2), phenocrysts or euhedral
crystals (see for example Plates 4,22, 4,23, 4.24); the struc-
tures illustrated in Plate 4.77 bear a marked resemblance to
volcanic shards. These observations strongly suggest that the
deposition of the pyritic ore involved replacement of a pre=-
existing host rock and therefore occurred by precipitation from
hydrothermal solutions.

It is not proposed to discuss the course of the mineralis-
ation history, but in connection with this there are two points
which need to be clarified because of their possible implications
concerning the validity of the conclusions reached in Chapter 8.
(i) 1In principle, the deposition of the lode could have

occurred durinj two separate periods of mineralisation.

In the first period isolated sulphide aggregates could
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develop by replacement of a pre-existing host rock, If
the ore-bearing horizon was subsequently folded, the sul-
phide aggregates could escape internal deformation and
behave as rigid bodies, rotating in a less competent matrix.
If the remaining host rock was replaced during a second
period of mineralisation, there would be no direct evidence
( except possibly at the margins of the aggregates produced
during the first period of mineralisation) for the deform=
ation event in the structure of the massive ore.

Apart from one minor exception (i.e. the early deposi=-
tion of pyrite spheres distorted during the first phase of
folding), there is no independent evidence to suggest that
the deposition of the lode occurred during more than one
period of mineralisation.

The massive fabrics are the dominant components of
the massive ore. The different grain size components of
these fabrics are frequently related by continuous grain
size variations, and there is an overwhelming predominance
of non~euhedral grain boundaries. These features leave
little doubt that the different grain size components grew
contemporaneously. Moreover, since grain size different-
iation defines continuous structures at a megascopic scale,
it seems reasonable to conclude that ccntemporaneous. growth
is a general feature and applies with equal significance to
both small and large volumes of the massive fabrics,
Similar considerations apply to the foliate fabrics,
Furthermore, the massive aggregates frequently show grada=-
tional transitions to the foliate fabrics, a relationship
which suggests that the deposition of the two main groups
of fabrics in the massive ore was essentially contemporan~
eous.

It has been estimated that the massive and foliate
fabrics, taken together, occupy more than about 80 per cent
of the total orxe. Because of their dominant volume con~
tribution it is virtually certain that the massive and
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foliate fabrics occur with complete physical continuity
throughout the lode, In this case there could be no iso=
lated aggregates, and folding could not be accomplished by
independent displacements between blocks of ore which were
surr>unded by a continuous matrix. Thus the manifest
absence of deformation in these fabrics is significant, and
a minimum conclusion requires that the bulk of the massive
ore was deposited later than the regional folding.

The depositional age of vein aggregates and colloform
structures is difficult to establish directly because of
their general tendency to appear-as structurally distinctive
components of the ore. However, the shape of the gross
structures defined by vein aggregates and colloform layers
strongly suggests that these structures would be unstable
during deformation, even if they were surrounded by a less
competent matrix. For this reason it seems most likely
that the vein and colloform aggregates do not represent an
early period of sulphide deposition, but are directly con=-
nected with the main mineralisation event,

Pre~folding mineralisation is certainly represented by
at least some of the pyrite spheres and ellipses. There
appears to be only one other instance where a similar period
of deposition could be involved. The abnormally large,
euhedral or embayed grains described in sects,4.1.2 and
4.1.4 (1) frequently appear to be quite unrelated to the
immediately surrounding or neighbouring fabrics. This
suggests that the large grains represent a separate period
of growth which, as implied by the size and shape of the
grains, must pre—-date the deposition of the enclosing
aggregate. However, this is a simplified time relation=-
ship, and there appears to be no way of establishing -
whether the early period of growth is essentially connected
with the main mineralisation event, or distinctly earlier
than it, and therefore possibly pre-~folding.

(ii) Ramdohr and Amstutz (1964) have suggested that the deform~
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ation of the Mount Isa lead-zinc ores occurred at a time
when the sulphide deposit existed as a viscous, non=
crystalline material. It is not proposed to discuss the
arguments which led to this conclusions, mainly because they
are not particularly relevant to the simple monomineralic
ores at Rio Tinto. However, the importance of the sugges-
tion made by Ramdohr and Amstutz derives from the fact that
if an ore body is deformed whilst the sulphide deposit is
still in a non-crystalline state, then there would be no
evidence for the deformation in the crystalline microstruc~
ture which developed after the folding event.

For the Rio Tinto deposits the only realistic non-
crystalline state would be some form of colloidal iron
sulphide. In fact, there is positive evidence from the
shape and internal structure of pyrite spheres and ellipses
(Chapter 5) that the pyrite now composing these aggregates
was initially depositeqin an amorphous state. However,
there is no basis for extending a similar conclusion to the
normal crystalline ore. The pyrite spheres and ellipses
provide a direct record of the microstructure resulting
from the crystallisation of an amorphous substance under
conditions of the natural environment. This microstructure
is characterised by three important properties: (a) an
abnormally fine grain size, (b) uniformity of grain size,
and (c) ordered crystallographic-and packing arrangements
in the polycrystalline aggregate. None of these properties
are found in the normal crystalline ore. In comparison to
the pyrite spheres and ellipses, the microstructure of the
normal ore is much coarser grained, and even in smallvolumes,
is heterogeneous with respect to grain size, grain arrange-~
ment and crystallographic orientation,

There are two other serious difficulties in attempting
to interpret the microstructure of the crystalline ore in
terms of a colloid-crystalline transformation.

Firstly, the colloidal state is essentially metastable
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and once nucleation has occurred the subsequent crystalli-
sation rapidly proceeds to completion, The short duration
of the growth interval means that during this time there is
a correspondingly small chance that changes will occur in
the external environment. Since the bulk composition of
the colloidal deposit is already determined at the precipi-
tation stage, only external changes can influence the in=-
stantaneous composition of the crystallising material.

The component grains of the crystalline aggregate should
therefore record relatively few compositional changes (i.e.
zones), and to this extent it is difficult to explain the
high frequency of zoning in many of the observed microstruc=-
tures.

Secondly, if a colloidal substance remains stable
during the time interval between its initial deposition and
the completion of folding, there would be ample epportunity
for compositional and structural homogenisation. Hence,
even if the criginal colloid deposition was accompanied by
pseudomorphism of structures belonging to a pre~existing
rock mass, which seems doubtful in the first place, these
structures could scarcely be expected to persist in the
final crystalline microstructure. In view of these remarks,
it is difficult to account for the sharp definition of the
apparently pseudomorphic structures referred to above,

In contrast to the difficulties arising from a
colloidal origin, the main features of the structure of the
ore can be readily explained in terms of direct hydrothermal
crystallisation. For example: (1) a prolonged growth
history incorporating intermittent periods of leaching
accounts for both the internal structure and the composit-
ional variations recorded in single grains, and (2) pseudo-
morphic structures can be explained as reflecting a direct
relationship between the composition and/or structure of
the host rock and the nucleation and growth of pyrite as

determined by the accessibility of ore solutions,
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It should be stressed here that the deformation of

the lode cannot be accounted for by assuming that the fold~-

producing displacements were localised within the previously

colloidal deposits now represented by aggregates of pyrite
spheres and ellipses, Several arguments are relevant here:

(1) since pyrite spheres and ellipses occur in strictly

discontinuous aggregates, the deformation would be similarly

confined, and could not lead to bulk distortion of mega=-
scopic volumes of ore, (2) even if displacements were
propogated between different isolated aggregates, the move=~
ment zones would be widely spaced and the deformation in=-
sufficiently penetrative to account for the continuity of
the internal and external structure of the lode, (3) many
aggregates are composed entirely of pyrite spheres, and are
therefore obviously undeformed, (4) if the fold=producing
displacements were confined to the colloidal deposits, the
deformation in these zones would be extreme, and recognis=
able ellipses could scarcely be expected to remain, In
reality, the elliptical shape of distorted spheres is usually
recognisable and indicates a comparatively moderate deform=-
ation.

In discussing the deformation of the massive ore the basic
assumptions have been that: (1) from the time of its original
deposition the lode was composed of compact, crystalline pyrite,
which, (2) has not been significantly re~constituted since the
formation of the lode. As already indicated, the second assump=-
tion was justified in Chapter 7 where it was shown that the
massive ore is unrecrystallised. The first assumption is just=~
ified in (i) and (ii) above, where it is argued that the bulk of
the massive ore was deposited by direct precipitation of cryst=
alline pyrite during a single period of mineralisation.
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