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Abstract

The studied hydrothermal system operated in an agglcmerate laver which
forms part of the “Union Tuff member” that occurs in the uppermost part of
the Rooiberg Felsites. In contrast to the Sn and F deposits characteristic
of this part of the Rooiberg Group, this hydrothermal system in the Rust de
Winter area contains predominately base metals and a small amount of gold.
It is believed that this hydrothermal system was possibly the product of a
granitic intrusion, but represents a later, cooler mineralisation stage

further away from the body.

The mineralised areas in the agglomerate layer can be divided into three
types, based on differences in the host rock, mineralisation style and
mineral associations. The first type occurs in quartz + chlorite veins in
the agglomerate and carries mainly arsenopyrite (with inclusions of native
bismuth and gold), pyrite, chalcopyrite, sulphosalts and Cu-sulphides. The
second type is disseminated in the agglomerate and consists predominately
of sphalerite and chalcopyrite. The third type is found at the contact
between the agglomerate and underlying massive rhyolite and consists of

quartz + chlorite + siderite veins with lesser pyrite and chalcopyrite.

The sulphide minerals of the quartz + chlorite veins suggest a history of
precipitation in at least three stages. The first stage includes the
precipitation of the arsenopyrite, pyrite and chalcopyrite. The sulphide
minerals of the second stage (Bi-Pb-Cu-sulphosalt, galena and chalcopyrite)
precipitated interstitially with respect to the first generation sulphides.
The third stage includes minerals that formed due to supergene alteration
by a Cu-rich fluid, for example a variety of Cu-sulphides and the Bi-Cu-
sulphosalt. Chamosite (Fe-rich chlorite) and quartz are the dominant
silicate minerals associated with the sulphides. Away from the vein system
a zone 1in the agglomerate is encountered where areas dominated by
sphalerite alternate with areas dominated by chalcopyrite; no alteration by

a Cu-rich fluid was detected here.

The chlorite geothermometer indicates temperatures of formation (of the
chlorite) in the range 315° - 360°C. Chlorites overprinted by a Fe-rich
fluid must have formed at higher temperatures along with some of the
primary sulphides (arsenopyrite, pyrite, and chalcopyrite). A second stage
of sulphide precipitation followed at slightly lower temperatures resulting
in the formation of the Bi-Pb-Cu-sulphosalt and small amounts of galena and
a second generation chalcopyrite. These two stages were succeeded by a
period of “alteration” by a Cu-rich fluid, that represents the last stage

of sulphide mineral precipitation.

iii
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The microthermometric investigation gives pressure corrected temperatures
in the range 150° - 380°C. It is unsure which sulphide phases precipitated
at what temperature interval. The salinity of the fluid(s) falls into
three groups (i.e. a very high salinity, an intermediate salinity and a
very low salinity), which can be explained by fluid mixing (resulting in
lowering the salinity) and fluid boiling (increasing the salinity). Base
metals will be preferentially transported by a higher salinity fluid (5.5
eqg. wt% NaCl), whereas gold complexes prefer low salinities (0 - 5 eq. wt.
NacCl) .
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Chapter 1

Introduction

This thesis is based on the mineralogical investigation of base
metal mineralisation intersected in boreholes near Rust de Winter in
the Rooiberg Felsites (Fig. 1.1). The borehole core was kindly made
available by GENMIN. However, the exact location of the boreholes

is confidential.
1.1 AIMS OF THIS STUDY

The main aims of this study were as follows:

- to investigate the degree of alteration in the host rock

- to describe and interpret the mineralogy of the gangue
minerals associated with the ore minerals

- to describe and interpret the mineralogy of the opaque
minerals

- to deduce the relevant characteristics of the ore-forming

fluids.

1.2 GENERAL CHARACTERISTICS OF THE ROOIBERG GROUP

1.3.1 Lithostratigraphy:

The Rooiberg Group is regarded by SACS (1980) as part of the
upper portion of the Transvaal Supergroup and forms the roof of
the Bushveld Complex (whereas the lower parts of the Transvaal
Supergroup forms its floor). The distribution of the Rooiberg
Group, related to that of the Bushveld Complex and lower portion
of the Transvaal Supergroup, is given in Figure 1.1. The age of

the Rooiberg Group is estimated at ~2150 Ma (SACS, 1980).
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The upper porticn of the Rooiberg Group consists of: flow-banded
rhyclites with occasional quartz xenocrysts, and discontinucus
sediments and pyrcclastic flows. Twist (1985) expanded on
Clubley-Armstrong’s (1977) subdivision cf the Rooiberg
succession, and distinguished 9 wunits, based on gecchemical
characteristics. The stratigraphic subdivisions cf£ the Rooiberg
Felsite Group are discussed in detail by Clubley-Armstrecng
(1977; 1980), De Bruiyn (1980), Rhodes and Du Plessis (1976),
Stear (1977), Twist (1985), Eriksson et al. (1393). More
recently, Schweitzer et al. (1995a) proposed a new subdivision
(not yet approved) in which the Dullstroom Formation (formerly
part of the Pretoria Group) is regarded as the base of the

Rooiberg Group (Table 1.1).

Table 1.1 : Newly proposed Rooiberg Group subdivision compared

to the one currently used (SACS, 1980).

SACS, 1980 Schweitzer et al., 1995a
Group Formation Member Group Formation Member
Rooiberg Selons River Klipnek Rooiberg Schrikkloof
Doornkloof Kwaggasnek Union Tin
Damwal Damwal
Dullstroom

Pretoria Dullstroom

1.3.2 Economi ten

Twist (1983) evaluated the economic potential of the Rooiberg

Felsites and concluded that the most 1likely ore-types to be

expected in this acid volcanic environment are:

(1) Base metal (2Zn-Pb-Cu) volcanogenic exhalative sulphide
deposits.

(2) Precious metal (Ag-Au) epithermal ores (usually associated
with regional alteration in the vicinity of volcanic vents) .

(3) Tin ores.

(4) Fluorspar deposits, produced by metasomatic replacement.

According to Schweitzer et al. (1995b), four major ore-types can
be identified in the Rooiberg Group: (1) Hydrothermal copper
mineralisation in the lowermost portion of the Rooiberg Group,
overlying the Rustenburg Layered Suite and 1linked to the
intrusion of the Bushveld Complex (SACS, 1980); (2) Stratabound

arsenic mineralisation that took place after extrusion of the
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Damwal Formaticon in response to contact metamorphism; (3) Pb-Zn
mineralisaticn concentrated towards the contact with the
Rustenburg Layered  Suite (also in response to contact
metamorphism); and (4) Sn and F mineralisation in the uppermost
portion of the rhyolite succession, linked to the intrusion of
the Lebowa Granite Suite. Schweitzer et al. (1995b) concluded
that the mineralisation in the Rooiberg Felsite is largely
controlled by the associated Bushveld Complex (that comprises
of, from bottom to top: Rustenburg Layered Suite, Lebowa
Granites, Rooiberg Felsites, and Granophyres). Therefore,
exploration models have to consider the complex inter-
relationship of the various extrusive and intrusive events of

the Bushveld Complex.

Schweitzer et al. (1995b) linked their stratigraphic subdivision
to mines (and commodities mined) in the Rooiberg Felsites (Fig.
1.2). The lower portions of the Rooiberg Group (i.e. Dullstroom
and Damwal Formations, as well as the bottom portion of the
Kwaggasnek Formation) are typified generally by base metal
deposits, whereas the upper Kwaggasnek and Schrikkloof

Formations have tin and fluorspar deposits.

GEOLOGICAL SETTING OF THE STUDY AREA

The hydrothermal mineralisation which forms the basis of this
study 1s hosted by an agglomerate layer overlying barren
rhyolite in the upper part of the Rooiberg Group, in the Rust de

Winter area, north of Pretoria.

Figure 1.3 shows the distribution of the various formations in
the Rooiberg Group as well as that of the granites of the
Bushveld Complex. From this geological map it is clear that the
Rust de Winter area (near the Vergenoeg fluorspar mine) falls
close to the contact between the Kwaggasnek and Schrikkloof
Formations. In Fig. 1.2 (from Schweitzer and co-workers, 1995b)
an agglomerate and tuff layer is shown between the Schrikkloof
and Kwaggasnek Formations. According to stratigraphic
indicators and evidence in the investigated drill cores, the
agglomerate in which the hydrothermal mineralisation at Rust de
Winter occurs, seems to agree with the agglomerate layer between
the Kwaggasnek and Schrikkloof formations and seems to underlie
the Union Tin Tuff Member. According to the subdivision of
Twist (1985) the underlying rhyolite belongs to unit 8 and the
overlying rhyolite is unit 9 (Smith, 1993).
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Because the studied agglomerate layer forms the marker horizon
between the Kwaggasnek and Schrikkloof Formations, it could be
expected that the most common type of mineralisation would be
tin and/or fluorspar. However, the hydrothermal mineralisation
studied and reported on here, contains the base metals, Cu, Fe
and 2n in varying amounts, and none of the expected F- or Sn-
containing minerals. A schematic summary of the mineralisation
encountered in the drill cores, GD1, GD2 and GD3, is given in
Fig. 1.4 and described in more detail in Chapter 2. The main
mineralised zone or vein system (i.e. chlorite + quartz +
sulphide veins), in which the majority of base metals are found,
is present exclusively in the agglomerate unit. For economic
reasons, the bulk of the study centred around this

mineralisation encountered only in GD1 and GD2.

Figure 1.2: Stratigraphic subdivision of the Rooiberg Group
based on regional lithological and chemical features. Mines and
mineral occurrences related to the specific commodity, are
listed according to their stratigraphic position (from

Schweitzer et al., 1995b).
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Figure 1.3: Geographic distribution of the wvarious Rooiberg
Group formations. Also shown are the positions of mines within
the Rooiberg Group rocks. The Stavoren and Rooiberg Fragments
are comprised of sedimentary rocks and Rooiberg Group volcanic
rocks, and are situated within Bushveld Granite (from Schweitzer

et al., 1995a).
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Figure 1.4 : Schematic profile of boreholes GD1l, GD2 and GD3 in
the Rust de Winter area, showing the different mineralisation
styles, and the surrounding host rocks. The right corner box is
a plan layout and the arrows indicate the inclination of the

boreholes.
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Chapter 2

Macroscopic description of drill core

2.1 GENERAL

The sequence of rock types found in the drill cores is a minimum
of 120m massive (i.e. unaltered) Rooiberg felsites (from here on
called rhyolite), overlain by a 15-20m thick zone of “brecciated”

rhyolite, covered by 60-70m of agglomerate (Fig. 1.4).

The massive rhyolite 1is wusually grey in colour and fairly
homogeneocus. The rhyolite in GD3 1is occasionally red with
associated quartz and quartz + siderite vein systems (Fig. 2.1).
The only sulphides present in these veins are pyrite and

chalcopyrite (Fig. 2.2).

The brecciated =zone 1is characterised by large fragments of
rhyolite, separated by quartz and quartz + siderite veins with

pyrite and chalcopyrite as the major sulphide phases (Fig. 2.3).

The agglomerate layer above the rhyolite contains significant
amounts of sulphides. This layer consists of clasts, which differ
in size, shape, and composition, within an wusually green-grey
matrix. Typical clasts in the agglomerate are: red-green flow-
banded rhyolitic clasts (Fig. 2.4) up to 10 x 10cm, the green
being chlorite, replacing part of the clast; smaller red, fairly
homogeneous, rhyolitic clasts (Fig. 2.5) with dimensions up to 8 x
5cm; approximately 1 x lcm red rhyolitic clasts (Fig. 2.6); small
chlorite clasts (Fig. 2.7) (0.5 x 0.5cm), and rounded quartz
clasts (Fig. 2.8) (1 x 0.5cm).

The matrix of the agglomerate consists of very small grains of a
variety of minerals (e.g. quartz, feldspar, chlorite). It often
changes gradually from green to reddish, and is red even in the
vicinity  of unmineralised/open fractures. The sulphide
distribution in these different areas does not change with colour.
Occasionally, narrow veins of chlorite (up to 10cm in thickness)

perpendicular to the drill core (which has an inclination of 70°),
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with these veins. This type of agglomerate will be referred to as

“massive” agglomerate.

Fig. 2.1: Quartz(gz)-siderite(sid) veins in red rhyolite (GD3 at
158.33m).

Fig. 2.2: Quartz(qz)-siderite(sid) vein with sulphides(s) (pyrite
and chalcopyrite) in rhyolite (GD3 at 154.90m).

9
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Fig. 2.3: Brecciated zone at contact between the agglomerate and
rhyolite layer, filled with quartz(gz) and occasional sulphides(s)
(GD1 at 80.0m).

Fig. 2.4: Flow-banded clast, with sulphides(s) associated with
chlorite(chl), in red agglomerate in GD2 at 19.60m.

10

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Fig. 2.5: Red, homogeneous rhyolitic clast with sulphides(s) in
green agglomerate (GDl1 at 22.60m).

Fig. 2.6: Small red rhyolitic clasts and sphalerite(sph) and
pyrite(py) in red agglomerate (GD2 at 27.20m).

11
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Fig. 2.7: Small chloritic clasts, some associated pyrite(py).,
chalcopyrite (cp) and sphalerite(sph), in green agglomerate (GD2 at
70.0m) .

Fig. 2.8: Rounded quartz clasts in red agglomerate (GD1l at 27.35m).

12
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Apart from narrow chlorite veins in the agglomerate, a prominent
vein system, containing chlorite, quartz, and sulphides was
intersected. This sulphide bearing “vein” is much wider (5-10m
thick) and affected by supergene alteration in GD2. The dominant
sulphide mineral is arsenopyrite with smaller amounts of visible

pyrite and chalcopyrite (Fig. 2.9).

GD4 and GDS 1look very similar to GD1, GD2 and GD3 but are
unmineralised with respect to ore minerals, and were only used
as stratigraphic correlation and possible geochemical
references. Other core (GDé - GD1l1l) intersecting the same
formations of the Rooiberg Group in the Rust de Winter area was
only briefly looked at. The agglomerate in these core was
generally fine grained and together with the rhyolite, highly

oxidised.

DRILL CORE DESCRIPTION

.1 GD1:

The first S5m of GD1 are weathered agglomerate, followed by 12m of
an alternating change in colour of the matrix (green and red).
However, no change in the sulphide assemblages is associated with
this change in colour. Occasionally minor disseminated grains of
pyrite and chalcopyrite were observed in the matrix, associated
with chlorite clasts, quartz clasts, and flow-banded red rhyolitic

clasts (similar to Fig. 2.10).

Open fractures are occasionally present. Directly adjacent to
these fractures the matrix is stained dark red. Another
characteristic feature of the areas next to the fractures is the
occurrence of small chlorite veins, perpendicular to the core

axis. These veins do not contain any ore minerals.

In the interval from 17-26m, the first major sulphide
concentration appears, associated with massive chlorite(-quartz)
mineralisation. The most dominant ore mineral is arsenopyrite,
which occurs in massive "clusters" within the chlorite (Fig. 2.9).
No distinct orientation of the chlorite (+ quartz) + arsenopyrite

vein could be established.

13
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Fig. 2.9: Massive arsenopyrite(asp) in a matrix of chlorite(chl) -
quartz (gz) (GD1l at 22.40m).

Fig. 2.10: Sulphides(s) along the rim of rhyolitic(r) and quartz(qz)
clasts in red agglomerate (GD1 at 29.20m).

14
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.2

The 20-44m l=2vel has the same appearance as the previcusly

descrikbed massive agglcomerats zcrne (5-17m lavel), characterised by
green and r=d arsas. This interwval is fairly unaltsred with only
mincr fracturing. The <Iractures are in places £filled with

sulphides, quartz, and chlcrite. The small green chloritic clascs
often ccntain sulghides prasant in the middle <f the clast.
Sulphides also occur in the vicinity of larger rhvolitcic clasts
(Fig. 2.10), or within and/cr in the vicinity cf laxge flow-banded
rhyclitic clasts. In general, the sulpnide mineralisation seems
to be preferentially associated with chlorite mineralisation,
either in veins, in chloritic clasts or as chlorits replacements

in flow-banded rhyolitic clasts.

At a depth of 45-53m, the same type of altered chlorite vein as
described above (17-26m level) occurs, also with predominantly
arsenopyrite as ore mineral. The main difference between this
vein and the similar one to the top, 1is that here supergene
alteration resultad in the replacement of sulphides by copper-

sulphides (Fig. 2.11).

This chlorite + quartz + arsencpyrite vein is followed by massive
agglomerate, in which disseminated sulphides were observed.
Between 62-70m sphalerite appears in the agglomerate matrix,
together with pyrite and chalcopyrite (Fig. 2.12). Arsenopyrite
occurs in small amounts, in the form of individual grains, in

small quartz + chlorite veins.

The amount of sulphides decreases sharply as the brecciated
contact (at 74m) between the rhyolite and the agglomerate is
approached. Sulphides in the quartz veins, between the rhyolite
fragments, are primarily pyrite and chalcopyrite. Beneath this
brecciated zone, the rhyolite 1is grey, fairly massive, and

unaltered. Sulphides were observed only as rarities.

.2 GD2:

In GD2, a transition from a narrow zone (5m) of weathering to the
unweathered massive agglomerate occurs over the first 20m. From
20-32m, a characteristic alternation of the yellow sulphides (i.e.
pyrite and chalcopyrite) with sphalerite occurs. The contacts of
the alternating sulphide zones are gradual on a centimetre scale

(Fig. 2.13).

15
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Fig. 2.11: Chlorite(chl) + quartz(gz) + arsenopyrite(asp) vein with
copper sulphides(cs) (GD1 at 47.20m).

Fig. 2.12: Disseminated sphalerite(sph) together with other
sulphides(s) in green agglomerate (GD1l at 70.50m).

16
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Fig. 2.13: Disseminated sphalerite(sph) in the matrix of red
agglomerated (GD2 at 20.20)m.

Fig. 2.14: Pyrite(py) and chalcopyrite(cp) in a vein and also
disseminated in the red agglomerated matrix adjacent to the vein
(GD2 at 24.60m).

17
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A massive agglomerate zone (13m thick) occurs between the zone of
base metal sulphide alteration and the first chlorite + quartz +
arsenopyrite vein. This vein is 3m in thickness, characterised by
massive arsenopyrite clusters within the chlorite, and shattered
quartz vein fragments occasionally associated with pyrite and
chalcopyrite. This occurrence of arsenopyrite is mineralogically
linked to the two areas in GD1 that contain the same mineral
assemblages, and it is concluded that these areas belong to the

same mineralising vein system.

This arsenopyrite concentration is followed Dby massive
agglomerate. Directly above the brecciated rhyolite zone, an area
(at 70m) of sphalerite mineralisation occurs, 1 meter in
thickness. The brecciated lavas in this core have a similar

appearance to those within GD1.

.3 GD3:

GD3 1is characterised by very small amounts of sulphide in the
massive agglomerate (except that of the common disseminated
sulphides in the matrix and occasionally in fine chlorite veins).
Thus, the first 60m are fairly constant in regard to clast,
matrix, and sulphide distribution. At a depth of 60m, the
brecciated zone in the rhyolite (18m in thickness) is reached and

the same picture emerges as described for GD1 and GD2.

As a distinct difference, two major zones, in which the colour of
the rhyolite changes from grey to red, are intersected in GD3 (at
60m and 150m). Red coloured rhyolite contains quartz- and quartz-
siderite veins, carrying pyrite and chalcopyrite. The brecciated
zone is followed by a zone of grey massive rhyolite. At 1l46ém, a
second brecciated red rhyolite with veins appears with the same
features as that of the first red brecciated zone. Beneath 172m,
the lava changes its colour back to grey with the disappearance of

veins and associated sulphides.

SUMMARY

2.3.1 Stratigraphic succession:

In the investigated study area the stratigraphic succession
comprises 60 to 75 meters of agglomerate, overlying massive

rhyolite. The agglomerate layer belongs to the Union Tuff

18
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Member and
Formation,
the
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mineralisation

comprising arsenopyrite,

and gold.
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as well as a
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for a
hydrothermal
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(1995a)

(e.g. Fe, Cu,
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Bi,

(1985) .
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or unit 8 of

The

Zn-Cu
mineralisation
and Pb)

The rhyolite 1layer is wvirtually barren except for

localised siderite + quartz veins with small amcounts of pyrite

and chalcopyrite.

GD3 is given in Appendix A.

2.3.2 styles of mineralisation:

A more complete description of GD1,

GD2 and

Six styles of mineralisation can be distinguished (Table
3.1).
Table 2.1: The styles of sulphide mineralisation:
Rock Type Characteristics of Main sulphide Figures
mineralisation minerals
1. Agglomerate Surrounding quartz clasts pyrite and Fig. 2.10
chalcopyrite
2. Agglomerate Within chlorite clasts pyrite and Fig. 2.7
chalcopyrite
3. Agglomerate Rhyolite clasts, surrounded pyrite and Fig.
by sulphides; flow-banded chalcopyrite Fig. 2.5
rhyolite clasts with
chlorite bands
4. Agglomerate Disseminated in matrix and Sphalerite, pyrite Fig. 2.13
surrounding other sulphides and chalcopyrite
S. Agglomerate * Chlorite + quartz veins Arsenopyrite, Fig. 2.9
pyrite, Fig. 2.14
chalcopyrite,
copper-sulphides,
Bi-containing
sulphosalts**
6. Breccia zone Quartz + siderite veins pyrite and Fig. 2.2
between agglomerate chalcopyrite

and rhyolite

* The dominant mineralisation style

** Based on microscopic examination (Chapter 6)
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Chapter 3

Methods of investigation

3.1 Drill core sampling

Core samples from GDl1, GD2, GD3 and GD5 were selected to
represent the different mineralisation styles (Table 2.1) and
unmineralised samples were also selected for geochemical
analysis. The samples of the mineralisation styles were taken
for the mineralogical investigation of the ore and gangue
minerals. Samples for geochemical analyses were taken of both the
agglomerate and the underlying rhyolite. Sampling the already
heterogeneocus agglomerate from core required caution, because
large clasts will bias the geochemical data. Therefore, samples
were on average 30 cm long (with a diameter of 6 cm), 2 - 6 kg and
relatively homogeneous, with visible «clasts not bigger than

approximately 1 x 2 cm.
3.2 THIN SECTION MICROSCOPY

Uncovered thin sections were prepared to study the gangue minerals
(chlorite, quartz, mica and siderite) in the veins. Sections of
these were used to analyse chlorite and siderite with the electron
microprobe. Polished thin sections were also made to investigate
the relationship of the gangue minerals and the ore minerals in

the veins.

3.3 XRF - ANALYSES OF WHOLE ROCK SAMPLES

Whole rock geochemical analysis was performed on 29 core samples
from all the boreholes (GD1 - GD11l). Samples were first crushed
and then milled in a tungsten mill to 63 micron and analysed for
major and trace elements on fused discs and powder briquettes
respectively. Geochemical analyses of the red and green

agglomerate are summarised in Appendix B.
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3.4 ORE MICROSCOPY

Polished sections and polished thin sections were made to study
the opaque minerals in the veins as well as that in the matrix of
the agglomerate. Microscopy was done in air and in oil immersion.
Scme of these sections were selected to determine the chemical
compcsition of some of the ore mwinerals (arsenopyrite,

sulphosalts, and sphalierite).

3.5 X-RAY DIFFRACTION

3.5.1_Chlorite:

An XRD investigation was carried out to study the chlorites in
clasts and veins in the study area, and the minerals intimately
associated with it. The interlayering of other sheet silicates
(e.g. muscovite, smectite, and illite) will increase the basal
spacing of the chlorite and this will be displayed in the XRD
pattern. Under oxidising conditions, the alteration of a tri-
octahedral chlorite may lead to the formation of smectite (Nieto
et al. 1994). The position of the characteristic 14 A peak will
then shift to the left of the XRD pattern (i.e. higher d-values)
after treatment with a ethylene glycol solution (Appendix C). It
was found that the chlorites of the study area contain no
interlayered swelling clay, but that wvarying amounts of muscovite

and quartz are occasionally present in chlorite in veins.

3.5.2 Copper sulphides:

Samples from an area in GD2 that contains large amounts of
copper sulphides have been analysed to identify the various
copper sulphide phases associated with supergene alteration.
Optically these phases 1look very similar and are sometimes
finely intergrown. The XRD pattern and d-values are given in

Appendix D and results are discussed in Chapter 6.

3.6 ELECTRON MICROPROBE ANALYSIS

Analysis of the sulphide minerals and siderite was carried out

using the energy despersive method on a JEOL 733 electron
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microprobe, connected to a Linkam eXL II software programme.
For chlorite the wavelength despersive method was used.

Analytical conditions are summarised in Appendix E.

3.6.1 Chlorite:

Chlorite in 40 thin sections were analysed quantitatively. During
the measurements different problems were encountered: (1) the pcer
polish of chlorite, due to its layered nature, led to an uneven
surface that influenced the counting statistics; (2) the very
small grains of chlorite in the clasts created the same problem,
and consequently the result was low totals of 76 - 85 wt%,
compared to 88 - 90 wt% for an average H,0 content of 10 - 12 wt%;
(3) semi-quantitative microprobe analyses indicated higher amounts
of K,0 than allowed in the chlorite structure. This implies that
chlorite and mica are intimately intergrown in some clasts,
although the white mica 1s not always visible under the optical
microscope. The microprobe cannot distinguish interlayering, as
the spacial resolution of microprobe analyses for chlorite, under
the chosen analytical conditions, is in the order of 10um. But on
the basis of the XRD pattern the possibility of such an
interlayering is ruled out; mica is thus present as very small
grains. This problem is restricted to the chloritic clasts; where
mica appears in the veins it normally occurs as large, well
defined grains. Appendix F shows the microprobe analysis of some

of the chlorites analysed.

3.6.2 Sulphide minerals:

Arsenopyrite and sphalerite were analysed quantitatively; the
quantitative analysis of the Bi-containing sulphosalts was
problematic, due to the lack of appropriate reference materials.
For the semi-quantitative analyses, bismuthinite (Bi;S3) and
galena (PbS) were used as standards for Bi and Pb, but because
of the lack of a Cu,S standard, cuprite (CuO) was used as a
standard for Cu. Bismuthinite (Bi,S3) and PbS were used as a
sulphide standard for this sulphosalt. Alternative standards
for sulphur, that were tried to improve the analyses were:

pyrite (Fe,S), chalcopyrite (FeCuS;), and stibnite (Sb;Sj).
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3.7 FLUID INCLUSION STUDIES

3.7.1 Sample preparation:

The intergrown nature of quartz and chlorite in the main
mineralised veins caused problems in preparing double-polished
sections. The alternative was to make sections from veins
which contain a larger proportion of quartz. The risk is,
however, that these veins may not (and normally do not)
contain the same mineral assemblages found in the main
mineralised =zone (i.e. chlorite + quartz + sulphides; the
latter being mainly arsenopyrite, pyrite, Bi-sulphosalts and
chalcopyrite). The implication is that the physico-chemical
properties of fluids in these veins can be expected to differ
from those in the main mineralised zone. However, results may
still be meaningful because these veins are close enough (a
few meters) to the main mineralised zone, although multi-stage
mineralisation may imply different temperatures. Only the
most consistent results are given and interpreted together
with other geothermometric data (e.g. chlorite

geothermometery) .

A total of 22 double-polished thin sections were studied
optically to identify the areas of fluid inclusions suitable
for investigation. A large proportion of the fluid inclusions
is very small and vapour bubbles cannot be (clearly) seen.
These inclusions are not suitable for fluid inclusion
analyses. Inclusions denoted as secondary occur as strings on
grain boundaries and those reported as primary are normally
single inclusions inside a quartz grain or do not form part of
a string. All inclusions analysed consist of a (single)
liquid and vapour phase (L + V); no inclusions with daughter

minerals were observed.

A total of 44 inclusions were measured on a Linkam LNP2 gas
heating-freezing system, that gives reproducible results to
+1°C for heating runs and + 0.1°C for freezing runs. Data
were read into the “PVTX Software Modelling for Fluid
Inclusions Version 1” software package, and all consequent

calculations were done with this program.
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3.7.2 Microthexmometry:

To prevent decrepitation of inclusions at high temperatures,
the inclusions were first cooled down to measure the melting
temperature (Tw) .« Due to the often unclear phase
transformation from liquid to solid (ice), inclusions were
usually supercooled to a temperature below -60°. This process
was then succeeded by heating the section to a temperature at
which the vapour bubble will dissappear (T,). Some inclusions
were cooled and heated twice to ensure that the temperatures

Tn and T, are correct.
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Chapter 4

Characteristics of the host-rock

4.1 PETROGRAPHY

4.1.1 Rhyolite:

Due to the fine texture of the rhyolite it was not possible to
optically identify different minerals in the rock. At the
contact with the agglomerate layer and further down in GD3
(150m) the colour of the rhyolite changes to red. This red
colour is possibly the result of oxidation, that is not clearly

displayed in the mineralogy.

4.1.2 Agglomerate:

During the logging of the core it was found that the agglomerate
in which the mineralization occurs contains green and red patches.
Based on a microscopic study it was concluded that the green
appearance of the agglomerate was an effect of chloritisation
while the red agglomerate was oxidised to varying degrees possibly
during a different stage of fluid activity. Thus, the colour of
the agglomerate 1is considered to be an indication of the

alteration style.
4.2 GEOCHEMISTRY

4.2.1 Introduction:

Geochemical data of whole rock samples can be used as an aid in
exploration, and up to date it has been used mainly to subdivide
the Rooiberg Felsite Group (e.g. Clubley-Armstrong, 1977; De

Bruiyn, 1980; Twist, 1985; Schweitzer et al., 1995a).
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Alteration zones are attractive targets for precious and base
metal exploration (Clarke and Govett, 1990), and anomalies of the
more mobile elements (e.g. K, Na, Ca and Mg) will be the first
indicators of mineralisation. Hydrothermal activity that is not
part of an ore-forming system may also 1lead to propylitic
alteration, but would lack additicnal indicators like anomalous
concentrations of characteristic pathfinder elements such as Sb,
As, Hg, Tl1, Mo, W, and Mn. The upper levels of a gold-containing
epithermal system normally contain higher contents of some or all
of As, Sb, Ba, F, Hg, B, and Tl, whereas at greater depths
elevated contents of any of the following elements are
characteristic: Cu, Pb, 2n, Mo, Ag, Bi, Te and Co (Clarke and

Govett, 1988).

Lesher et al. (1986) considered high-level subvolcanic magma
chambers (e.g., rhyolitic volcanic centres) to be essential
components of ore-forming hydrothermal systems. The trace-element
geochemistry of such rhyolitic metavolcanic rocks may aid in

selecting targets for base metal exploration.

In the Iktinah paleovolcano (Roobol and Hackett, 1987) the central
and adjacent parts of the proximal volcanic facies contain
disseminated pyrite in argillised host rocks. This indicates an
extensive original hydrothermal core, surrounded by halos of base
metal occurrences. It may be possible that a similar system
exists in the Rooiberg Felsite, and that the studied base metal
occurrences may be part of such a halo. A geophysical feature
(personal communication by geophysical staff of Genmin) in the
area of the investigated system could be an indication of such a
centre. Generally, if no metallic deposits are known in the area
of eruptive centres, this may be the function of a shallow erosion
level rather than the absence of mineralization (Watts and
Hassemer, 1989). If the centre can be located, target areas may be
identified more accurately with the aid of geochemistry and

geophysics.

Geochemical data can also be used to fingerprint a specific
stratigraphic unit. Immobile trace elements proved to be valuable

tools in stratigraphic correlation (with regard to geochemistry,
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age, alteration etc.), regardless of the extend of alteration
(Davies et al., 1979; Davies and Whitehead, 1980) . A
stratigraphic correlation of the studied sequences at Rust de
Winter based on the geochemical information have been identified
by Smith (1993). However, by correlating the geochemical data of
the Rust de Winter area with that of published geochemical data on
the same unit, the type of alteration present in the agglomerate

layer at Rust de Winter can be identified.

In search of a close reference, material from boreholes GDé6, GD8
and GD9 (that became available later in the study and intersect
the same wunit at a distance from the hydrothermally altered
agglomerate) were considered. However, this agglomerate could not
be used as reference for the unaltered agglomerate, because it was
strongly oxidised as is evidenced by the higher Fe-content and the
obvious red colour. Because it can be assumed that the bulk of
the material that constitutes the agglomerate layer originates
from the underlying rhyolite (unit 8), the geochemical data of
this layer in the Loskop Dam (Twist, 1985) and in the Rust de
Winter area (De Bruiyn, 1980), were considered to be good

references for the studied agglomerate layer.

4.2.2 The immobile elements:

Before a decision can be made as to what the composition of the
precursor rock of the hydrothermally altered agglomerate has been,
the reliability of "immobile" elements as indicators of mass
transfer (as described by Gresens (1967), Grant (1986) and MacLean
(1990)) have to be considered. The elements most commonly used
for this purpose are Zr and Ti since they normally stay immobile
during hydrothermal alteration. Yttrium, Sc and Nb, are also
frequently considered immobile, but they can be extremely mobile
during alteration of volcanic rocks, due to wmetamorphism,
hydrothermal events, and weathering (e.g., Finlow-Bates and

Stumpfl, 1981).

It has, however, been found that the geochemical data of two vein
samples which consist mainly of chlorite show a significantly

higher Zr content (>500 ppm) relatively to that of the altered
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agglomerate and underlaying rhyolite (which are in the order of
200 - 400 ppm). Chlcrite can contain Zr as a trace element, but

concentrations are usually very lcw (~43 ppm, Albee et al., 1965).

Based on this observation it is necessary to look into the
conditions under which so-called immobile elements like Zr and Ti
can become mobile. This specific aspect has been investigated by
several researchers. In the metabasalts of the Ascot Formation,
SE Quebec, Hynes (1980) found a strong correlation between Ti, Zr
and Y concentrations and the degree of carbonatisation, i.e., high
CO, levels in the fluid phase during metamorphism. Low carbonate
rocks are severly depleted in Ti, Y, and Zr whereas high carbonate
rocks are depleted in Y and Zr and enriched in Ti. Based on two
contact aureoles in Italy, Gieré (1986, 1989) concluded that F°
and PO4L could also act as ligands for complexing with high

4 3 . . .
*and Y in K-rich metasomatic

valence cations, such as Ti*" , 2r
fluids. Rubin and co-workers (1989;1993) also found that Zr can
be highly mobile in most F-rich systems related to alkalic, F-rich
igneous suites, but may also be promoted by sulphate complexing as
in the case of Ertsberg, Indonesia. The availability of 2r,
however, depends strongly on the 2Zr mineralogy of igneous source
rocks, i.e. hydrothermal solutions could easily break down

aegirine and arfvedsonite to release trace amounts of Zr, but

zircon is only moderately attacked (Rubin et al., 1993).

Therefore, although 2r and Ti are normally immobile in
hydrothermal systems, they can be mobilised in a fluid rich in any

>, co, and s0,%.

of the following ions and compounds: F , PO,
Scattergrams show that there exist well defined 1linear
relationships between both TiO, - Zr and Al,0, - Zr. The positive
correlation between TiO, and Zr (Fig. 4.1) as well as Al,0, and Zr
(Fig. 4.2) are an indication that these elements behaved similarly
during hydrothermal alteration. If 2r was mobilised during

chloritization, by implication, so were TiO, and Al,O,.

The immobile element data from the agglomerates are compared
with those of the Schrikkloof and Kwaggasnek successions

(Schweitzer et al. 1995b) in a TiO, - Zr plot (Fig. 4.3). From
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this it is clear that the trend in the study area corresponds

well with data for the Schrikkloof and Kwaggasnek Formations.
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Figure 4.1: The linear relationship between TiO, and Zr (Spearman

rank correlation coefficient, r = 0.7984)
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Figure 4.2: The linear relationship between Al,0, and Zr

(Spearman rank correlation coefficient, r = 0.7929)
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Figure 4.3: Data from the agglomerate in Rust de Winter (dark
coloured area) correlated with published TiO,/2r patterns in the
Rooiberg Group. The TiO,/Zr ratio of the Rust de Winter
agglomerate plots in the expected vicinity of the TiO,/Zr ratio
of the Schrikkloof and Kwaggasnek Formations in the same area
(De Bruiyn, 1980). The other areas indicated on the diagram
show the distribution of TiO,/Zr ratios in other Formations of
the Rooiberg Group (Schweitzer et al., 1995a). (HMF and LMF are

respectively a high Mg felsite and a low Mg felsite).

4.2.3 Geochemical alteration of the agglomerate:

When normalised to an average Rooiberg Felsite of unit 8 (Twist,
1985) (Fig. 4.4a) and an average rhyolite in the Rust de Winter
area (De Bruiyn, 1980) (Fig. 4.4b), the following observations
were made regarding the major elements of the red (oxidised)
agglomerate: little movement of Si0O,, TiO, and Al,0,. With the
exception of 2 samples, FeO(total) shows a slight increase, which
is probably the effect of oxidation. MnO and MgO show large
deviation from the reference data, and no relationship with the

variation of FeO(total). Enrichment or depletion of MnO may be
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the result of variable redox conditions, and is expected to show
the same trend as that of FeO(total). An interesting aspect is
the enrichment of MgO, since the underlying (and overlying)
rhyolite is denoted to be generally low in Mg. CaO, Na,0 and P,0Oq
appeared to be depleted, but K,0 is enriched relative to the

reference values.

Likewise, the major elements of the green agglomerate relative to
the two references were studied (Fig. 4.5a and Fig. 4.5b). The
trend of the Si0O,, TiO, and Al,0, contents in the green agglomerate
is the same as that in the red agglomerate. The FeO(total) and
MgO are invariably enriched in the green agglomerate, whereas the
behaviour of the MnO is variable. Scattergrams showed that there
exist no relationship between the FeO(total) and the MnO, but that
there is a positive relationship between FeO(total) and MgO (Fig.
4.6). The CaO and Na,0 contents in this agglomerate are generally
low and seem to stay low; this implies a depletion in these oxides
(however, it is difficult to evaluate any movement because of the
very low concentrations). K,0 is depleted, and P,0; shows no

definite trend.

The trace element distribution in both the green and red
agglomerate follows very much the same pattern (Fig. 4.7 and Fig.
4.8). Copper is highly enriched, whereas other chalcophile
elements are depleted or enriched. Amongst the 1lithophile
elements U seems to be slightly enriched, Rb slightly enriched in
the red agglomerate only, whereas Sr and Ba tend to be depleted.
Zirconium, Nb and Y seem to have been immobile relative to the
Unit 8 rhyolites (no trace element data from the Rust de Winter
(De Bruiyn, 1980) area were available). Zinc and Pb show large

variations in both the green and red agglomerate.
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agglomerate, normalised to an average value for rhyolite in unit

8 of the Loskop Dam area (Twist, 1985).
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8 of the Loskop Dam area (Twist, 1985).
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8 of the Loskop Dam area (Twist, 1985).

4.2.4 Discussion:

The major element geochemistry of the green and red agglomerate is
compared with each other (Fig. 4.9), in order to determine the
type of alteration that took place in the green agglomerate, and
to examine the relative movement of elements and oxides during
this alteration. The only significant differences between the red
and green agglomerate are the FeO(total), MgO and K,0 contents.
The higher K,0 content in the red agglomerate may be the result of

K-feldspar or sericite forming during oxidation.

The chloritisation process in the green agglomerate might account
for the high Fe content (the chlorite in these rocks is very high
in Fe; Chapter 5). There is no mineralogical evidence that the
MgO 1is 1largely captured in one specific phase; however, the
positive relationship with FeO(total) may indicate that these two
elements are ©present in the same mineral phase (possibly

chlorite) . However, iron-containing sulphides co-existing with
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quartz and chlorite in veins will also be important hosts for Fe,
while Cu and Zn are the components of sulphides like chalcopyrite
or low temperature copper sulphides, and sphalerite respectively.
The samples selected for geochemical analyses were, however,

virtually free of visible sulphides.

The antipathetic behaviour of FeO(total) and MnO (Fig. 4.5a &
4.5b) in the green agglomerate probably reflects the specific
redox state of the fluid. Under naturally occurring Eh-pH
conditions, Fe’" is more easily oxidised to insoluble Fez’, than is
the case with Mn’" (Boctor, 1985); consequently the Mn®" ion will
stay in solution much longer than the Fe’* ion. Boctor (1985)
further mentioned that Mn solubility in a supercritical fluid
increases slightly with increasing pH, iron solubility on the
other hand decreases with increasing pH. For a given temperature
and pressure, Fe®* will be oxidised to Fe’" with an increase of PH,

and be removed from the fluid.

Other factors influencing Fe-solubility in supercritical £luids
are salinity, temperature, pressure, pH/aHCle, fO, and fS,  Of
these, reduced pressure and/or elevated temperatures and
salinities are considered to enhance Fe-solubility (Williams,
1994) . With alkali-chloride solutions reacting with micas to form
feldspars, the Cl° concentration in the fluid is 1likely to
increase. This increased Cl° content will enhance Fe solubility
in that a high-order chlorine complex (e.g. FeClqz') becomes stable
at higher temperatures (>400°C), and thus Fe becomes more soluble
in the fluid. According to McPhail (1993), with a decrease in
temperature (<400°C), the lower-order FeCl,(aqg) complex becomes
stable and this results in the precipitation of Fe-bearing
minerals. McPhail (1993) concluded that the temperature and
salinity (a.) rather that the acidity (pH), fluid mixing, wall
rock interaction or boiling, are the predominant factors that
influence the precipitation of Fe in the temperature interval 500
- 300°C. This temperature interval represents typical conditions
prevailing in hydrothermal systems. Therefore, the salinity of
the fluid at these temperatures strongly affected the solubility

of Fe in this system.
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of SiO, was divided by 10 to fit on the diagram).

37

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Chapter 5

Gangue mineralogy

5.1 INTRODUCTION

The optical study, supported by the XRD investigation of the
different chlorite occurrences (i.e. veins and clasts) showed that
there are also varying amounts of gquartz, K-containing mica,
hematite, siderite, microcline, and minor amphibole and
plagioclase associated with the chlorite. The amounts of
hematite, amphibole and plagioclase are very small and these
minerals could not be optically identified. Quartz is a common
component of both the chloritised clasts and the veins (Fig. 5.1).
A white (K-containing) mica is often clearly visible in the veins

(Fig. 5.2a &b) but less obvious in clasts.

In this investigation the emphasis will be placed on the

translucent minerals of the veins only.

Fig. 5.1: A typical chlorite(chl)-quartz(qz) intergrowth from a
vein in agglomerate (GD1l at 21.80m).
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Fig. 5.2a: A chlorite(chl)-mica(m) vein in agglomerate; the

black grains are sulphides. (GD1l at 25.90m).

Fig. 5.2b: The same vein as in Fig. 5.2a under crossed Nicols,
showing the presence of a large amount of mica(m) intergrown

with chlorite(chl) in a vein.
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5.2 SIDERITE

Siderite is a sporadic constituent of veins and is in textural
equilibrium with quartz and chlorite as well as sulphides (usually
chalcopyrite and pyrite). Not much emphasis was placed on the
quartz + chlorite + siderite veins (Fig. 2.1 and 5.3) in the
brecciatéd zone, but microprobe analyses (Appendix G) showed
that the siderite is very high in iron. Oon a FeO-MnO-CaO
ternary diagram (Fig.5.4), the data points plot on the CaO-poor

side of the diagram.

Fig. 5.3: Siderite(sid) with quartz(gz) and sulphides(s) in a
vein in rhyolite (GD3 at 185.33m).

5.3 CHLORITE

5.3.1 Microscopical:

Representative samples for a microscopic investigation were taken
from the different chlorite occurrences, i.e. chloritic clasts and
chlorite- filled veins. An optical study showed that chlorite

occurs either as fine grained, dark green grains (typical of

40

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



chloritic clasts) (Fig. 5.5), or coarse grained, 1light green

grains (typically in veins) (Fig. 5.6).

FeO

P i T Sy S PP I
I o RS RS s
R s N ¢ [ s N
[Nl L (s 3

MnO CaO

Figure ©5.4: Siderite compositions plotted on a FeO-MnO-CaO

ternary diagram.

The fine-grained chlorites of the «clasts are occasionally
intergrown with a white mica and quartz, which increases the
mechanical hardness of the chloritic clasts in contrast to the
much softer chlorite in veins. The vein chlorites are associated
with quartz (Fig. 5.7a & b) and sulphides such as arsenopyrite,
sphalerite, pyrite and chalcopyrite. Chlorite-filled veins cut
through chloritic clasts and based on textural evidence the
original chloritic clast seems to have been subjected to a second
stage of <chloritisation with concomitant precipitation of
sulphides. These areas of replacement appear lighter in colour
than the rest of the clast. The optical study also proved that
sulphides (mainly chalcopyrite and pyrite) do occur occasionally
in clasts, but they are either associated with chlorite-filled
veins that cut through the clasts, or with areas of lighter colour

in the clasts.
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Fig. 5.5: Fine grained chlorite(a) in a clast, with adjacent
larger chlorite grains(b) of a vein under crossed Nicols (GD5 at
154.50m) .

Fig. 5.6: Coarse and fine grained chlorite(chl) and quartz(gz)
grains in a vein in agglomerate under crossed Nicols (GD3 at
154.30m) .
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Fig. 5.7a: An interesting intergrowth of chlorite(chl) and
quartz (qz) . The chlorite grains are elongated in the c-
direction and create a “worm-like” texture, under .crossed Nicols
(GD1 at 61.90m).

Fig. 5.7b: The same worm-like texture of chlorite(chl) in
quartz(gz) . To the left of the quartz grain is the typical
chlorite texture of a vein, under crossed Nicols (GD1l at
61.90m) .
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5.3.2 Crystal structure:

To understand the compositional changes of chlorite and their
dependence on the conditions of formation, it 1is necessary to
consider the structural properties of chlorite. The chlorite
structure consists of alternating talc - like (Y Z40,,[0H],) and
brucite - like (Y [OHl,,) layers, where Y represent octahedral and

Z tetrahedral sites (Fig. 5.8).

O + OH
‘Talc" sheet

o)

OH
‘Brucite’ sheet

r‘Talc‘ sheet

O Oxygen
O Hydroxyl
© Octahedral cations

e Tetrahedral cations

Figure 5.8: Idealised chlorite structure; projection on (010)

(from Brown and Bailey, 1962)

Chlorites are divided into two groups based on the number of
octahedral cations. If the number of octahedral cations per
0,,(OH),¢, is 12.0, and approximately equivalent amounts of a1’ are
present in the tetrahedral and octahedral sites, it is referred to
as tri-octahedral chlorite. Sometimes the number of octahedral
cations is less than 10, and these chlorites are then described as

di-octahedral chlorites (Deer et al., 1992).
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In order for a and b axis parameters to be similar and the
structure to be stable, it is essential that Al’" is present in
both the octahedral and tetrahedral layers. An Al content of 20 -
35 cation per cent is required for the best structural fit. The
basal spacing d,,; will reduce with a substitution of Al* for
(Mg®*,Fe®) and Al* for si**. The substitution of Mg’* by (Fe®*,Mn*")
will increase the a and b axis parameters (Deer et al., 1992). In
addition, substitution of Fe' or Cr’ ions for Mg>* in the
octahedral layers, accompanied by substitution of Al’" for Si*' in
the tetrahedral layers, results in contraction of the octahedral,
and expansion of the tetrahedral layers (Phillips, 1964).
Expansions or contractions like these may be displayed in the
powder XRD-pattern, where deviations of peak positions from the

ideal d values occur.

In re-calculating the microprobe analysis of chlorites into a
structural formula, the different site allocations of elements

* and Fe'" play an important role. A Mossbauer

like Al*, Fe
spectroscopy investigation by Townsend et al. (1986) on Mg-
chamosite, Mn-Mg-chamosite and Fe-clinochlore, proved that Fe ions
are not uniformly distributed in octahedral sites of the brucite-
layer and talc-layer. The octahedral sites in the talc-layer of

Mn-Mg-chamosite and Mg-chamosite contained 64 and 68 at%,

respectively, of the total Fe content (Kodama et al., 1982;
Townsend et al., 1986). Of the total Fe, at least 65 at% is in
the ferrous state (Kodama et al., 1982), which occurs in the two

different octahedral positions (i.e. in the brucite or talc

layer) .

The Fe’' is usually also octahedrally co-ordinated, but under
certain conditions and with an A1 deficiency, Fe’* can be
tetrahedrally co-ordinated (Goodman and Bain, 1979, 1978) .
However, according to Deer et al. (1992) this does not necessary
indicate oxidation of the ferrous iron. If oxidation of the
specimens did take place, so that the oxidation of Fe*' to re™
produces more than the normal amount of Fe’* and was accompanied

by hydrogen loss, the effect could be seen in a lower H,0 content

and less than 12 octahedral cations (Deer et al., 1992). 1In the
samples of chamosite studied by Kodama et al. (1982), the
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M&ssbauer spectra indicated no tetrahedral iron. A possible
explanation may be found in the hypothesis of Kodama and co-
workers (1982), that structurally strained Fe’* ions are
relatively easily oxidised because reduction in ionic radius from
0.74 (Fe®) to 0.64 A (Fe’) with oxidation should relax the

structural stress.

Stoessell (1984) experimentally investigated the effects of a
change in the Al** content in a four end-member solid solution
(amesite, chamosite, Fe’’-chamosite and talc-3 brucite) of
authigenic chlorite, while holding the molar Mg®'/Fe® ratio
constant. Trends in molar ratios of Mg®’'/Fe®’ should therefore be
independent of trends in Al content. Fe’'/(Fe’* + Fe®') ratios are
much more sensitive to changes in the conditions of formation
(Mather, 1970). According to Stoessell (1984) even small changes
in parameters like pressure, pH, and activities of HS and coﬁ'
seem to have a large effect on the aMgz*/aFe2+ molar ratio in the
process of precipitating chlorite. If equilibrium is not reached
due to reaction kinetics, these molar ratios may be preserved in
some chlorites (Stoessell, 1984). Therefore, the vein chlorites
could be expected to have a wide compositional range, due to the

constantly changing conditions of hydrothermal fluids.

5.3.3 X-xay diffraction:

The intergrowth of chlorite with other layered silicates 1like
biotite (Mellini et al., 1991), smectite (Nieto et al., 1994), or
illite and muscovite (Lee et al., 1984), is fairly common in
diagenetic chlorites. 1In hydrothermal chlorites, however, it is a
less frequent phenomenon, but still worthwhile to consider since

in some veins and clasts muscovite occurs together with chlorite.

With the use of X-ray powder diffraction, microprobe analysis and
transmission electron microscopy (TEM), Mellini et al. (1991)
discovered that a chlorite-like, hydrated mineral produced 16 -
16.5 A spacings in the XRD pattern and low oxide sums (in the
order of 79 - 85 wt%) in microprobe analysis. It was concluded
that this 16 A hydrated chlorite is a retrograde alteration

product that formed from the grains consisting of a chlorite-mica
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association. Interleaved with this 16 A material were also

lamellae of hematite.

The presence of mica-chlorite interlayering may ke detected in the
XRD pattern as a 16 A chlorite (Mellini et al., 1991). The
chlorites studied show peaks only in the range of 14.127 - 14.593
A. Although microscopic intergrowths between chlorite and mica

occur, these two sheet silicates do not seem to be interlayered.

The chlorites in the veins fall into two groups: chlorites with a
peak between 14.45 - 14.59 A and those with a peak between 14.12 -
14.24 A (Fig. 5.9). Chlorite of veins with associated
arsenopyrite falls mainly into the first group and chlorite of
veins further away from this zone, with less or no sulphides, into
the second group. The chlorite in the chloritic clasts is not
characteristic with regard to the d,,, peak and their values vary

from 14.12 - 14.83 A.

5.3.4 Chemical apalysis:

By determining the composition of the chlorites in the veins, it
was hoped to understand the nature of fluids causing the sulphide
mineralization. The movements and mixing, pH, and temperature of
this fluid phase(s) may be reflected in the Fe’'/Mg®’ ratio of the
vein chlorites (Shikazono and Kawahata, 1987), although the
Feh/Mgz* ratio of chlorite precipitating from ascending fluids
also depends on the extent of deviation from equilibrium between
fluids and surrounding rocks (Shikazono and Kawahata, 1987).
Thus, the Fez*/Mg2+ value of the host rock will have a direct
effect on the Fe®*/Mg®’ ratio of the chlorites forming in veins.
Cathelineau and Nieva (1985) postulated that the Fe/(Fe + Mg)
ratio is poorly correlated with temperature, but rather dependent
on the composition of the host rock. Giggenbach (1984) concluded
that a number of processes such as adiabatic and conductive
cooling and mixing of fluids can cause deviation from equilibrium

between fluids and surrounding rocks.
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Figure 5.9: Relationship between the relative intensity and the
dge; Vvalue in different chlorites. (M : chlorite in veins
associated with arsenopyrite; A: chlorite in barren veins in
agglomerate; * : chlorite in veins in rhyolite; [0 : chlorite

clasts)
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The redox state of the wall rocks had an influence on the exchange
of Fe and Mn between metamorphic fluids and vein chlorites from
Harlech Dome, north Wales. Bottrell and Yardley (1291) found that
while their predictions of Fe/Mn partitioning between fluid and
chlorite are good for veins from relatively oxidised rocks, vein
fluids from reduced hosts are enriched in iron. The reason for
Fe-enrichment could be additional Fe®* dissolving in the £fluid.
The same process may have had an influence on the Fe/Mg ratio of
chlorites in the studied system, causing a fractiocnation of Fe and
Mg between oxidising and reducing environments, because Fe’* is

more soluble that Fe’, which will precipitate immediately if

conditions change to a more oxidising environment.

Differences in colour, textures and age of chlorites imply
different conditions of formation. Therefore, both the chlorite
clasts and the chlorite in veins were analysed and compared with
regard to composition, mineral associations and, where possible,
also temperature of formation. Analysing the chlorite in clasts
was difficult because of its finely intergrown nature with quartz,
the chlorite in veins was normally large grains and gave good

analyses.

One of the problems with the microprobe analyses was to explain
the 1low totals. Apart from interlayering with other sheet
silicates and oxides, Ferrow and Roots (1989) found with a special
TEM technique that chlorites which deviate from the ideal chlorite
composition sometimes have missing talc-like and brucite-like
layers. Missing brucite-layers give a Si*" excess relative to the
ideal chlorite composition, and missing talc-layers give a si*
deficiency, both displayed in microprobe analysis (Veblen, 1983;
Ferrow and Roots, 1989). However, the microprobe analyses of
chlorites measured during this study did not show any major
deviation from the normal Si'* contents for chlorites. Because
the number of octahedral cations per 0,,(0H),¢ is in the order of

12, these chlorites are classified as tri-octahedral chlorites.

Since the vein chlorites in the study area show very 1little
variation in their Fe/(Fe + Mg) ratios of 0.91 to 1, they can be

classified as the iron rich member of the solid solution series
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amesite (Mg,Al,Si,0,,(OH],) - chamosite (Fe’*,A1,5i,0,,[OH],). Figure
5.10 shows the classification of chlorite according to its Si

content and Fe/(Fe + Mg + Mn) ratio. The chlorites of the study

area plot in the chamosite field in the upper left corner. This
composition is indeed very unusual for chlorites in a hydrothermal

vein system.
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Figure 5.10: Classification of chlorites (1) Mg-Al-chamosite (2)
Mg-chamosite (3) Fe-Al-clino-chlorite (4) Fe-clino-chlorite (5)

Fe-Si-clino-chlorite (after Bayliss, 1975). The chlorites from

the study area are indicated with a i.

5.3.5 Chlorite geothermometry:

"The non-stoichiometric behaviour of chlorite makes it a
potentially attractive geothermometer, as chlorite composition
records invaluable information about the physico-chemical
conditions prevailing during its formation. The condition for
this compositional geothermometer to perform satisfactory is that
it should directly relate chlorite composition to temperature of

formation" - De Caritat et al. (1993).
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The earliest chlorite geothermometer was based on the polytypism
of chlorite. The manner in which brucite- and talc-layers are
stacked in the z-direction defines the polytype of chlorite, and
four natural chlorite polytypes were distinguished by various
scientists (Bailey and Brown, 1962; Hayes, 1970): IIb, Ib (8=90°),
Ib (B8=97°) and Ia. Chlorite polytype geothermometery is presently
largely qualitative and 1lacks in-depth investigation of the
processes controlling polytype transition (De Caritat et al.,
1993). Therefore, this investigation will concentrate on the

geothermometers based on the composition of chlorite.

Compositional chlorite geothermometry can be grouped into two
categories, an empirical approach (Cathelineau and Nieva, 1985;
Cathelineau, 1988) and an approach whereby the thermodynamic

properties of chlorite components are considered (Walshe, 1986).

5.3.5.1 Empirical Approach:

The empirical approach has two advantages: firstly it takes into
account the compositional effects of a multitude of thermodynamic
variables that do not need to be measured, and secondly it is
simple to apply since it has the form of a linear function (De

Caritat et al., 1993).

Cathelineau and Nieva (1985) found a positive correlation between

™ and temperature in the Los Azufres geothermal system, Mexico,

Al
where chlorite constitutes a major hydrothermal alteration product
of an andesitic host rock. Temperatures range between 130° and
310°C and they suggested that al"Y could be wused as a
geothermometer on the condition that no other parameters like bulk
rock composition, nature of geothermal fluids, and pressure, vary

significantly. The derived equation is (Cathelineau and Nieva,

1985; Fig. 10):

T = 212.3181% 4+ 7.54 . it (5.1)

where T is in °C and AlY is the at% Al in the tetrahedral

position.
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Based on new data from Los Azufres (Cathelineau, 1988) and
recalculated data from the Salton Sea (McDowell and Elders, 1980),
Cathelineau (1988) derived at a more reliable relationship between
temperature and a1

T = 321.98A1" - 61.92. ... (5.2)

The Al" appears to be independent of rock composition and fluid

composition (De Caritat et al., 1993).

Several workers have suggested modifications to this approach.
Kranidiotis and MacLean (1987) calculated a corrected Alw, to
adapt this function to situations where chlorite grows in an Al-
saturated environment:

T = 106A1% . + 18. ...ttt (5.3)

where Al". = a1%, + 0.7[Fe/(Fe+Mg)]

AlwM = measured Al"

AlwC = calculated Al"

Jowett (1991) suggested a similar type of correction, derived form
an isothermal Fe/(Fe+Mg) normalisation, based on Salton Sea and
Los Azufres chlorite compositions. He claimed that this Fe-Mg-
modified geothermometer is applicable to a variety of systems in
the range 150°-325°C for chlorites with Fe/(Fe+Mg) < 0.6:

T = 319817 . - 69. . ittt e (5.4)

v

where Al". = A1", + 0.1[Fe/(Fe+Mg)]

These empirical geothermometers rely on the variation in Al"Y with
temperature and may be sensitive to changes in the activity of
ar* imposed by coexisting minerals via changes in activity of
species dissolved in the fluid phase (De Caritat et al., 1993).
De Caritat et al. (1993) -evaluated the different chlorite
geothermometers and concluded that the empirical thermometers
either overestimate or underestimate the temperature by roughly
75° - 215°C! Table 5.1 gives a summary of the four different

empirical geothermometers and their advantages and disadvantages.
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Table 5.1: Summary of the four empirical geothermometers

different
geothermal

systems

for changes in

Fe/ (Fe+Mg)

* Applicable to
Al-saturated

environment

Cathelineau and Cathelineau Kranidiotis and Jowett (1991)
Nieva (1985) (1988) MacLean (1387)
Equation 5.1 5.2 5.3 5.4
Study Area Los Azufres, Los Azufres and Phelps Dodge, Los Azufres and
Mexico Salton Sea Quebec Salton Sea
System Geothermal Geothermal Geothermal Geothermal
Host Rocks Andesite Feldspathic Rhyodacite and Andesite and
sandstone Rhyolite Sandstone
Limitations * Al-chlorite Work best for: * Al-
mol proportion > )
* Low Al- chlorite mol
0.24
chlorite mol
proportion
roportions
prop > 0.24
* Low Fe/(Fe+Mg)
* Fe/ (Fe+Mg)
< 0.6
Disadvantage * Based on one * Qver-estimate * Over/Under- * Qver-estimate
system only T by 75°-215°C estimate T by T more than
20°-150°C Cathelineau
(1988)
* Under-estimate
T when high Al- * Fe/(Fe+Mg)
chlorite mol < 0.6
proportions and
high Fe/ (Fe+Mg)
w * ALY
Advantages * Based on two * Al" corrected

corrected for
changes in

Fe/ (Fe+Mg)

* T ranges
between 50°-
325°C
(variety of

systems)
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5.3.5.2 Thermodynamic Approach:

Walshe (1986) developed a six-component chlorite solid solution
model to determine the conditions of chlorite formation in
hydrothermal systems. The activities of the six chlorite
components are calculated from chlorite composition. Assuming the
presence of quartz, these activities are then used to derive six
unknowns about the physico-chemical conditions of chlorite
formation: temperature, a(H,Si0,), a(al’")/a(®")?, a(R®)/a(®")?,
a(H,0) and fO, (Walshe, 1986). Kavaliers et al. (1990) used this
model very successfully in resolving the temperature and redox
state of the hydrothermal fluids that caused gold mineralization

in the Pani Volcanic Complex, Indonesia.

With an iron sulphide in equilibrium with chlorite and quartz it
is possible to determine the fS, of the fluid at the time of
precipitation. This gives a means of confirming the temperature
calculated by the thermometer, by looking at the temperature at
which a certain sulphide assemblage will coexist at a given f£8S,.
Together with the Eh of the environment, the availability of
sulphur to extract Fe from chlorite may be an important
controlling mechanisms for the Fe/Mg ratio of the chlorites. A
high activity of reduced sulphur results in the formation of
abundant pyrite and low Fe contents of coexisting chlorite and
sphalerite. In contrast, a lower sulphur activity in the
depositional environment produces lower Mg contents in chlorite,
Fe-rich sphalerite and possibly pyrrhotite (FeS,.,). Siderite may
precipitate if the amount of available dissolved carbonate is

sufficiently high (McLeod and Stanton, 1984).

The absence of either magnetite + pyrite or pyrrhotite + pyrite
assemblages means that the fS, and/or fO, cannot easily be
determined. Therefore, veins with pyrite, quartz and chlorite in
equilibrium were identified, in order to at least estimate the
fS,. The quartz + chlorite assemblage is rather common but
assemblages of quartz + chlorite + pyrite or chlorite + pyrite are
very rare. Chalcopyrite, and occasionally sphalerite and

arsenopyrite, occur with chlorite and quartz in the veins. These
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sulphides could ke used as indicators of the fS, instead of

pyrite.

All five thermometers (the four empirical and one thermodynamic
thermcmeter) were applied to calculate the formation temperature
of the chlorite in the veins. In evaluating the use of a
thermometer it 1is necessary to take all the advantages and
disadvantages into account, and then select a thermometer which
would reflect the formation conditions the best and fits the

mineralogical observations.

The first geothermometer (Cathelineau and Nieva, 1985) must be
treated with care since it is based on data from only one
geothermal system. Furthermore, Cathelineau and Nieva warned that
this thermometer can only be applied if thermo-chemical conditions
during chlorite formation stay fairly constant. This limitation
can disqualify this thermometer because conditions in a
hydrothermal system can be expected to change constantly. An
interesting aspect, however, is that of all the empirical
thermometers, this one gives temperatures closest to that of

Walshe's thermodynamic thermometer (Fig. 5.11).

The second thermometer (Cathelineau, 1988) was derived from data
from two different geothermal fields and the relationship between

™ and T should theoretical be more reliable. However,

Al
temperatures estimated are in the order of 50° - 80°C higher than

that of Walshe's geothermometer.

The two thermometers (Kranidiotis and MacLean, 1987; and Jowett,
1991) that make use of a calculated ar® value, give temperatures

that deviate even more from the thermodynamic thermometer of

Walshe. Kranidiotis and MacLean's thermometer derived
temperatures 70° - 100°C 1lower than Walshe's, and Jowett's
thermometer calculated temperatures in the order of 80° - 100°C

higher. Kranidiotis and MacLean (1987) did state, however, that
this thermometer may underestimate the formation temperature of
chlorites with a high Fe/(Fe+Mg) ratio. Likewise, Jowett (1991)
puts a limitation of less than 0.6 on the Fe/(Fe+Mg) ratio of

chlorites. Based on the high Fe content of chlorites in the
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studied area, it is unlikely that these two geothermometers could

give realistic temperature estimates.
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Figure 5.11: Histograms showing the result from the chlorite
geothermometers (Walshe = Walshe, 1986; Jowett = Jowett, 1991; K
& M = Kranidiotis and MacLean, 1987; Cath 1 = Cathelineau and

Nieva, 1985; Cath 2 = Cathelineau, 1988).

If Walshe's thermodynamic geothermometer is agreed on as the most
accurate one, the conclusion is that the temperature at which the
vein chlorites in the studied hydrothermal system precipitated is
between 315° and 360°C, the average of 33 analyses being 332°C (cC

= 12°QC).
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It is, however, dangerous to expect only one geothermometer to
give reliable estimates of the temperature range prevailing in
this hydrothermal system. Furthermore conditions in a
hydrothermal system are constantly changing, sc that data from
only one or two minerals in such a system cannot be taken as
representative of the system as a whole. This investigation
should therefore, be supported by a microthermometric study on

fluid inclusions in hydrothermal quartz (Chapter 7).
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Chapter 6

Sulphide mineralogy

6.1 ARSENOPYRITE

6.1.1 Mode of occurrence;

Arsenopyrite occurs in large quantities in chlorite + quartz
veins in the agglomerate (Fig. 6.1), together with other first
stage sulphides, mainly pyrite and chalcopyrite. Arsenopyrite
seems to be the sole host for gold, native bismuth, and two Bi-
containing sulphosalts (Fig. 6.2). Native bismuth and gold
occur as microscopic inclusions in arsenopyrite whereas the Bi-
containing sulphosalts and galena (together with chalcopyrite)
occur interstitially or as fracture fillings in the arsenopyrite
(Fig. 6.3). Where supergene alteration is more pronounced, the
arsenopyrite is replaced along fractures by blue Cu-sulphides

(Fig. 6.4).
6.1.2 Chemical composition:

A total of 682 microprobe analyses (Appendix H) show that
arsenopyrite contains an average of 4.0 (o = 1.97) at% Co,
resulting in a slightly lower Fe content (29.4 (o =2) at%) than
usual (33 (o=1) at%, Kretschmar and Scott, 1976). The average
atomic ratio As/S = 1.2, indicating As-rich arsenopyrite
possibly of high-temperature (Kretschmar and Scott, 1976).
Figure 6.5 shows the negative correlation between Fe and Co.
Other trace elements sometimes present in arsenopyrite (e.g. Ni,

Sb, Bi and Cu) are all below the lower limit of detection.

Native gold is also present in the arsenopyrite. Surface
adsorption is a mechanism to concentrate gold on arsenopyrite
(Renders and Seward, 1989). Bancroft and Jean (1982) suggested

that Au3+ is adsorbed on the sulphide as a hydrated or

hydrolysed species, and then reduced by the sulphide according
to the reaction (6.1):

2-

8AU™ + 3827 + 12Hp0 -> 8Au® + 3504°7 + 24HT...... (6.1)
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Fig. 6.1: Massive arsenopyrite(asp) in a matrix of chlorite(chl)

in a vein in agglomerate (GDl1l at 20.60m).

Fig. 6.2: Arsenopyrite(asp) with inclusions of native bismuth(Bi)
and gold(aAu), chalcopyrite(cp), and a Bi-sulphosalt(ss) (GD1l at
25.30m) .
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Fig. 6.3: Arsenopyrite (asp) with fracture fillings of
galena(ga), chalcopyrite(cp), and the Bi-sulphosalt(ss) (GD1l at
25.30m) .

Fig. 6.4: Arsenopyrite(asp) and pyrite(py) being replaced along
cracks by a copper sulphide(cs) (GD2 at 45.75m).

60

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



o)
(=)}
|

|

|

I

{8 w (9] w
(-] (=] [3S] S

Fe (w1%)

(9]
[=,}

[\
FN

N
(5]

Figure 6.5: The negative correlation between Fe and Co in

arsenopyrite (Spearman rank correlation coefficient = -0.9697)

6.1.3 Arsenopyrite geothermometery:

Cathelineau and co-workers (1989) found that Au-rich
arsenopyrites normally crystallise at low temperature (200° =+
50°C), whereas Au-poor arsenopyrites crystallise together with
native gold at temperatures ranging from 300° to 500°C. A more
reliable method of estimating the temperature of formation of

the arsenopyrite 1is by using the arsenopyrite geothermometer

described by Kretschmar and Scott (1976). However, they advised
the following precautions: (1) arsenopyrite should be chosen
with care from equilibrium, a(S3)-buffered assemblages. 1In vein

deposits, arsenopyrite can be assumed to be in equilibrium with
other simultaneously deposited minerals. It is, however, known
that high-temperature As-rich arsenopyrites can be overgrown by
low-temperature S-rich arsenopyrites. (2) The combined minor-

element content of the arsenopyrite should be < 1 wt%. (3) If

arsenopyrite is analysed by a powder-XRD technique, the dj33

value should be determined with a CaFy as a standard, using a, =

5.4626A for the fluorite (this is to be consistent with the

determinative curve in Fig. 3 by Kretschmar and Scott, 1976).
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(4) If arsenopyrite 1is analysed by electron microprobe, a
standard of proven homogeneity should be used but not with FeAsj
or As as standards, as the As is not bonded in the same way as
in arsenopyrite. The effect of pressure on the arsenopyrite
composition and the phase equilibria in the system Fe-As-S has
been discussed by Sharp et al. (1985) and Ayora et al. (1993).
They found that pressure has no influence on the ccmposition of
arsenopyrite coexisting with pyrite; hence pressure also does

not effect the determined temperature.

In the studied mineralised hydrothermal system, arsenopyrite
only coexists with pyrite and therefore falls in the field
arsenopyrite + pyrite + liquid (asp + py + L) on a T/at% As
diagram (Fig. 6.6). The indicated temperature will therefore,
be between 363° - 491°C. However, the average at% As in
arsenopyrite 1is 36, which does not agree with the supposed
stability field of asp + py + L. The reason for this
discrepancy is the high atomic As/S ratio, although the amount
of Co ( 4 at%) replacing the Fe may also be important (Fig.
6.7). Kretschmar and Scott (1976) were uncertain about the
effect of Co on the As/S ratio in arsenopyrite, other than that
it would increase the dj3; value. A plot of Co against the As/S
ratio (Fig. 6.8) shows a weak positive correlation between these

two variables.
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Figure 6.6: Pseudobinary T-X section along the pyrite-
loellingite join showing arsenopyrite composition as a function
of temperature and bulk composition, asp = arsenopyrite; py =
pyrite; 16 = 1loellingite; po = pyrrhotite; L = liquid (after
Kretschmar and Scott, 1976). The shaded area indicates the

field in which the arsenopyrite in the study area falls.
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Figure 6.8: Plot of Co against the As:S ratio in arsenopyrite

(Spearman rank correlation coefficient = 0.5680).
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6.2 Bi-Pb-Cu SULPHOSALTS

6.2.1 Mode of occurrence;

This second stage sulphide mineral, described as a sulphosalt,
normally occurs interstitially with respect to arsenopyrite
grains (Fig. 6.9), but single arsenopyrite crystals may also
occur in the sulphosalt (Fig. 6.10). In some areas the
sulphosalt appears to be replaced by copper sulphides (Fig. 6.11
and 6.12). In polished sections it has a light greyish to green
colour with a strong anisotropism, and it is clearly softer than

arsenopyrite and chalcopyrite, with no distinct euhedral shape.

6.2.2 Chemical composition

6.2.2.1 Bismuthinite-aikinite:

A semi-quantitative electron microprobe study (Appendix I)
indicated that it contains Bi, Pb, and Cu and probably belongs
to the solid-solution series aikinite (CuPbBiS;)-bismuthinite
(Bi,S;) (Fig. 6.13). Further treatment of the data support this
suggestion with the antipathetic behaviour of Bi and (Pb+Cu)
(Fig. 6.14). From Figure 6.14 the ratio Bi:(Pb+Cu) is roughly
1:1 which indicates that the composition of this sulphosalt may
plot close to krupkaite (CuPbBi;S¢). However, as for the
identity of the sulphosalt, no final conclusions can be drawn

from the semi-quantitative analyses.

6.2.2.2 Wittichenite:

In some areas the Bi-Pb-Cu-sulphosalt is rimmed by an optically
darker mineral (Fig. 6.10). Qualitative analyses indicate that
this is a Bi containing sulphosalt high in Cu and very low in
Pb. The ratio CuS:BipS3 seems to be close to 3:1 which implies
that this possibly represents wittichenite (3CupS.BipzS3) (Fig.
6.15). Wittichenite is a mineral in the solid solution series
chalcocite-bismuthinite, and in the studied assemblages this

sulphosalt is often replaced by a copper sulphide.
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Fig. 6.9: Bi-Pb-Cu sulphosalt (a) in spaces between
arsenopyrite(asp) grains. Note the strong anisotropism with
colours changing from dark grey to light green; photograph taken
with a blue filter (GDl at 25.50m).

Fig. 6.10: Single arsenopyrite(asp) crystals in the Bi-Pb-Cu
sulphosalt(a). The darker mineral on the rims and along cracks
is the Cu rich (Pb poor) sulphosalt(b). On the outer rims is a
copper sulphide(cs) overgrowth; photograph taken without a blue
filter (GD2 at 15.85m).
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Fig. 6.11: Bi-Pb-Cu sulphosalt(a) rimmed by copper-
sulphides (cs). The copper-sulphides replace the chlorite(chl);
oil-immersion (GD2 at 15.85m).

Fig. 6.12: Chalcopyrite(cp), Bi-Pb-Cu sulphosalt(a) and Bi-Cu
sulphosalt (b) rimmed and replaced by a copper-sulphide(cs). The
single crystals are arsenopyrite(asp); oil-immersion (GD1 at
47.20m) .
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the investigated sulphosalt.
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6.3 SPHALERITE
6.3.1 Mode of ocgurrence:

More or less equigranular sphalerite together with cther sulphides

are disseminated in the agglomerate matrix (Fig. 6.16 and 6.17).

Small grains were spcradically okserved in veins. Charac:terxistic
of &all the sphalerite is “chalcopyrice-disease” (Fig. 6.18)

(Bar-on, 1973; Barton, and Bethke, 1987; Bente and Doering, 15°3),
and white intermal reflections. Spcradically, pyrite seems to be
replaced by sphalerite (Fig. 6.19), although this texture can also
be interpreted as pvrite “inclusions” in sphalerite. Galena is

present in small amounts between sphalerite grains.

Figure 6.18 illustrates twc possible generations cf sghalerice.
The areas with a larger amount of chalcopvrite inclusions might
represent an older (and pessibly higher tsmperature) phase,
whereas the arsas bezween these “grains” have less inclusions and

-

must have formed at a latsr stage. The £irst generation
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sphalerita2 sesms to have be=n broken up in fragments and “welded”

tcgecher by the seccnd generazicn.

6.3.2 Zhemizsl 3na.vsag:

Quantitative micrcprobe analyses (Appendix J) of disseminated
sphalerite in the agglomerats showed that it contains only very
small amcunts c¢f Fe (up to a maximum c¢f£ 1.8 wt%) and Cu (maximum
cf 1.6 wt%) (Fig. 6.20a & 6.20b). The lcw concentraticn cf F=2 is

the reascn for the white internal reflecticns.

6.3.3 Sphalerite gecthermometexy:

Sphalerite coexists with pyrite, in an environment that is
predominantly ircn rich (e.g. Fe-rich chlorite). According to
the stability diagram (Fig. 6.21) of Barton and Toulmin (1966)
the disseminated sphalerite in the study area will £all
scmewhere in the sphalerite + pyrite field at a very low FeS
(mol%), close to 0. Therefore, the maximum temperature of

formation could have been approximately 500°C.

PYRITE

Pyrite f£fills veins and also occurs as disseminated grains of
varying size in the matrix of the agglomerate. In some polished
sections, the pyrite crystallised in strings of small euhedral
grains, surrounded by either silicates or sphalerite.
Occasionally, pyrite was observed as possible "remnants" replaced
by sphalerite (Fig. 6.19) and chalcopyrite. Pyrite also appears

as inclusions in sphalerite, arsenopyrite, and chalcopyrite.

In the zone of supergene alteration pyrite is often replaced by a
copper-sulphide along rims or fractures in the pyrite crystal
(Fig. 6.4). Pyrite also occurs as cataclasts in some of the
chloritic veins. Smaller amounts of pyrite were found in chlorite
+ quartz veins (GD1 and GD2) and quartz + siderite veins (GD3) in

the rhyolite.
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Fig. 6.16: Disseminated sphalerite(sph), chalcopyrite(cp),
covellite(cv) and pyrite(py) in the matrix of the agglomerate;

oil-immersion (GD2 at 20.20m).

Fig. 6.17: Disseminated sphalerite(sph) with pyrite(py) and
galena(ga) in the agglomerate matrix; oil-immersion (GD1l at

70.50m) .
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Fig. 6.18: Sphalerite with chalcopyrite (cp) inclusions
(“chalcopyrite-disease”); oil-immersion. The areas with lesser
inclusions may be a second(2) generation that differs from the
first (1) generation sphalerite (GD2 at 75.65m).

Fig. 6.19: Pyrite(py) inclusions in sphalerite(sph); oil-
immersion (GD2 at 75.65m).
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Figure 6.20b : Histogram of the Cu contents in disseminated

(n = 79) (The values indicate the middle point of

sphalerite

each class).
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1966) .
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respectively.

6.5 CHALCOPYRITE

Like pyrite, chalcopyrite is very common in all the vein types as

well as in the matrix of the agglomerate. Chalcopyrite is often
overgrown or replaced by copper-sulphides in the zone of supergene
alteration (Fig. 6.12), but unaltered chalcopyrite was also

observed, with sporadic replacement of bornite along small cracks

Galena and pyrite are occasionally present as

inclusions in
chalcopyrite.

Chalcopyrite, along with the sulphosalts and galena, is present as

fracture fillings and also as inclusions in arsenopyrite grains,
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(Fig. 6.22). In sphalerite dominaced arsas, chalcopyrite cccurs
as "chalccoyrits-diss2ase" (Fig. 6.23) (Barten, 1973; Barteor, and
Bethka, 1987; Benta and CLCcering, 1993) in the sphalarite.
Assemblages with puvritca ars commen in quartz veins in th
brecciated zone lketween the underlying rhyolite and agglcmera:zsz,

and in guartz + siderit2 veins in the red rhyolites cof GD3.

COPPER SULPHIDES

A  variety co¢f different copper sulphides (scmetimes finely
intergrown) are present in the zone of supergene alteration. By
means cf XRD anralyses it was shown that the copper sulphides
comprise digenite (Cu,Ss), djurleite (Cu,yS.s), roxbyite (Cu.S,), and
covellits (CuS) (Fig. 6.24), and possibly other intermediate
ccmpositions associated with malachite and goethite. These copper
sulphides frequently rim/overgrow chalccpyrite and replace pyrite,
and arsenopyrite (Fig. 6.12 and 6.25). In some areas chlorite
seems to be replaced by the copper sulphide minerals (Fig. 6.11).

Figure 6.26 illustrates the different phases in the Cu-S system.

GALENA

Although present in minor amounts, galena is common in veins and
as disseminations in the matrix of the agglomerate. It coexists
with many of the sulphides discussed, either as inclusions in
arsenopyrite, chalcopyrite, and sphalerite, or as fracture
fillings 1in arsenopyrite (Fig. 6.27). Unlike the pyrite,
chalcopyrite, and arsenopyrite, galena is not affected by
supergene alteration. Although widely distributed in small

amounts, galena shows no preferential association with sphalerite.

NATIVE BISMUTH

Native bismuth is only present in the arsenopyrite as small
inclusions (Fig. 6.28). Because no thermal expansion cracks could
be observed in the arsenopyrite (Ramdohr, 1975), it can be assumed
that native bismuth was included in the arsenopyrite as an already
crystallised phase. It is not associated with any other sulphide

mineral in the arsenopyrite, but does occur with gold.
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6.9 NATIVE GOLD

Like the case with native bismuth, gold also only occurs in the

arsenopyrite in very small amounts (Fig. 6.2).

Fig. 6.22: Chalcopyrite(cp) together with the Bi-Pb-Cu
sulphosalt(a) as inclusions in arsenopyrite(asp); oil-immersion

(GD1 at 25.50m).
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Fig. 6.23: Chalcopyrite(cp) as inclusions or “chalcopyrite-
disease” in sphalerite(sph) and larger chalcopyrite grains
associated with sphalerite. Two generations sphalerite can be

seen (1) and (2); oil-immersion (GD2 at 75.65m).

Fig. 6.24: Covellite grain, with strong anisotropism; oil-

immersion (GD2 at 32.10m).
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Fig. 6.25: Copper-sulphides(cs) replacing arsenopyrite(asp)

along the rims and cracks; in oil (GD1l at 46.85m).
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Fig.6.26: Temperature-composition diagram of condensed phases in

the Cu - S system (after Roseboom, 1966).
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Fig. 6.27: Galena(ga) between arsenopyrite(asp) grains together
with chalcopyrite(cp); oil-immersion with a blue filter (GD1l at

25.30m) .

Fig. 6.28: Native bismuth(Bi) as inclusion in arsenopyrite(asp);

oil-immersion with a blue filter (GD1l at 25.30m).
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Chapter 7

Properties of the fluid inclusions

7.1 INTRODUCTION

Fluid inclusion studies proved to be a valuable tool in the
understanding of ore transport and deposition in hydrothermal
systems (Roedder, 1979; Spconer, 1981) as well as other
petrogenetic processes. Minerals most favourable for
observation of fluid inclusions are the transparent minerals
e.g. quartz, fluorite, halite and calcite. The strong cleavage
of the carbonate and halide minerals can cause leakage of the
fluids during ccoling; therefore quartz is more often used.
Opaque minerals, like sphalerite and galena, can only be studied
with the aid of a special infra-red microscope (Calas et al.,
1976) . For this study only fluid inclusions in quartz were

investigated.

To be able to use fluid inclusions and the information derived
from them, it is generally assumed that at least some of the
inclusions are primary (P) and that these P-inclusions are truly
representative of the £fluids present during primary crystal
growth. It must also be assumed that the inclusions studied
behaved as closed systems since trapping (Shepherd et al.,
1985), meaning that none of the contents leaked after trapping.
Secondary (S) and pseudo-secondary (PS) fluid inclusions are an

indication that the rock has been subjected to alteration.

Geologically, fluid inclusions (1) help to estimate the
composition of the fluids present during crystallisation of
minerals; (2) predict whether the determined pressure-

temperature (PT) state of the fluid favours ore deposition (e.g.

when and if the fluids boiled) (Shepherd et al., 1985); (3) aid
to determine patterns of fluid flow, (i.e. to outline areas
where fluid activity has been most pronounced); and (4) aid in

mineral exploration (e.g. to “fingerprint” certain types of ore-
forming fluids, to characterise particular ore mineral

assemblages and to define areas where these fluids are most

likely to concentrate). To answer any of these questions will
already be a significant accomplishment. To assist in this
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quest, different techniques can be wused to determine the
composition of the inclusion fluid and the possible PT

conditions.

DETERMINATION OF CHEMICAL COMPOSITION

To estimate the general chemical composition of the inclusion is
problematic but to determine the exact composition is almost
impossible without the utilisation of Thighly specialised
analytical equipment. The most common quantitative technique
used is the crush-leach method, whereby the sample is crushed
under water and the resulting solution, containing the soluble
inclusion contents in diluted form, is chemically analysed
(Roedder, 1972; Poty et al., 1974). The foremost problems with
this technique are contamination during preparation and
disregard of the types of inclusions. Therefore, a technique
where individual inclusions can be measured separately will be

much more meaningful. Raman spectroscopy is such a technique,

2
but is restricted to polyatomic species (e.g. SO, , CO, and NaCl)

only. It will not give a quantitative indication on the

chemical composition of the inclusion, because mono-atomic ions

.
in aqueous solution (e.g. Na , Cl ) cannot be measured.

A method, neither well known nor generally used, 1is the
technique of decrepitation, whereby an inclusion is heated under
vacuum until it bursts. After the contents of the inclusion
have been released it 1is cooled down rapidly to ensure
crystallisation of the fluid phase(s) on the surface of the
sample. While the sample is kept under vacuum, the composition
of the newly formed crystals on the surface are determined by an
electron microprobe (Haynes et al., 1988; Samson et al., 1995).
This technique is, however, unable to give a quantitative
account of all the components in the inclusion due to the fact

that certain complexes will evaporate at such high temperatures.

Therefore, with restricted time and equipment, most researchers
have to be satisfied with a mere estimation of the composition
of the inclusions. In hydrothermal systems, minerals that
formed at high temperatures are commonly characterised by two-
phase (vapour + liquid) inclusions. These tiny vapour bubbles
(which formed due to thermal contraction of f£luid during
cooling) are used in estimating the salinity of the inclusion

fluid.
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Double-pclished sections (wafers) of a transparent mineral (e.g.
quartz) are prepared and first studied microscepically to
identify the areas with inclusions to be analysed. The section
is then placed on a heating-freezing stage attached to an
optical microscope. While watching the inclusion closely, the
temperature 1is slowly lowered (below 0°C), until the content of
the inclusion has solidified. Scmetimes this temperaturs is
indicated by the disappearance or contraction of the wvapour
bubble. The temperature at which the inclusion-liquid finally
freezes does not provide a reliable estimate of composition.
The degree of supercooling (i.e. the actual temperature of
solidification below the temperature of freezing) is strongly
dependent on the presence or absence of sites for the nucleation
of crystals (Shepherd et al., 1985). Interestingly, nucleation
is triggered during slow heating and the contents of the
inclusion freeze instantaneously. On continued heating the
contents melt again, until the slowly appearing vapour bubble
has grown to its original size. This 1s an indication that
melting is completed, and is recorded as the melting temperature

(Tm) .«

Conventionally, ice melting temperatures (T,) are reported as
“weight % NaCl equivalents”, but other salts (e.g. KCl, MgCl, and
CacCl,) are likely to contribute to the salt content as well. The
higher the salt content, the lower Ty, and the closer Ty to 0°C,
the lower the salt content (i.e. the purer the aqueous solution)
(Shepherd et al., 1985). Figure 7.1 shows the depression of the
freezing point of pure water as a function of the wt% salt in

solution.

DETERMINATION OF TEMPERATURE OF FORMATION

The potential to use inclusions as geothermometers lies in the
fact that the higher the proportion of vapour, the higher the
trapping temperature (Tt). The trapping temperature is defined
as the temperature at which a specific host mineral formed and

entrapped the present fluid phase(s).

The most commonly used method to determine the temperature at

which a mineral, or mineral association, formed, is the
technique of heating the inclusion. The wafer is placed on a
heating-freezing stage, attached to an optical microscope. The
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stage is heated and the temperature at which the vapour bubble
disappears is referred to as the temperature of homogenisaticn
(Tp) . Normally this temperature is preceded by a stage where the
vapour bubble starts to move around vigorously and is slowly
shrinking until it completely disappears. Th 1is rarely
equivalent to the temperature at which the inclusion was
entrapped during crystal growth (Tt). The difference between Tp
and Tt is a function of pressure and density of the fluid and is

generally compensated for by a “pressure correction” (Shepherd
et al., 1985).
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Figure 7.1: Depression of the freezing point of pure water as a
function of the wt% salt in solution for NaCl, KC1l, CacCl, and
MgCl, (from Shepherd et al., 1985).

On a temperature-pressure diagram like Figure 7.2, the coocling
path which individual inclusions will follow since trapping are
defined by lines of constant density or “isochores” (of which
the slope is a function of density). T, is normally in the
“liquid only”- field and by lowering the temperature the
internal pressure will decrease and the inclusion reaches the
boiling curve where a “gas” phase can coexist with a fluid. Ty,
is measured at the intersection of the relevant isochore and the
boiling curve. The three unknowns are T, T, and P: T, is
measured on the heating stage and pressure or depth is estimated
using geological or geobarometer information, T, is then read

from the diagram. The “pressure correction” is, therefore, the
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temperature difference (based on P) added to T, to represent the

true temperature cf formation.

1 o/

Liquid 9

Figure 7.2: Behaviour of an initially homogeneous and closed
isovolumic fluid inclusion upon cooling from trapping
temperature (T.) to room temperature. In such a system, the
overall density is constant, and the internal P and T are
unequivocally related. Upon reheating in the laboratory, the
inclusion follows the reverse path, so that T, < T, (after

Pecher, 1984).

A third temperature that can be measured is the temperature of
decrepitation (Tg). This is the temperature at which the
inclusion will burst on heating. Parilov et al. (1990) showed
through an experimental study that at low pressures, not only

Th, but also Tg can be used for thermometric investigations.

They found that for salt concentrations of 10-80 wt%, and
pressures of 20 - 60 MPa, the temperature of mineralization
using the homogenisation method, is estimated at most 10-15 %
too low, and the decrepitation method, the temperature
determined can be at most 105°C too high or too low (Parilov et
al., 1990). The method of vacuum decrepitation can be used on a

broad range of minerals, including sulphides.
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7.4 RESULTS AND DISCUSSION
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Generally three groups of inclusions could be identified (Fig.
7.3): those with a very low Ty between -20° and -30°C (i.e. 18-
29 eqg. wt% NaCl); inclusions with T, between -10° and -20°C
(i.e. 6-16 eq. wt% NaCl); and the last group which have melting
temperatures close to 0° C (i.e. 0-4 eg. wt% NacCl).
Unfortunately, inclusions which appear to be primary do not

fall exclusively into any particular group.
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Figure 7.3: A plot of salinity (eq. wt% NacCl) and
homogenisation temperature (T,) in °C. Three groups of
inclusions can be identified: Group I with a generally Ilow
salinity, group II of intermediate salinities and a wide range
of temperatures, and group III that has a much higher average

salinity and a trend towards lower temperatures.
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If it is assumed that the group II inclusions contain the
original fluid responsible for formation <¢f the mineral
assemblages in the veins, two trends can be interpreted. Group
I inclusions show a direct decrease in salinity that may
indicate mixing with a less saline fluid (possibly
groundwater) . The group III inclusions can be interpreted as
the result of beiling and slight cooling (Shepherd et al.,
1985) of the original €£luid. The drop in temperature can ke
explained by adiabatic cooling during boiling, whereas physical
separation of the liquid and vapour during boiling results in a
liquid trend towards higher salinities. However, Shepherd et
al. (1985) cautioned that this trend can only be interpreted as
boiling if “it can be shown that (1) there are vapour
inclusions which homogenise into the vapour state (L + V -> V)
over the same temperature range as the liquid inclusions, and
if (2) the inclusions were trapped simultaneously.”
Homogenisation of the inclusion into the vapour phase cannot
always be observed, and such an inclusion can be unnoticeably

small and therefore cannot being analysed.

If adiabatic boiling did indeed take place during the ascent of
the hydrothermal fluid, it will have a pronounced effect on the
deposition of precious (i.e. gold and silver) and base metals.
The mechanisms active during transport and deposition of
precious and base metals will be discussed in Chapter 8. At
this stage it can be mentioned that the transport form, most
likely to have been responsible for the mobilisation and
movement of some of these metals, was HS  complexes. During
boiling, these complexes became unstable and this resulted in
the deposition of mainly sulphides with lesser gold in the

veins.

The salinities of the group II inclusions appear to fall within
the salinity range for epithermal vein deposits containing base
metal sulphides (Sillitoe, 1977; Buchanan, 1981), which have
apparent fluid inclusion salinities ranging from 0.1 to over 13
eg. wt % NacCl. For inclusions from precious metal vein
deposits, apparent salinities range from 0 to 3 eq. wt% NacCl
and average less than 1.5 eqg. wt% NaCl according to Hedenquist
and Henley (1985). The experiments of Wood (1987) imply that a
salinity of 3 eqg. wt% NaCl is most favourable to mobilise gold
from source rocks while leaving base metals behind. Therefore,

it can be deduced that the fluid responsible for the transport
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of metal-complexes had a salinity between 6 and 13 eqg. wt$% NaCl
(Group II), and even after mixing with cooler, 1less saline
ground water, was still able to transport certain metals (like
gold).

On heating, temperatures of homogenisation (T,) varied over a
wide range of relatively low values (~100° - 300° C ). The T,
represents only the minimum possible temperature at which an
inclusion was enclosed. If a depth of roughly 1000m is
assumed, the pressure correction will be between 50° - 100°C.
This means that the temperature of formation (T.) of the
inclusion (and accordingly the mineral assemblages in the
veins) will be generally 50° - 100°C higher than T, (i.e. 150 -
380°C). The temperatures of homogenisation (T,) (Fig. 7.4) do
not fall into well defined classes. Most of the T,’'s fall
between 200° and 300°C and the rest are lower than 200°C. If
the pressure correction 1is taken into account (that is
estimated at 1000 bars for this layer in the Rooiberg Felsites)
the temperature of trapping will be almost 50° - 100°C higher,
depending on the density of the fluid (i.e. slope of the
isochore) . Therefore, the temperature of formation (of at
least the quartz in the veins) ranges between 150° and 380°C
(Fig. 7.5). This temperature interval overlaps with the
temperatures obtained from the chlorite geothermometer (315° -
360°C) . The lower (<250°C) temperatures probably represent a
stage of alteration by a later, cooler fluid with different
physico-chemical conditions. In the sulphide mineralogy there
is clear evidence of the presence of later (cooler) fluids that

circulated through the same vein system.

Therefore, although fluid inclusion studies do not
unambiguously unravel the history of fluids responsible for a
hydrothermal deposit, they do provide information that may be
valuable in formulating a model. In this study it became clear
that the original fluid most probably underwent boiling but
also mixed with a cooler, less saline fluid. The temperatures
at which this system operated varies between 100° and 350°C,

and represents various stages of hydrothermal activity.
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Figure 7.4: Isochore diagram showing the lines of equal density
for the inclusions analysed in this study. A pressure of 1000
bars is taken as the possible pressure of formation and
subsequent entrapment of fluid inclusions. This implies that
the temperature of trapping (T.) will be the temperatures where
the isochore cuts the 1000 bars line. (The curved line is the
liquid-vapour curve and the straight 1line indicates the
geothermal gradient.)
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Figure 7.5: Histogram of the pressure corrected temperatures in
the £fluid inclusion (The values indicate the middle point of

each class).
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Chapter 8

The hydrothermal system

8.1 ACQUISITION AND TRANSPORT OF ORE~-FORMING ELEMENTS

Althocugh a number of inter-related parameters influence the
character and size of an ore deposit, two of the more important
parameters are the source of the ore-forming components (i.e.

metals and ligands) and the origin of the ore-forming fluid.

Hemley and Hunt (1992) classify the acquisition of ore-forming
elements by a hydrothermal fluid in three groups: (a) The first
is the process of acid volatile and exotic element enrichment in
magma, resulting from crystal fractionation and/or other
differentiation processes, followed by separation of an aqueous
phase and its partitioned constituents. (b) The second process
is the dissolution of minerals; and (c) thirdly the leaching of
trace elements from unmineralised source- or host rocks at a,

late magmatic and post-solidification stage.

It is generally agreed on that metals are leached by the
solution from the rocks of the hydrothermal system, but the
country rocks through which this fluid migrates determine to a
great extent the element concentrations and complexes in
solution, as well as the leaching properties of the fluid. The
source of the sulphur may be the same as that of the metals or
may be derived by the organic or inorganic reduction from

seawater sulphate (Franklin et al., 1981).

Scurces for hydrothermal fluids include seawater or groundwater,
juvenile or modified magmatic water, or metamorphic fluids
evolved during the devolatalisation of buried sequences (Barnes,
1979). Through the years, careful case studies and experimental
work established in a broad sense the signatures of these types
of hydrothermal fluids. Skinner (1979), for example, concluded
that modern near-surface ore forming fluids (e.g. groundwater
and seawater) are commonly brines. Acid sulphate-chloride
waters can be attributed to magmatic processes (White, 1975),
whereas metamorphic rocks (Crawford, 1981; Roedder, 1984),

epithermal (Henley, 1985) and Archean gold deposits (Kerrich and
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Fryer, 1981) are typically COz-enriched. Mixing and dilution of

the original ore-forming fluid is 1likely to have taken place
during its ascent; however, with the use of light stable isotope
ratios (e.g. *H/'H and ?*®0/**0) it can be estimated what the

origin (and history) of the fluid was.

8.1.1 Gold and base metal complexing:

The complexing ability of a hydrothermal fluid strongly depends
on its physical and chemical properties. For this reason it is
important to know what the different “transporting agents” for
precious and base metals are, and to understand under which

conditions they will operate optimally.

In view of the high ionisation energy of Au and the very low
stability of  Thydrated gold, gold-complexing 1ligands are
necessary to transport dissolved gold in solution (Phillips and
Groves, 1983). Two ionic forms (Au* and Au’*) are common in
nature, but at the relatively high temperatures and low oxygen
fugacities in the geochemical environment, the solubility of Au’
is negligible (Seward, 1976). Monovalent gold has a strong
tendency to form linear, two-co-ordinated complexes (Puddephatt,
1978) and this together with its soft base character (Ahrland et
al., 1958) are properties that affect its transport in solution.
Ligands of potential importance in the complexing of Au® in

natural hydrothermal fluids are listed in Table 8.1.

Table 8.1: Ligands of potential importance in the complexing of

gold(I) in natural hydrothermal fluids (from Seward, 1991).

Increasing Stability

\ 4

cl” Br 1

HS~ s2- sn’” | 5203%7 | snog®”
AS3SG3- Sb3853- Te22-

NH3 OH

CN~ SCN~

The stability of the simple tri-atomic gold-halogen complexes

(e.g. AuCly ) increase in the sequence: Cl~ < Br < I . Seward
(1991) calculated that the AuIl; complex is about ten orders of

magnitude more stable than the AuCly complex. However, due to

the small concentration of I~ in hydrothermal systems, this type
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of complexing will not transport ore-forming amounts of gold in
solution. In saline hydrothermal systems, Cl  will be the
common transport agent for gold (and base metals) according to

the reaction (Seward, 1991):

Au° + 2C1° + H' = Aucly™ + BHD (g) e v vvvnnrnnennns (8.1)

On the other hand, the ligands that play a fundamental role in
the transport and deposition of gold by most hydrothermal fluids
are the hydrosulphide complexes, HS™, (HS), and (HS), (Seward,
1973). These are present in appreciable concentrations in ore-
forming fluids as reduced sulphur, and will complex with gold

according to the reaction (Seward, 1991):

Au® + H2S(ag) + HS = Au(HS)2 + HH2(g) ++vvvv-- (8.2)

Large polarisable ligands (soft bases), such as HS tend to form
complexes selectively with large, weakly charged cations (soft
acids) of which au’ is one of the best examples (Ahrland et al.,
1958) . From their size and charge characteristics, Ag, Cu and
other base metals might be expected to show weaker soft base
features than Au’ (Pearson, 1963). Crerar et al. (1985)
predicted that the cut ion may prefer bisulphide complexing,
whereas the Cu2+ ion may prefer chloride complexing. Other

elements that form soft acids include As, Sb and Hg (Crerar et

al., 1985).

Kerrich and Fryer (1981) found that in massive base metal
sulphide deposits, Cu, Pb, 2n, Ag, and Au are all enriched by
similar amounts relative to their crustal abundances, suggesting
a common form of transport, probably as chloride complexes.
Except at low fluid/rock ratios, at which relative metal
solubilities may be important (Kerrich and Fryer, 1981),
chloride (being a hard base) would be unselective in its metal
complexing, and metal concentration in solution would broadly

reflect source abundances.

In contrast to most metals (e.g. Fe, Pb, and 2Zn) which form

chloride complexes, As concentration in a fluid is not
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correlated with that of chloride. Aqueous As species occur
predominantly in two oxidation states, As?* and As®**. Although
As®* and As® both occur in hot spring fluids, As?* predominates
in springs related to reservoir fluids, whereas As®* dominates in
acid sulphate and bicarbonate springs. The concentrations of As
in geothermal fluids range from less than 0.1 to nearly 50 ppm
(Rallantyne and Moore, 1988). Yokoyama and co-workers (1993)
found that arsenic was mostly present as As> in geothermal
waters irectly discharged from geothermal wells, but the
geothermal samples have be acidified to a pH of 2 immediately
after sampling to prevent oxidation to As®*. Therefore, a low pH
will stabilise As®*. Criaud and Fouillac (1989) confirmed that
fluids directly related to hydrothermal systems contain mainly
As?*, whereas acid sulphate springs have a variable As’* content.
Bicarbonate waters are generally enriched in oxidised As. In
their discussion on arsenic in geothermal systems, Ballantyne
and Moore (1988) stated that the As content of the reservoir

fluids varies inversely with Pysg and directly with temperature.

Most base metals will be transported as Cl complexes, but it is
generally accepted that gold transportation as a chlorine
complex will be favoured at high temperatures (> 300°C), whereas
the Au(HS),; complex is more common in lower temperature fluids

(150°-300°C) (Large et al., 1989). These temperatures are,

however, dependent on very specific pH, salinities, and fo32.

For example, Large and co-workers (1989) estimated that the

switchover from AuCl, transport to Au(HS)s will be at 290°C
for a pH of 4 (Fig. 8.1) but drop to 272°C for a pH of 3.5.
Figure 8.2 shows the effect of salinity on the solubility of

Au(HS) and AuCl; complexes, at a fixed temperature.

According to Pearson’s rule (1963), in a competitive situation,
the soft acids bind preferentially with soft bases, and hard
acids with hard bases. From this it can be derived that HS and
HyS form strong complexes with Au, Ag and Cu and weaker
complexes with Fe. on the other hand, the Cl  base form
stronger complexes with Fe, Pb and Zn. Crerar et al. (1985)
argued that Pearson’s rule is only valid for temperatures to at
least  200° ¢ and 1if there are 1large differences in
hardness/softness. Seward (1981) pointed out that at higher

temperatures, all metal-ligand interactions become harder.
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Figure 8.1: The predominant form of transport for gold: thio-
complex and chloro-complex. Under these conditions the

switchover line (S) is at 290°C, with the AuClz  complex more

stable above 290°C (from Large et al., 1989).
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Figure 8.2: The effect of salinity on the solubility of the

Au(HS)3  and AuCly complex for pH = 4, log a(H;S) = -3, and T =

300°C (from Large et al., 1989).
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Therefore, the two important transporting ions of gold in
hydrothermal systems are Cl~ and HS . Generally, most of the
base metals tend to form Cl  complexes, although some of them
may be transported as HS  complexes under low salinity,
sulphide-rich conditions (Table 8.2). The further discussion of
gold and base metals in solution assumes one of these complexes

to be the major transporting agent.

Table 8.2: Summary of principal dissolution reactions for metals
(and metal sulphides) tabulated in decreasing order of affinity

for bisulphide ligand (from Hemley, 1990)

HS
4

Au + 2H,S = Au(HS),” + H' + ¥H,

Ag

Cu

PbS + 2H" + 2C1l° = PbCl, + H,S

Zn L
Ccr

8.1.2 Fluid properties:

The physico-chemical properties at each stage during ascent of
the hydrothermal fluid are of utmost importance when gold and
metal complexing are discussed. Properties 1like temperature,
PH, salinity, fo2. fs2 and COz-content tend to change
continuously and affect each other strongly. Many of these
changes are strongly influenced by the properties of the country
rocks through which the fluid migrates at that stage. When the
history of migration of the fluid is studied, each change in
physico-chemical property is normally characterised by the
precipitation or dissolution of a specific mineral, solid
solution or mineral assemblage. One of these stages might lead
to the precipitation of gold and/or base metals (sometimes in

ore amounts) .

Two conditions are of importance in ore formation: firstly the
conditions under which gold and metals will be transported by
the hydrothermal fluid and secondly the conditions undexr which

deposition from this £luid will take place.
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Hemley and Hunt (1992) postulated that the transport path of a
hydrothermal fluid is 1likely to 1lie somewhere between an
adiabatic (no heat 1leoss to adjacent rocks) and a geothermal
(complete thermal equilibration with adjacent rock) path. In
such a “quasi-adiabatic” setting, the pressure effect on rock-
buffered metal solubilities is significant. This effect will
allow metal transport over long distances, because the trend of
decreasing metal solubility with decreasing temperature is
compensated by the trend of increasing metal solubility with

decreasing pressure.

Large et al. (1989) summarised a list of parameters which favour
high gold grades in zinc- and copper-rich zones of volcanogenic
massive sulphide deposits. These two gold associations relate

to different gold transport mechanisms. Gold in zinc ores is

considered to be transported as the Au(HS); complex at moderate
temperatures (150° - 280°C), moderate pH (4.5 - 6), high agy and
moderate foz. A low FeS content in sphalerite (Zn > 10 %) is

characteristic. In copper ores, gold is transported as the

Au(Cl)s complex at high temperatures (> 300°C), low pH (< 4.5),
high salinity (> 5 wt% NaCl), and moderate to high fop3. In
these ores, copper is generally more than 2 wt¥%. However,
Hannington and Scott (1989) cautioned that the Cu-Au association
by itself is insufficient proof for chloride complexing of gold.
They found enrichment of gold in pyrite-chalcopyrite assemblages

at some HpS-rich vent sites.

Low foz solutions will not be expected to transport gold, but

could derive other metals from the silicates in sediments during

metasomatism (Helgeson, 1967).

Salinity is a major controlling factor in Au transport. Wood
(1987) showed through experimental work that gold solubilities
of 5 - 500 ppb are attained in solutions between 0 and 0.5 molal
NacCl. He also stated that: "it may be that only low-salinity
solutions (near 0.5 at% or lower) are capable of nearly complete
extraction of gold from the source rock, yet are close enough to
saturation to allow for efficient precipitation at the site of

deposition”.

Seward (1973) demonstrated that sulphide complexes of Au' were of

major importance in the near-neutral region of pH. Gold
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solubility increases, with the stabilisation of the Au(HS)3

complex in response to increasing pH.

According to Henley (1991), the transportation of gold as a HS
complex is inversely related to the COy concentration of the
fluid. Burnham (1967) suggested that the first hydrothermal
fluids to separate from a felsic magma (at total pressures

generally below 2kb) can be greatly enriched in CO3 relative to

fluids separated later.

To transport base metals, on the other hand, a much higher
salinity is needed. Wood (1987) demonstrated that for the
formation of an economically significant massive sulphide
deposit, temperatures between 200° and 350° C, pH between 4 and
6 and solutions with NaCl concentrations above 1.0 molal (5.5
wt%) are required. Thus, to transport base metals either a
higher salinity or a lower pH is necessary. Boiling of seawater
or evolution from a deeper magmatic source could result in a

high-salinity fluid (Wood, 1987).

Seyfried and Bischoff (1981) concluded from experimental results
that to achieve high concentrations of metals in solution,
temperatures must be ~300°C for high water/rock ratios, and

~400°C for low water/rock ratios (< 10:1).

It is therefore apparent that the conditions under which gold

and base metals will be transported most efficiently, differ in
many respects. Temperatures and salinities for Cl~ complexes
are generally higher than for HS complexes. A low pH solution

will transport base metals as Cl complexes but not as HS
complexes. A synthesis of all solubility and transport data
leads to the conclusion that it will be unlikely for ore amounts
of gold and large amounts of base metals to be transported by

the same fluid.

PRECIPITATION

Different mechanisms of deposition of gold and base metals from
hydrothermal systems have been suggested by various researchers
(seward, 1989; Brown, 1989; Hemley and Hunt, 1992). Virtually
all mechanisms are based on changes in the physico-chemical

properties of the solution during its ascent, which affect its
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metal carrying capacity. Deposition of metals in hydrothermal
systems occurs where changes such as cooling, pH increase due to
rock alteration, or fluid mixing cause the aqueocus metal
concentraticn to exceed saturation. Relative metal
solubilities, the availability of sulphur, the disposition of
the saturation surfaces relative to each other, and the
interplay of these variables through time are the major factors
controlling the pattern of metal deposition (Hemley and Hunt,
1992) . The processes most commonly responsible for physico-
chemical changes are fluid mixing and boiling. Mixing usually
involves the mixing of near surface brines with magmatically
evelved acidic-sulphate-chloride waters. Boiling occurs when
the hydrostatic pressure exceeds the equilibrium-saturated
vapour pressure (Seward, 1989). Fluids with a higher gas
content, under otherwise equal conditions, will boil at a higher

hydrostatic pressure.

Helgeson and Garrels (1968) concluded that in gold-quartz veins,
temperature and not rock alteration is the controlling factor in
gold deposition. The mass ratios of gold, pyrite, and other
sulphides to quartz prove to be important criteria for
determining the importance of temperature as the controlling
mechanism for gold deposition in such gold-quartz veins
(Helgeson and Garrels, 1968). However, Seward (1989) showed
that adiabatic cooling alone cannot be responsible for large
gold deposits. On the contrary, boiling that leads to phase
separation (H3S and COp; gasses partition into the liquid phase
and Hy and CHgq into the vapour phase) will result in the

deposition of most of the gold in solution. For example, the

stability of Au(HS); will be greatly influenced by the loss of

CO; which cause an increase in the pH (Seward, 1989).

Brown (1989) experimentally studied the kinetics of gold
precipitation from epithermal-hydrothermal sulphide solutions,
and reached interesting conclusions concerning the solubility of

gold as a function of changes in fp2, fs2, pPH, and pressure. A

change in the oxidation state of the fluid caused by addition of

oxygen leads to an initial increase in concentration of Au(HS) 3

in solution (this might be the result of competing kinetics of

reaction:
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Au® + H2S(aq) + HS = Au(HS)2 + HH2(g) -vvvvvevnn.. (8.2)
and reacticns involving the oxidation of H3S (8.3):

2H;S + O = 2H;0 + 28°. .. iiiiiiii ., (8.3)
But, as H3S is oxidised to native sulphur and sulphuric acid
begins to dominate, the 1loss of available HS ™ 1ligands (in
combination with a pH drop) will cause gold to precipitate
(Brown, 1989).

The change in the oxidation state of the fluid can be brought

about by a mixing of Og-rich surface waters with reduced

geothermal waters. Boiling normally also produces more

oxidising conditions by the partition of Hy from the 1liquid

phase into the vapour phase (Brown, 1989). Shenberger and
Barnes (1989) showed that at constant pH, the maximum gold

concentration is found if fpp is fixed at the sulphate-sulphide

equal activity boundary (Fig. 8.3). This coincides with the
pyrite stability field and explains why gold is often found in

association with pyrite.

According to Brown (1989), depressurisation is responsible for

the loss of Hy and HzS to the vapour phase. Hy will be
volatilised more easily than H3S and this will result in an

initial rise in the gold concentration in solution. As the more

soluble H3S is slowly lost from the solution, the gold

concentration falls in response to loss of the ligand (Brown,

1989) . In addition to boiling, the simultaneous precipitation

of metal sulphides may affect the stability of Au(HS); by

lowering the concentration of reduced sulphur in solution.

Generally, base metal sulphides (e.g. galena and sphalerite)
will precipitate at the onset of boiling. Gold will stay in
solution until the two-phase fluid encounters an environment of
increased permeability which induces more extensive boiling and
/or open-system gas removal (Seward, 1989). However, if the
solution is transporting more base metals (implying a more
saline solution), sulphide mineral precipitation accompanying
boiling will accentuate the decrease in reduced sulphur
concentration with a consequent deposition of small amounts of
gold. In this case, gold will be associated with base metal
sulphides although sulphide deposition preceded that of gold
(Seward, 1989). Therefore, any processes (e.g. boiling,

sulphide precipitation, dilution, sulphidisation of the wall
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rocks or oxidation of sulphides) which decrease the activity of
reduced sulphur in the hydrothermal ore solution will ultimately

lead to gold precipitation.
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Figure 8.3: Log apz - pH diagram constructed at 250°C with total

sulphur activity equal to 0.01 and total chloride activity equal
to 0.1. Solubility contours for gold (light lines) are given in
ug/kg (from Shenberger and Barnes, 1989) (Py = pyrite, Po =
pyrrhotite, Mt = magnetite, Hm = hematite).

An effective and fast mechanism to precipitate gold in large
quantities is a rapid drop in the pH of the fluid. This can be
achieved by mixing of near-surface derived acid sulphate waters
and deeper derived gold-bearing geothermal waters (Brown, 1989).

Paterson et al. (1989) suggested a magmatic origin for ore
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forming fluids in an epithermal-mesothermal precious metal
system in the Northern Black Hills (South Dakota) and argued
that "the gradation in fluids frcm high-temperature, high-
salinity to low-temperature, low-salinity suggests mixing of two
end-member fluids, the former being magmatic and the latter
meteoric”. The mixing of a deep, hot, metal-bearing saline
fluid with a shallow, cool, 1low-salinity £fluid of meteoric
origin, affected the metal-bearing ability of the fluids to
transport metals. This consequently leads to the precipitation
of gold.

On the other hand, Sander and Einaudi (1990) reckoned that
“deposition of enough gold to form large deposits does not
require an anomalous transporting fluid, such as one rich in XS
to complex gold; the chief constraints are a sufficient volume
of typical fluid and a source of gold for the fluid to
dissolve”. Nevertheless, at some stage in the evolution of a
hydrothermal system most of these mentioned parameters will
influence the circulating/ascending fluid. It will be difficult
to single out any one parameter to be more important in the ore-

forming process than others.
8.3 APPLICATION TO THE INVESTIGATED SYSTEM

Although a hydrothermal fluid can represent a mixture of fluids
of different origins, the geological environment often allows
the interpretations of one (or two) major contributors. 1In the
case of the hydrothermal system in the Rooiberg Felsites it can
be expected that ground water and magmatic water contributed to
this system. The studied system occurs in the upper part of the
Rooiberg succession, which implies that ground water was
possibly the largest contributor to the hydrothermal fluids. A
nearby granitic/acidic intrusion (e.g. Lebowa granites) could be
a likely source of magmatic water. In the area of Rust de
Winter a geophysical anomaly interpreted as a granite body
(possibly close to the studied hydrothermal system), was found
{(verbal communication by Genmin exploration staff). Metamorphic
fluids could account for a small proportion of the ore forming
fluid, but would be difficult to identify. The possibility of
seawater being present in the surrounding rocks can be ruled
out, when the geological setting of the Rooiberg Group is

considered.
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A study of oxygen isotopes could give an indication of the
relative proportions of the various fluids, but money was not
available for such an investigation. The fluid inclusion study
on the quartz in the veins, indicated that two types of fluids
were present, a high salinity fluid as well as a very diluted
fluid. These two salinities could be attributed to either two
separate fluids or be the effect of boiling. The possibility of
two generations of sphalerite formation, as suggested by its
textural appearance, will support such an argument. A high
concentration of Cl° in the fluid (i.e. high salinity) will lead
to a larger proportion of base metals to be taken in solution.
On the other hand, a low salinity will enhances the formation of
hydrosulphide complexes (e.g. BAu(HS), ), provided that the
concentration of sulphur in the fluid or surrounding rock is

sufficiently high and the pH is near neutral.

Gold is more likely to be transported as a HS  complex, whereas
most of the base metals favour Cl° complexing. However, it has
been established that gold can be transported as a chlorine
complex at temperatures above ¢ 290°C at a specific pH (Large et
al., 1989).

The pH of the fluid(s) is probably the most difficult parameter
to estimate. In a broad sense, gold will be transported as the
Au(HS),  complex under near neutral conditions, whereas the AuCl;”
complex 1s stable under acid conditions. Most of the base
metals which will be transported as chlorine complexes will
naturally also require an acidic environment. It can be
expected that the pH in a hydrothermal system will not stay
constant, as a result of continuous changes in the temperature
and composition of the fluid. The pH is affected by the
salinity and the temperature. In the fluid inclusion study an
attempt was made to link the mineral type with the fluid
inclusion data. Overlaps of the fluid inclusion data,
temperature, and salinity will give a statistical meaningful
result in separating populations, and their association with

mineralisation types.

In the studied hydrothermal veins no common buffered assemblages
like quartz + magnetite + fyalite or pyrite + pyrrhotite, were
present. However, it can be argued that the absence of these
assemblages can possibly still be used to delineate the oxygen
and sulphur fugacities, although it would Dbe strongly

temperature dependent. Because pyrite is the only mineral in
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the Fe-0-S system to occur in the main mineralised veins, its
stability field can be used to discuss the extreme oxygen and
sulphur fugacities, at temperatures indicated by
microthermometry and chlorite geothermometry. The fs; and fo, at
200°C had to be above 173 and smaller than 1734972,
respectively, but will change to between 17%%?! and 1727 for fq,

-24.481

and smaller than 1 for fo;, for a temperature increase to

350°C (Fig. 8.4a & b).

It is assumed that the precipitation of chlorite and quartz
happened under the same conditions as that for the sulphide
minerals. Uncertainties exist about the temperature ranges at
which the system was actively precipitating base metal sulphides
(and gold), because the geothermometers used in this study were
applied for the silicate minerals (chlorite and quartz) in the
veins. The different stages of crystallisation in the veins
will be discussed in the next chapter. From the chlorite
geothermometer and the microthermometery from f£fluid inclusions
in quartz, it is implied that the temperature interval ranges
from very low (~150°C) to temperatures typical for this type of
mineralization (~360°C) (Table 8.3). Due to different
complexing agents, gold can be transported at a lower
temperature than the average base metal sulphide. But this does
not have to indicate that the gold and base metals in the
studied hydrothermal system were transported by completely
different fluids at different temperatures. Gold is present in
such small quantities (gold grades confidential) that it could
easily have precipitated from a low concentration of Au(HS),  and
AuCl,” in a generally base metal dominated fluid. This argument
is supported by the textural relationship of gold and
arsenopyrite. Gold occurs in the arsenopyrite and therefore,

implies a similar fluid and simultaneous precipitation.
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8.4 SUMMARY OF THE TEMPERATURES CALCULATED WITH THE DIFFERENT

GEOTHERMCMETERS

Table 8.3: Temperatures ranges of the different geothermometers used

in this study:

Temperature (°C)

100 150 200 250 300 350 400 450

Chlorite
geothermomerty

Micro-
thermometery

&
v

Arsenopyrite
geothermometry

Sphalerite
geothermometry

-~
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Chapter 9

Conclusions

The hydrothermal system operated in an agglomerate layer which forms
part of the “Union Tuff member” that occurs in the uppermost part of
the Rooiberg Felsites. In contrast to the Sn and F deposits
characteristic of this part of the Rooiberg Group, this hydrothermal
system in the Rust de Winter area resulted in predominately base
metals and a small amount of gold. Schweitzer et al. (1995b)
claimed that base metal mineralization is largely confined to the
two basal Rooiberg formations, over- and underlying the Rustenburg
Layered Suite. To the author’s knowledge, no similar systems,
economic or sub-economic, have been found in the upper rhyolite

successions.

It is believed that this hydrothermal system was either not the
product of the intrusion of a granite body, as is the case with the
Sn and F mineralisations at 2aaiplaats, Stavoren, Union, and
Vergenoeg (Croker, 1986), or it is indeed the product of a granitic
intrusion, but represents a later, cooler mineralisation stage

further away from the body (Fig. 9.1).

Ore-bearing
veins

Figure 9.1: A schematic block diagram showing the arrangement of ore

zones relative to a granitic body (from Hosking, 1951).
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The mineralised areas in the agglomerate layer of the Rooiberg
Felsites at Rust de Winter can be divided into three types, based on

differences in the host rock, mineralisation style and mineral

associations. The first type occurs in quartz + chlorite veins in
the agglomerate and carries mainly arsenopyrite, pyrite,
chalcopyrite, sulphosalts and Cu-sulphides. The second type is

disseminated in the agglomerate and consists predominately of
sphalerite and chalcopyrite. The third type is found at the contact
between the agglomerate and the massive rhyolite in a brecciated
zone and consists of quartz + chlorite + siderite veins with lesser

pyrite and chalcopyrite.

The sulphide minerals of the quartz + chlorite veins suggest a
history of precipitation in at least three stages. This division is
based purely on the mineral associations and their relationships in
the veins. The first stage includes the precipitation of the
arsenopyrite, pyrite and chalcopyrite. The sulphide minerals of the
second stage (Bi-Pb-Cu-sulphosalt, galena and chalcopyrite)
precipitated interstitially in the first generation sulphides. The
third stage includes minerals that formed due to supergene
alteration by a Cu-rich fluid, for example a variety of Cu-sulphides
and the Pb-poor sulphosalt. Chlorite and quartz are the dominant
silicate minerals associated with the sulphides, and seem to have
precipitated continuously throughout the whole sequence of sulphide

mineral crystallisation.

In GD2 a zone in the agglomerate is encountered where sphalerite and
chalcopyrite occur as main sulphides. Zones dominated by sphalerite
alternate with zones dominated by chalcopyrite. Quartz and chlorite
occur only occasionally in small veins, but no alteration by a Cu-
rich fluid was detected. Because this mineralisation differs much
from that of the quartz-chlorite veins it is not certain when
precipitation took place and how it is related to the main

mineralised veins.

An interesting aspect of the mineralogy of the hydrothermal veins is
that the matrix minerals (i.e. chlorite and siderite) are extremely
enriched in Fe, so much so that these minerals are classified as the
iron end-members in the respective solid solution series. On the
other hand, the sulphide minerals (i.e. sphalerite and sulphosalts)
are generally low in Fe. Inclusions of chalcopyrite and pyrite in
the sphalerite could have formed in response to the migration of Fe
from the sphalerite to form Fe-rich inclusions in a now Fe-poor,

sphalerite. The second generation sphalerite with the lesser
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chalcopyrite inclusions must have formed from a relative iron pcor
fluid. Continuous leaching of Fe will eventually 1lead to the

formaticn of copper-sulphides surrounding chalcopyrite.

Alternatively a Cu-saturated fluid could be responsible for the
leaching of Fe from chalcopyrite, pyrite and arsencpyrite, and Pb
from the Bi-Pb-Cu-sulphosalt. Simultaneously Cu-sulphides could
have precipitated on the rims of some sulphide minerals (e.g.
chalcopyrite) and replaced other sulphide minerals (e.g. pyrite and

arsenopyrite) along cracks.

Because some of the chlorite seems to be a slightly later phase than
some sulphides, it can be argued that the Fe removed from the
sulphide was again captured in the chlorite. However, not all the
chlorite formed during the same stage, but it always has the same
characteristic very high Fe content. There could be two possible
explanations, firstly that the chamosite crystallised simply
because of the lack of MgO in the fluid. This is unlikely because
the geochemical data indicate an enrichment of MgO in the green
(chloritisised) agglomerate relative to unaltered rhyolite.
Secondly, the earlier chamosite could have crystallised from an
initially Fe-saturated fluid, or being the product of overprinting
by a later Fe-rich fluid that replaced the Mg in the *“older”

chlorite.

The chlorite geothermometer indicates temperatures of formation in
the range 315° - 360°C, but if it is assumed that at least some of
the chlorite was overprinted by a Fe-rich fluid, one can expect that
these <c¢hlorites originally formed at higher temperatures as
intermediate compositions in the chamosite-amesite solid solution
series. Along with these higher temperature chlorites, some of the
primary sulphides (arsenopyrite, pyrite, and chalcopyrite) could
have crystallised. A second stage of éulphide precipitation
followed at slightly lower temperatures resulting in the formation
of the Bi-Pb-Cu-sulphosalt and small amounts of galena and a second
generation chalcopyrite. These two stages were succeeded by a
period of “alteration” by a Cu-rich fluid, that represents the last

stage of sulphide mineral precipitation.

The microthermometric investigation gives pressure corrected
temperatures in the range 150° - 380°C. These temperatures clearly
account for more than one stage of hydrothermal activity. However,
it is not sure which sulphide phases precipitated at what

temperature interval.
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The salinity of the fluid(s) falls into three groups (i.e. a very
high salinity, an intermediate salinity and a very low salinity ),
which can be explained by fluid mixing (resulting in lowering the
salinity) and £fluid boiling (increasing the salinity). Both of
these stages in the history of the fluid could have resulted in the
deposition of base and precious metals. As has been discussed, base
metals will be preferentially transported by a higher salinity fluid
(5.5 eq. wt% NaCl), whereas gold complexes prefer low salinities (0
- 5 eqg. wt. NaCl). The possibility that this temperature range
actually represents two or more different fluids cannot be ruled

out.

The bulk source of the hydrothermal fluid can only be determined
exactly by stable isotope analyses, but it can be expected that

ground water and magmatic water were the two major contributors.
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Drill core logs of GD1l, GD2, and GD3:
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with more chl.—-rich zones

]
i

46,85 9 — 47,34 @ Asp i becoming more prominent and still
seems to have invaded the chl. zones
Chl. zones show signe of weathering effects
More short cpen fract. appear
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At 47, 0m  a  long fract. cuts vartically
tﬁ.cuwh the host  rock and  is filled with

GH,34H — 47,73 2 Weathering more prominent
Nearly vart. fract. filled with
middle {(together with a vellow
and chl. an the rim
At one  sids of the m1n~"m1ized Fira
fiost rock iz also ract. Dot nob
o minEralized
The other side is strongly b & softb
hyrittle greasen min. {(malachits)
47,73 - 48,13 @ Grezen zone with less fract.
Cu~sulph. in Ffine fract. which are not very
tong o
Sometimes 2l
Unminera
dippi
43,13 — 48,40 @ Green zons
At 48,13m a TFract dipping a0°% is filled with
chl« and Asp
At 48,20m a dark green zone (Bom wide) have

rmo sdlgh. mineralized
Golden sulph. appear =till in clasts snd with
graen spots
At 48,50m there are 2 fract. omng filled with

B anly {(dipping 7Oy o and  the  othev one
filled with chl. and Cp. (dipping 50 0

482,460 — 42,488 @ Weathered

Yellow col

Fig clastz with vellow =spots a .
veins areg cutting through these clasts

These big red clasts are also surrounded by
Asp and Cp.

The y=llow spots are probably an alteration
product of chl.

This zone is bounded by 2 frack. dipping =0°

48,488 — 49,00 @ Green-yallow zone
Certain min. seem to have been subjected to
alteration =+ vyvellow min. and holes
Feet of zone is fract. free
Only Cp. is diss«. in matrix {(no Asp)

49,00 - 50,590 ¢ Red matrix with & lot of yellow spots

Fract. are abundant - some arse open and in
other areas it locks as if something was
removed

Qther fract. are mineralized with
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- fAsp (at &Q,lim)
. R .
dipping 89

- Black mineral { sometimas ASS Wit

The and =izre
S0LED - 34,10 s Sheomngly zone (WROGT)
Minsrals - achits)
- chil«/Fel)
- A
J
- L)
Fh, 10 - EG 4% .
=L 5 [ ":—*; - u
the red oclasts
e b
1

S5,00 - 55,25 ¢ GBresn zone
A few fract. dipping &0°
Mo sulph.

L Rl i S

35,20 - BH,00 3 Red zone
Oxidation along fract. dipping 70°
Cpw and F&IRLhIL in fract. that are coloursd
el 1
o f & present in finer Fracthk.
{with no specific orisntaticon) a it
chloa.
tatrix in between fracht. are d
SEL00 - 34,45 2 Fink zone
Holes in matrix  whevre minerale were talen
away
Some  Tract. were Ffilled with C'l» and Cpa.,
but the chl. is starting to rode and only

Cp. i= left

At SH,0m there seems to be either a huge red
clast or the matrix had been silicified.
It is broken up by Cp-chl bearing fluids

Cp appears in big units (l=xlcm)

At S55,20m  there are red clasts with white
clasts included =»* reworked?

D645 - ShH.06 1 Minture of green and red matirix

S, éd - 346,84 ¢ Red and green zone showing deformation
Mo sulph. as=.

i

D'-.

&

g
i

S3,00 ¢ Matrix change 2 times from red to green
2 Major red oxidised zeonss along fract.
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s 4".0
dipping &0 =70

Mo suwlph. in fract. red zonss
In the massive zone in bztwesn fract., there
ig only minor Cp in clasts

- E3,1% s Fract. digping &0 which are filled with
Chl- ny and Asp

Mo obther suwiph. sxocegt in red ol

39,15 ~ 52,70 ¢ Matrix ageain is changing colowr  graduslly and
A major red oxidized zeones cut tivrough
At 5% ,30m Ecm§ bBlack spots appear which  mavbe
an alte ion produacht (it s spread owves
and area cf Tomd
At 5F.,40m  there arg soms sl teracion
(7)) grading over into & ich zons (no
sulphed
Yery fine  fract. with Tp start to appesar &t
EF 0 40m (verta)
59,70 - 59,83 2 Skl mich zone carrving  Cu-zwlph. in veins
thirough the chl.
59,85 - 0,45 2 Green zons intruded by chi.- Cu-suiph. fluids
in nearly vert. Tract.
ARleo Asp xtals starts to appear in these
fract.
At S0,20m O chil. and Cp 1in
frach.
Cp is increasing in the matrid
: ! - a= o« Cu-sulph. content increase o omatrix

S0,485 - 51,88

i
Cu-=ulph. appsar  also
HT, B0m
Matrin i= basically rad
At E1.10m a &0° dipping fract. is  carvying
Cu—=sulph.
Mimor single Asp xtals appesar in bthe matrix

651,85 — 42,15 @ Large B-vein dipping s0° - 1-Zcm widae
- carvying Cu—-=ulph-
- ne Asp
- Chl. sgesns  to have
sroded ir SOMmE
places
Cp also appears diss. in the host vock wherve
it tend to concentrate around G-grains
Yellow speots are still present in mabirix
&2,18 — 63,00 @ Fink zone

Fairly massiv

Fy and Cp  in matriu {arcund #G-grains)

No Asp visible

Fed clasts still with Cp inclusions

Small very fine fract. seem to be channel
ways Tor a sulph.—-rich fluid to reach
grains and the grain boundaries
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Dark bBlues sulgh. appesars in mabtriy (BEn o
Sphal«d
532,00 - 432,02 ¢ Chl. zone
Cp is the only sulph. present
53,03 — &£4,3% @ Massive Gr=en zon:
Sulph. content incrzaszs in matiis
canceEntrating arcund grains
Asn only as rars singles «tals
L4 ,35 — &a%,90 ¢ Fink zonsg
Bulph. content decreasess rapidly
&4, 70 - &E,10 1 Chl. zone
Fed vim axounj the zons
Py oand Cp are ass.
Bep in fra:tu
S5,10 - &7,00 ¢ Fink zons
Fairly massive
Only =ulph. that can be =esen are i the
clasts

ET 00 - &8,00 2 Green zone

Cp content increazes, and
green grains  and along
with chls

SBometimes Bn i= als=o in the Tine fract. Lower
down thers is more open fracth.

HB, 00 ~ &A9,00 ¢ Green mabtrix and huges rved clasts 5:1_p aricl Py
concentrate in ths mabrix in ameaints
armind grains  and ass. with grains
(=% inzide)

Sulph. concentration increases downwards
At &9,0m  Bn appears  in large amounts and Op
and Fy are almost massive

& ,00 - &F2,144 ¢ Chle zone

Hign concentrations of Cp and Bn

No Asp visible

HP,14 — &2,85% ¢ Cp,Py and Bn still diss. in matrix and clasts

A silvery sulph. appears in  the matrix  and
clasts ass. with golden sulph.

Large red claste ave bhroken up and intruded
by veins of golden s_}(h-

Ot &F,.44m 2 fract. are filled with Cp amd Py

67,55 - 49,79 1 Red zone of deformed material

The material ssems to be banded (green  and
red)

Green bands have sometimes Cp,Fy and the
silvery sulph. xtallized

The red bands have only the silvery sulph-

This zone is cut by a chl.-Cp-Bn-Fy bearing
fract. dipping 40°
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&5 ,7F - Th.l4 2 Gresn zons
Very fine hor. fract. fillsd with Cp
Other veins arg fillsd with a dark gresn min.
and not so often Co
The silvery sulpnh. iz =still present in ths
matrix and small grssn clasts
Tha.ts ~ 70,29 ¢ Defoy with thes
S A
Mo f
TOL.E9 - TO,40 0 Chl. zone
Fing har. veins of Oo andg Fy
TG - 0,87 1 Green zZona
Strongly sulph. mineralizsd
, [ . [—] . . .
AE F0,70m theve 1se a 700 dipping fracthk.
filled with a brick red min. which s@sns
to older than the sulph.
TOL.84 ~ 71,00 ¢ Chl. zone

o~y

o
The brick ved min.' is pressnt (KE-Feldsp.?)

1,00 - 72,55 1 Green zone
& ® dipping fract. filled with the brick red
mir =
Cp.Fy and Bn are pressnt in the matiriux
Sulph« concentrations increases downwards
becoming more massiv
There is one fract. filled with En
The silvery sulph. iz not visible any more
At T2 28m the ig again a fract. filled with
the bvrich mir. and B0
T2,EE - F2,70 3 Chl. zone
Yart. Tfrach. filled with Cu-sulph. and Fy
Cp present in mabtrix as well
TFE2LT0 — T3,65 1 Green zone
Fract. filled with golden sulph. and chl.
dipping 70° at 72,50m
Bulph. concentration decreases downwards
T3.4T - 72,85 ¢ Chl. zone

Fy in centre

73.8% - V3,87 ¢ Fink zo

]

s

m
U
3

e
ts of porphyvic lavas from
=

tz have very fine sulph. veins
cutting through
Before the lavas iz met the sulph. min. stops

-
]

- 100,00 1 Forphyvric lavas

~]
I
0
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15,00 — 15,44 3

; =
Holes in matrix wherse zomething was  removed

mins. which

g = s o e
- fiew ey - fogd *
e, &4 15,95 s

im any mleEntation

a rad and g irEeEn

At LG, s
leass
— . a "

is pre i1
this zons

—r» Ass. with thiz sulph. is &
vellow {oxidised) min. which

also present in the frach.
N o

- i

i}_ -t
-
T
T
[
a
i)
i
Vl

ized by small brick-red grains

near the red zone
ract. By the =mall
included in grains and

At 14,38m there is & gol
which appears to be in
a small green grain

At 16,28m there is  a larges green clast
with red inclusians

Fract. in this area are open and rat
mirneralized with no similar orientation
but mostly har.

16,50 — 14,70 ¢ Pink zone
Sulph. at 146,3535m
- Bilvery sulph. (Asp) as flakes
in matrix, no chl. in surrounding
like in GD1 deposits
- A dark sulph. (=phl/Bn) sesmz to
he sometimes near Cp at 146,3%9m
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17.834 1 Gresn zone
Cp in small
AL 17,29m there iz a ti-clast with
Lp included
rom 17,14 - 17,34m the matrix is
charac.by small evoded holss {(se
to bhe the green grains which had besn

19,00 3 Fink zone with darker red cuidation

.

There iz & davk mins which might be
3 ‘ grains in the

= 7 )

red clast with

a davk vim
AR bimess ome of the red clasts sesm

‘3
L
M
a8
1w
3
"__.
:F:'_
-
i

-:1(1‘:3”" "C,r ,"
At 18,70m ther

& is a dark grevy-blac!
mins R;Dﬁ a hor. fract. {(hematite?’
T oM@ &are l12ss common

1iz

g a
Fract. in thi
and mostly
in them sMce

some of the
Typical then is al
which creates hol
and the clasts.
are sometimes fine utallized su

(Cp/Sphl)

12,67 ¢ Green zone
At 19503m there is a silvery sulph.
ass. with the =mall greesen grains
Other sulph. pressnt are Cp/Fy and

sphl as described previously
At 19,15m the green mabrix grade
over to a red matrisx
At 192,38m there is a red clast with
an inclusion of a dark min. {(sphl)
At 19,480m the silvery sulph. reappear
as zmall single 2tals in the swrounding
a etrongly deformed vred clast with
green bands which seems to have sulph.
ass. with it

12,90 @ Matrix is very red
Fracta. cutting through in different
directions but are not min. (open)
Sulphs. visibhle are anly ephl which is now
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& yellow

.

Sphl concentration increaaee
R - D
At 20,.00m thers 18 & 50

Ow*ﬂ*n witich dossn 't ssem

i
Tther fract. with no specific orient.
vallow—gr=en min. and

Wit
wep filwd

20,10 — 20,20

ca‘rvlnq # &1

through in \:\ L7
Under this 1-

Tome with 5

carvying chl.

Im this zone {which may e & hugs red

the silvery sulph. and

20,20 - 21,75 @ Fink zons with large amounts of sphl.
xtalls o Epc{“y appearanca)

Fing fract. cutting in any dirgction
carrying the vellow-gresn min. and
in olaces the sghl seemns Lo concentrate
next to these fract. {(ses Z0,84m)

At 21,15m the Cp/Fy seems to be included
by =phl {sits in the middle of a =sphil
whtal/grain?

The sphl content increase downwards and
almost becomes massive betwsen 21,60 -
21, 70m

Im this area the amount of fract. with
the yellow—-green min. are also increasing

1
Other sulph. are rarely visiizle

B Fink zone

Sphl content & lot less

Qther Golden sulph. seem to be more
praminent but still ass. with the sphl

At 22,10m there is a 707 dipping fract.
which doesn’t seem to be mine. but acted
as an axidation path for the fluids

This zone iz otherwise rather massive
(=> few fract.?

Golden sulph. content increases downwards

s
-
<
ifi
|
HEN]
o
if
o

22,548 - 23,00 1 Chl. zone dipping &0°
Eroded in the middle where it leooks as if
a fluid carvrying a white min. (&) and
others, had been responsible for a com-
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as very Ting o
FR,00 - 23,32 ¢ Pink zone
Sphl again mores prominent
At 23,28m there is a fault dipping 70
wihiich s2ems bo have sulgh. wtalls
Spnl and golden sulgh. apoesar mostly
digs. i bths mabriw
Cp and in finse fract.
at 23,3
23 ,0E52 - 23,57 s Brsen zone

23,97 - ZE.42 1@
deformed in hthe middle
Z3EE - BELED ¢ Pink zone

Fine fract. of which =soms of them have
=phl xtall. next to it

There is a 40° dipping fract. carrving
suipgh. (Cp/Fy)

The silvery sulph. sesms to be present
in very fTine xtals in the matrix arcund
grain boundaries {not surs)
fhere is again & sphl 2txl with Cp
inciuded at 22,71m

23,80 - 24,37 ¢ Fink zone

Sphl dominates along fine fract. (with
no specific corient.? and along grain
boundaries

Im places Cp/Fy 1is ass. with sphl
The silvery sulph. ssems to be ass.
with the =phl too but still very
fime (not sure whether thevre is any
difference between it and =sphls

24,37 - 25,232+ Fy zaone

At 24,37m there are a Tew fine fract.
with Fy wtall. ,again no orient.
The golden suiph. increase and the sphl
decrease
Fy *% Cp * 8phl
The sulph. appear both diss. and as
fillings in fract.
At 24,540 there is a =0 ° dipping fract.
filled with Fy and @
At 24,463m there ie a fault (2om) dipping
75° carrving large amounts of Fyv and

less Q@
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H.I

in this area the Py content incrzas:
v ard 1t looks as 1f this
ult qu the main path way for the
su*ph- bearing fluids which also
intruded the surrouwnding arsa through
mingr fing fract. and arcund grain
houndariss

u

ct. {(partly
2

opent which carrises Fvy and Co oand I
Ehink chl. azs well bub it had moded
253,23 - 25,72 @ Zprl
= N4 Il
2phl
AL-X - =1 lvery

At 25,5im there iz a fract. carrying both
( t

T - sura 1f it
isg the same as that ass. with the =sphl)
MOTE the wholes rock stays basically
of clasts. The whole rock is no i &
a sphl. rich fiwid sometimes Tilled the fract. aiod
faults '

PEL,TRE — B4, 00

25,72 25,05 @ Fy zone
At R5,72m thevre is & fract. filled with a

chl. locking min-

-> to the ocrne side of the fract. the hos
rock sgems to bDe more altersd bec. 1t is
davrker than the other side which
more fresh (red)

—x in the fresh rock there is 8-grains
surrounded by a golden sulph.

—-» naar to the fract. there is a few single
wtals of possibly Asp

—~» other suloh. like Cp and Py are also
present near this zone

Both sphl. and the ass. silvery sulph. are
still present in the matrix

Cp also appears in small fimne fract.

There are & Tew single visible Asp looking
wtals but they don’t ssem to be ass-. with
major chl. areas, although it seems as if it
might origin from fluids passing through
fract.

]

4
-1

18 3 Sphl. zone

At 26,05m the sphl. concentration increase
and there is alsc a 63° dipping @ and Cp
fine fract.

From 2%,80m the sphl becomes more prominent
The hor. fract. are mostly uneven and seem
to bhe filled with & chl. type of min-.

At 24,88m there is a Scm ved oxidised zone
which is more fract.

In the area of 27,00m the silvery sulph. is

again more preminent and diss.

24,05 - 87
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27,18 - 27,28 1+ Fy zons
Fv is pressnt in both ths matrix and as
inclusions in the r2d clasts
At 27,20m there is a fine fract. besaring
poszibly sohl which cubts thiough a red clast
Z7,28 - 27,90 @1 4t 27,82 herse is a img S0

he silvery
1
B

pears ho

(27,801

silvery suiph. =or
be inciudsd in the
Co and Fv still are p

7

zome of

27,70~ 28,41 Fw and il decrzass)

ThHe matiris Lo e more gresn
whiich mis zemathing to do owith
tha nesr filled fract.

At 28,10m t matrix turns red again

Féw and 1 ppears both diss. and
in a 40° fine fract.

Fy wtalla rain bhoundariss boo
and in g 2z in deformed read
clasts

At B28,22m there is a fault dipping 50°
but with no min. (it looks as if it
predatead the major sulph. bearing
fract.

Sphl 1= =till present but in very small
amounts

The whole rock is faivly Tresh

2,41 - 28,49 @ Matriw iz lessz red and more weathersd
{chlaoritized)

Fv etill esppears is fract. but seems o
be chloritized as well

Fv and Cp are diss. in mabrix and alsco
in red clasts

MOTE: Qccasionally through the rock thers
are black and brown spots which
are possibly due to weathering
28.,4% - 28,72 Fink zaone math Py minsralized as szen
above {(also all amounts sphl)
28,72 - B8,8%9 : Fink zone

Fy decreasze and sphl increase

The sphl = dark cnd silvery sulph.

At 28,80m there is an oxidised Py bearing
fract. dipping 75°

Fy is also present along grain boundaries
and included in clasts

i

in

24 @ Red oxidised zone with sphl and Py xtal

28,74 - 29,23 @ Matrix is a mixture of green and red
Almost vert. oxidised frackt. bears
and Cp and is continues, nearly ma

hEx]
;
<
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Wit the coldesn saloh.
i air in the matrixz but
) &K o he =ilvery sulph.

=y and Cp are more concentratsd in fine
f + m i

iphe arg shill the mors

i3
4
i

i
L
i
i3
R

mixturse of
']
!

and sphl o

29,78 — 30, 5
well
i c
Small Cp 2 A I
and & <
The sphl concer
downwards
0,54 — 30, F% ¢ T

The matrix is gradihg over from red to
G bk

Major sulph. are Fy with les
dizss« Cp in small Hmouﬁlc
At 30,68m there is a 30° dipping frach.
baaring Fyv surrounded by this green zone
ﬁt B0,77m therg is as area with almost
mﬁ5=i¢n wvary Tine wtallized golden sulph.
}

The mabrix seems tm change fr

i
time from red to gresn but there don’t
gpamn to bhe any difference in swulph. be-

these are

o
i

B0,P3 — 31,20 3 " The return of the Silvery Sulpgh.
At 21,26m there iz an open Trach. dippin
=09 with. no visible min.
Matvix is rather red

il

1,30 — 31,58 Gresen zone
Fv increases with decrease of sphl
The Fvy concentration is faivrly massive
iz in the fine fract. zones which is
more or less haor
Al,E8 - 31,77 @ Fink zons

Disz. sphl.Cp and Fy with sphl increasing
downwards

In this zone the sphl content is not as
high a it was higher up

31,77 ~ 32,20 1 Again the matrix  is not constant in
coloar
The whole rock is fresh
Fyv content increases, diss. and
along fine fract.
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]

Eebtwsern 32,00 and 32,20%m thevrs sesms
to be a zhli. vich zome to the cne =side
of the core. To the other side the
rock is ovather gresn and along tha
a7y bthere has been oxidation
which affected the gresn zons  mors
than ths chl.zone
AEzE. with this oxidatien Fy xtsall. foo
place in grzater concsnbtrations than
the diz=s. sulph.
20 - 32,24 3 Red zors with hor. open fract. of which
of the Tract. have Fy xtallized
22,35 - 22,40 0 Gresn o
Tha sulp .
Sulpin. =
At 32,35m & .
with Fv xtallized
At 32,33m there i=s
fract. bearing Fv
This continues downwards and  the Py
min. is strongly ass. with red odidissd

arsas in the rock
At 22,45m there are 2 open unmin. fract.
dipping &0-70° that seem to poztdate
the sulph. mins.
Chl~ vich zones don™t seem to have higher
corncentrations of sulph. ass. with it -
in fact only a few small diss. sulph.

can be ssen

i

B0 - 22,88 @ Red stained zone
Im the hovr. fract. thesre is Fy
At 32,87m there is & fault dipping
75° with nmo sulphe min., only fluids
carvrying a Fel intruded {(hematite)
88 - 32,30 ¢ Green zone
Vert. and hor. fract. are strongly
oxidissd but with a lot less Py
Some oxidised fract. dont even have
any sulph. xtall.
The sulph. min. in the green host
rock are very small
At 33,15-33,30m the Py content in the
red zone increases again
230 = 24,4% @ Massive green zone

Only diss. Cp and Fy and possibly
sphl in small amounts

The whole rock is fresh except for
holes where a min./grain had beesn
taken away

Mo fract.

At 34,31lm there is a chl. rich aresa
but no sulph. ass. with it
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i

{1
Us
H
i

TG
i
]
in
i
[N]
|
i

St 24,33m th fin &
7% % Wwhich carries s sulph. (Fv) aricd
iz ass. wibth a red oxidation rim
NCOTZ: It szems as if id
process eﬂpH'” 0 thE Eulphu
#tall. was difTf the later
oHidatiocn proces:
suwloh. Dearing

and the ope fract
noosu ot

H&, &8 ~ 28,74 ¢ Gresn-vellow zone rimmed by a red zone
Mo =suliph.

&, T4 - 34,87 @1 Green zones
Cp and Py min. are stirongsy and appsar
in matrix

35,87 - 324,93 1 Red zone
Hor« fract. with vellow coloured zone

¥
next to fract. and a red rim

1 = Minte &5« with Fract.
Ormly golden sulph. diss. in matel

s

iS00 Fink zone with holes
Cp and Fy ass. with green clasts
Slightly higher concentrations than
in above gireen zane
Mo swlph.e in fract.
Sphl seems to be absent (not swured

7,48 - 37,79 3 Green Chl. effected zone
G-veins (3-3mm) are cutting through
carrying Cp
Small dies« Cp appears also in this
pedinin =

over to the more dominant

]

37,79 — 39,13 : Green zone gradin
Fink zone
At 38,27m thers is & red zone with a small
amount of gol d sulph.
After this red Eta _d zone a vellow
alteration (7)) min. appears in the matrix
Suiph. ars very rare and appear only
ceccasionally in the matrix and soms
clasts

- o ety 4o " = . ’ o . . . .
29,19 - 43,80 : At 39,20m there is a &3 dipping O-vein which
seamns to be intruded by oxidised fluids
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which precipit
From 3%,30 - 29,8%3m ther
fract alo ng wh
and the ass
-+ goaldsn sulph.
-3 bBlack sulph.
Blac

The golden, black, and silvery suloh. apoe=ar
Aled Cizs. im the matrid
From 40,232 - 40,38m thers is a chl. rich zon:
but no differences in =sulph. min.
Up £111 41,82m the whele vock iz fairly fresh
=] .

= 1 f
with a fsw Ti urnmin. fract. and 3
red stained zones
Fiorom 41,80 — 42,43m the matrix has in gl

1
holes out the sulph. comntent remains

The dominant sulph. are Cp o and Py in

43,80 - 45,70 @ At 43.%0m theve is a red areasclast which has
a few single wtals of a =ilvery sulph.
This sulph. i= not found downwards. Thie
o)

vrest of the zome i1is not different from the
pravious zon
Firom G4, F0m downwards the mabtrix is
Mloritized strongly with a large amount

carrying golden sulpn. =k Tluldi» Thersa
15 al=zo a darker min-. in these veins. The

sulph. content doss not decrs;

at all

o7
fract- cutting thrmuqh (54,0 -~ 54,235)
-l
r

ek, if

,u
in
i
3

5,70 - 47,80 1 red sone

ppcar1ng in & small interval (45,70 -
SE80m) but fairly massive
th the Asp zone there is & dark -
z=ilvery min. probably chalcocite
Gther  min. are malachit arnd a vallow

onidition prod. (1imon1be)

At 4&,0m there is a broken up G-area
ass. wWwith possibly limonite. These
oxidised fluids ssem to have been
responsible for this texture

At 45,80m Asp xtale appear again bubt notb
ass. with any chl. zones rather with the
oridised fluids

46,80 - 47,30 1 This zone has a strange looking texture
Chi. graine seem to be dominmant with &
whitish matrix

Whersa a fract. cuts thorouwgh the zone
oxidation took place along the fract. and
nvaded the mabtrix too
Mo sulph.

- e o - - . . - . -
47,30 — 75,023 3 At 47,30m there is a brecciated f-vein (30

with no sulph.
Sulph. appear in very fTine fract. at 47,90m
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Thm overall suwlph. contenh is wvery low

S a golden sulph. in &

-

is agai

At QQ,BQm tnere is huge oxnidiszed frach.
. . -] - .
dioping 70 {partly oapen)  but with no

sulph.
At 4%9,0650m there is a red stal
hawve fins veins fillsd with sulph.

MOTE: Sincs= 4%,30m the matrix is mainly grsen

Twmi i 1o :Hlph- (Cp &% Fv) content
[n coocasionall ] rain
o 8! hean
n I the red

] it

&t there iz 2 60° dipping fract.
filled with Cp

At 54,30m the silvery sulpgh. appsars in a
clast

At S56,20m the Cp conteEnt  Increases, Lt
appears in grains and around grains

At 5H,25m thﬂxr iz a chil. zone with sulgh. In
& 700 dipping frach. There is also &
zilvery sulph. not in veins Dut as small
clusters of wtals

At 68,30m the silvery sulph. appears agsin in
a red clast and the surroundings

From 7Oy0m downwards the =silvery sulph.
{A=p?)  appears as more  abundant diss.
xtals in the matrix

From 70,80m  the gesneral sulph. content is
Lnr~5351hg

At 7l,10m there is a &0° dipping fract with
=t1ungly precip. golden sulph.

At 72,10m Bnods also present in the matvi

The whele rock is vather fresh

TELOI - Ta,00 @ Mabtrix turns red

Suwiph. content increases
Sulph. ass. with G-veins are Cp/Fy/Brnidbsp

iz WUU - 100,00 » Forphyric lavas

& vrich hvyvdrothermal fluides cccasionally brake
up the lavas and are usually sulph. mins

At B80,0m there is a similar round texture
which has been seesn in GD1 (looked then
as an alteration prod.)

At B8,0m and ?25,84m there are chl. zones with
that strong golden sulph. precip. along
some of the fract.
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1,00 — &0,00 1 Agglomerate

Sulph. min. as seen in G801 and LR
Mo major sulph. precip. though

- &0, 2D Firmk zons

At &0, 05m thevz is an altered vellow clast
consisting of beoth golden =sulph. and a
z=ilvery sulph.

The vellow min. iz probably o an alteration
orod. of chils. as sesn praviously

&y E - 1&7,0 Ertering th2 brecciated zone between the

aggl. and the lavas

Iin the felzitse there is dark spots which have

th it very fine (small) wtals

also ass. wi

of sul -

Another vello
veins which
wn of the fe

Oocasi1onal T
sulph s a 5 1 R

This zong is typified by Q-veins through the
felsite whic i o filled by sidevrite
and some golden su

In some of these wve
brick red min. appes
F-feldspar??

&t 65 ,55m Lnere is a G-vein with sulph.
precip. in the centre

The @ in these veins dogsn’t loock as millky

as the G-veins in the aggi-

At 76,73m there is a silvery =ulph. appsaring

together with the normal golden sulph.

Fyrom 77,0 - 77,30m there is a chl. zone with

mong Cgp min. in fract. =

w min. appears alsos  in the G-
are responsible for ths bhrake
zite {(ziderite?)

a zoane of chl. but no

=y cnes
At 77,85 -RO,0m there is a strange brecciated

zone which is filled with a dark min-.

{zulph.?) which seems to xtall. imn nesdles

betwesn the clasts
From 78,0 -147,0m the felsites are less
brecciated = less to no sulph- The colour
might change from grey to red but no cther
changes ass. with that Occasionally & chl
ch zone appears but no sulph. ass. with
that either The felsites are rather fresh
and maszive with almost no oxidised fract.
only fine fract. fills with & and some
times sulph.

147,0 14%2,0 @ Stvrongly sulph. min. zone
Felsites are red with fract. dipping
40°% fiiled with sulph. cutting through
sulph. = Cp W Fy
Silvery sulph. at 148,30m
These veins are also filled with chl. and
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mirngr G
At 14%,0m the silvery is again pressnt {(&Ssp?)

11
]

”El“m tuwrns o grey again width conly
asianally mine in veins

0 e
[
it
i
Ul

152,30 —~ 152,30 ¢ Red Felsites
N o “h g - o J— 5 =
A LEZ2,40m ther iz mazsive Cp and Fy
with diss. 8sp
1 — 154,00 ¢ Grey Felsits
vy

At 1EE,73m thevre iz Cp and Py fairly
massive with am  Asp xtal too in the

A

firact.

LS, 00 - v FAsd Felsie .
More brecociated with accordingly more
.
= again
frachs s growing
zod sample
PES, 00 ~ 157,70
i
= i
The gliv@ry ﬁu¢ph- content is very iow to
g
Fract. are vaerbt. to very =
Saoms lack min. is sometims
ziderite a=s 3T
1E2, 70—~ 148,530 ¢ Grey Felsite
163,80 - s Fed leﬁi

ar suloh.s > S5ilvery sulpha.
Good sample a
- 1465 ,30m ere iz vert. fTine fracht.
flllPd with & davrk min. that sesems o
postdate the sulph. and siderite bearing
fract.

165,70 - 147,40 3 The less red felsite is grading over to a
more red Telsits
l.ess sulph. but they do appear in fine hor
fract. sometimes ass. with a davk min. in
the fract.

Red felsite with more hor. fract. filled
with the dark min. {(chl?) and sulphe.

At 162,30m there iz =some strange yvellow-
white alteration along a certain fract.

At 1468,530m Cp, Fy and Asp appear in a

fract. that seem to be filled with a chl.-
sulph. bearing fluid in & small chl. zone

The same fTeatwre is appearing again lower
dowr

,..;
£h
~J
=
K
i
e
.
1
o
o0
Ba
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171,88 - 290,00 @ Grey fel
rairly mass:
No salph.
Dark spots in the fzlsite =
by & gresn—vallow min. (oh

cometimes
1

replacsd W)

FIMa o
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Appendix B

Major and trace element data for the red and green agglomerate:

Major element data for red agglomerate:

Sample SiO, TiO, ALO; FeO(Total) ¥MnO MgO Ca0 Na,0 K,0 P,0s
5-25.8 74.38 0.29 10.24 4.98 0.26 0.23 0.06 0.00 6.17 0.05
5-49.25 70.75 0.32 11.30 8.02 0.20 0.26 0.05 0.00 6.19 0.05
5-50.0 67.16 0.40 12.68 8.96 0.19 0.33 0.33 0.00 6.26 0.04
5-55.00 73.65 0.27 9.56 7.21 0.23 0.23 0.08 0.00 5.59 0.05
1-16.00 7117 0.30 11.33 8.44 0.07 0.48 0.00 0.00 5.50 0.05
1-28.3 70.58 0.34 11.37 3.82 0.01 0.11 0.00 0.00 6.22 0.05
1-64.60 69.11 0.31 10.93 7.83 0.00 0.29 0.06 0.00 6.35 0.04
2-42.75 72.65 0.34 10.98 7.44 0.06 0.56 0.02 0.01 5.49 0.02
2-71.50 68.71 0.26 10.23 7.24 0.07 0.45 0.01 0.17 5.67 0.03
3-27.0 69.69 0.33 11.66 7.24 0.16 0.28 0.04 0.00 6.80 0.05
3-39.4 70.06 0.32 10.59 7.97 0.18 0.14 0.05 0.02 6.79 0.04
Average 70.72 0.32 10.99 7.20 0.14 0.30 0.06 0.02 6.09 0.04
Std. Dev. 2.06 0.04 0.80 1.44 0.08 0.13 0.09 0.05 0.45 0.01
Max 74.38 0.40 12.68 8.96 0.26 0.56 0.33 0.17 6.80 0.05
Min 67.16 0.26 9.56 3.82 0.01 0.1 0.00 0.00 5.49 0.02

Major element data for green agglomerate:

Sample Sio, TiO, ALO; FeO(Total) MnO MgO Ca0 Na,O K,O P,0s
5-28.0 71.86 0.32 12.23 8.17 0.01 0.33 0.03 0.00 5.39 0.03
5-37.45 73.17 0.32 10.69 8.26 0.09 0.27 0.02 0.00 4.99 0.06
5-46.00 67.11 0.34 11.48 14.51 0.06 0.43 0.04 0.00 3.97 0.04
5-66.0 69.12 0.32 11.58 11.36 0.01 0.31 0.00 0.00 4.91 0.06
5-104.0 70.08 0.32 11.16 11.80 0.05 0.45 0.02 0.00 3.83 0.04
51156 70.34 0.29 11.23 11.81 0.14 0.46 0.02 0.00 2.99 0.04
51261 72.67 0.30 11.49 8.91 0.07 0.31 0.04 0.00 4.38 0.08
5-127.0 71.09 0.29 11.42 11.08 0.08 0.48 0.03 0.00 3.33 0.04
1-13.50 69.82 0.32 11.50 9.33 0.08 0.48 0.01 0.00 5.31 0.04
1-31.0 66.56 0.30 11.85 12.71 0.10 0.61 0.00 0.00 4.38 0.04
1-47.85 70.17 0.29 10.06 13.05 0.1 0.74 0.00 0.00 2.63 0.04
1-58.50 67.85 0.31 11.32 13.53 0.12 0.79 0.00 0.00 2.37 0.01
2-16.8 67.39 0.31 10.97 12.73 0.09 0.66 0.00 0.02 3.23 0.00
2-34.0 70.76 0.29 11.06 8.89 0.05 0.53 0.00 0.01 4.76 0.01
2-42.2 66.14 0.29 10.06 16.52 0.13 0.92 0.00 0.00 2.08 0.00
2-42.80 72.00 0.29 10.17 9.90 0.08 0.59 0.00 0.00 3.83 0.02
2-57.8 71.03 0.32 11.14 9.19 0.11 0.51 0.03 0.00 4.67 0.06
3-29.5 69.83 0.31 10.98 9.67 0.17 0.29 0.03 0.07 5.16 0.04
Average 69.83 0.31 11.13 11.19 0.09 0.51 0.01 0.01 4.01 0.04
Std. Dev. 2.03 0.01 0.57 2.28 0.04 0.18 0.01 0.02 1.01 0.02
Max 73.17 0.34 12.23 16.52 0.17 0.92 0.04 0.07 5.39 0.08
Min 66.14 0.29 10.06 8.17 0.01 0.27 0.00 0.00 2.08 0.00
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Sample
5-25.8
5-49.25
5-50.0
5-565.00
1-16.00
1-28.3
1-64.60
2-42.75
2.71.50
3-27.0
8.39.4
%verage
td. Dev.
ax

wedeagm

93
)
E
=
5

<rfigiqr Jejue

-28.0
$-37.45
8-46.00
5-66.0
£-104.0
3-115.6
§-126.1
8-127.0
3-13.50
4-31.0
4-47.85
3-58.50
2-16.8
2-34.0
9422
g-42.80
3.57.8
3.29.5
<
dAverage
gtd. Dev.
Max

n

LcocE

Zn
28.0
46.0
51.0
46.0

324.0
118.0
479.0
3,179.5
30,000.0
60.0
50.0
3,1255
8,961.0
30,000.0
28.0

Zn
91.0
73.0

1105
88.0

131.5

158.0

107.0

139.5

348.5

434.0

598.0

613.5

2,045.0
1,846.0
1,877.0

780.5

281.0
84.0

5447

669.3

2,045.0
73.0

Cu
43.0
37.0
35.0
3356

1,005.0

22,000.0
1,993.5
2,704.0
5,5615.0

339.0
48.0
3,068.4
6,505.8
22,000.0
33.5

Cu
55.0
60.0
39.0
40.0
41.0
45.0
32.0
38.0

179.0

2,072.0
1,545.0
2,036.0
1,524.0
1,672.0
1,772.0
1,440.0

431.0
58.0

726.6

836.3

2,072.0
32.0

Ni

8.0
3.0
7.0
5.0
7.0
7.0
7.0
5.0
3.0
3.0
4.0
3.0
3.0
3.0
3.0
3.0
3.0
5.0
4.5
1.8
8.0
3.0

50
4.0
5.0
4.0
3.0
3.0
3.0
3.0
3.0
4.0
7.0
4.0
1.2
7.0
3.0

Ga

Ga

23.0
18.0
21.0
23.0
22.0
27.0
20.0
215
13.5
21.0
33.0
27.0
11.0
22.0
20.0
18.5
17.0
23.0
211

4.9
33.0
11.0

18.0
15.0
27.0
16.5
15.0

9.0
18.5
18.5

3.0
16.0
19.0
15.9

6.0
27.0

3.0

race element data for Green agglomerate:

Mo

Mo

3.0
2.0
3.0
7.0
3.5
2.0
8.0
2.5
3.5
2.0
2.0
2.0
4.0
40
4.0
2.0
3.0
6.0
3.5
1.7
8.0
20

9.0
7.0
2.0
8.5
4.0
3.0
3.0
2.5
6.5
2.0
3.0
4.5
26
9.0
2.0

Nb

Nb

22.0
20.0
20.0
20.0
19.5
17.0
18.0
17.0
18.0
20.0
17.0
19.5
20.0
19.0
20.0
20.0
21.0
20.0
19.3

1.4
22.0
17.0

16.0
19.0
21.0
17.5
24.0
19.0
19.0
23.5
17.0
15.0
21.0
19.1

3.0
24.0
15.0

Zr
340.0
378.0
461.0
319.0
370.0
404.0
376.0
382.0
348.5
375.0
363.0
374.2
36.7
461.0
319.0

Zr
402.0
379.0
385.0
377.0
387.0
366.0
375.0
370.5
385.0
389.0
345.0
390.5
379.0
372.0
365.0
355.5
368.0
367.0
375.4
13.6
402.0
345.0

Y
50.0
60.0
58.5
52.0
51.5
51.0
64.0
57.5
95.5
55.0

109.0
62.5
64.0
61.0
83.0
93.5
67.0
79.0
67.4
17.3

109.0
50.0

Y
45.0
57.0
83.0
445
57.0
90.0
59.5
76.5
74.0
59.0
44.0
62.6
16.0
90.0
44.0

Sr

Sr
8.0
7.0
6.0
7.0
6.5
5.0

10.0
4.5
10.0
15.0
3.0
6.5
10.0
7.0
9.0
8.0
8.0
13.0
7.9
29
15.0
3.0

11.0
1.0
14.0
7.0
8.0
30.0
14.5
9.5
9.5
26.0
27.0
15.2
8.3
30.0
7.0

Rb
338.0
296.0
364.0
268.5
272.0
271.0
3562.0
310.5
248.5
352.0
356.0
311.6
424
364.0
248.5

Rb
311.0
251.0
249.0
265.0
325.0
356.0
279.0
266.0
270.5
223.0
158.0
247.0
227.0
257.0
106.0
206.5
258.0
272.0
251.5
57.0
356.0
106.0

U
6.0
5.0
4.0

10.0
4.5
10.0
4.0
8.0
6.0
7.0
7.0
8.0
7.0
5.0
4.0
7.0
6.0
6.0
6.3
1.8
10.0
4.0

U
6.0
10.0
4.0
55
5.0
5.0
6.5
8.0
6.5
5.0
9.0
6.4
1.8
10.0
4.0

Th

Th
18.0
23.0
17.0
14.0
18.0
15.0
16.0
12.5
14.5
23.0
23.0
18.0
44.0
18.0
24.0
18.5
21.0
21.0
19.9

6.9
44.0
12.6

16.0
15.0
23.0
11.5
250

Pb Ba

4.0 524.0
13.0 703.0
9.0 695.0
7.0 495.5
77.0 445.0

33.0 402.0 907.0

20.0

66.5 626.0

240 437.5 472.5
31.0 1,1405 883.5

14.0
11.0

50 12520
4.0 909.0

20.3 196.8 719.3
7.5 351.8 2481

33.0 1,140.5

1,252.0
11.0 4.0 445.0

Pb Ba

4.0 447.0

4.0 412.0

10.5 8.0

4.0 439.0

4.0 314.5

4.0 178.0

4.0 344.0

55 239.5

450 576.5

321.0 523.0

434 .0 205.0

160.0 1568.5

2,136.0 262.0

127.0 531.0

382.0 242.0

136.0 395.5

68.0 662.0

6.0 560.0

2141 360.9

499 4 173.8

2,136.0 662.0

4.0 8.0

Se
10.0
10.0
13.0
8.0
50
5.0
6.0
50
50
15.0
6.0
8.0
35
15.0
50

Se
7.0
8.0
8.0
9.0

10.0
6.0
4.0
8.0
8.5

10.0
5.0
8.0
6.0

60.0
5.0
55
50
9.0

10.1

12.5

60.0
4.0



Appendix C

X-ray diffraction pattern of a vein chlorite in GD2:

SIFFRACTION SCAN FOR @ CHLORITE- (RKW1;
FILE NAME P ORKWI
FCAMNNED FRUM TS5.00 TO 75,00
REFCRY FROM : S.00 TO 7S.99
STEF SIZE T 0.08
_AMDA : 1.54
FEAK 2 THETA D VALUE INTENSITY RELATIVE INTENSITY
1 &. 20 14.241 11,0 15,28 V
2 12. 60 7.018 72,00 100,00 v
3 15,490 5,748 3. 090 4,17
4 18.28% 4,703 10,00 13.89 v
S 12.79 3.502 3.00 4,17
& 20,90 4,246 4,00 S.5&¢
7 25.25 55.00 76.3% V
s T&LED &. 0D 8.33 v
9 29,15 2,00 2.78
10 30. 20 1.06 1.35
11 31,69 7 Q0 Q. 72V
2 33,40 13,00 18.06
3 35,65 7.00 9,72 Vv
14 3&.89 16.00 22.2
1] 42,50 4,00 S.56 Y
14 4% A0 X.00 a.17 v
7 50.05 16,60 22,22
51,30 3. 00 4,17V
54,00 2.00 P
sa, ¢ 2,00 2,78
56.2% 3. 060 .56
E6H.55 X, G0 4,17
S, ey 5,00 &.54 Vv
&EQ. GG P Ty ] 2.7¢8 /
&3, 05 w00 s S
&S,10 2,00 2.78 v
b&. 1% 4,00 .86 Y
&7, 20 5,00 4,17 47
71.G5 Z 00 w.vE v
VR PEE- 2,00 2,78 v
31 FACTRAS) 2.00 2.76 /
i:,::_"“'“gs T CHLORITE- <AL o -
80.0
3 ~
7 o
S o
- n
60.0 3 o
“ -
= 7
5 40.0
8 =
= - o & Y
3 < Qe © ©
3 S w8985 ; ®
20.0 4 « ¥ Qundp o To no o -0 S
n -t ™ ‘Gf, - . - - o Ot nN - % (v
3] sSatal 18 lree® theet oo
T A shf Al §5 JF3E (a7 o7
K o, L_ﬂ bl b o T seks o ;,LLJ#—J":LJ Ll
17 T 7 171 [ B L L S 3
.30 40.30 6C.0 g80. ¢
2 THETA
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Appendix D

X-ray diffraction pattern of copper sulphides (and other alteration
minerals) in a vein in GD2:

DIFFRACTION SCAN FOR : CUSULFHIDES- (WVDE71)
FILE MAME : WUDET1
SCANNED FROM : LOD TO 75.00
REFORT FROM : .00 TG 75.00
STEF SIZE o 0.05
LAMDA : 1.54
FEAK 2 THETA D_VALLE INTENSITY RELAPIVE INTENSITY
DDDD DODODDD DEDLDLD DDDDLDDDD DDDDPLODPDDLLDDLDDDD
1 13,75 &.001 9.72 18.40 ¢
2 17.30 S5.063 14.64 27.720)
I Z1.1S 4,197 21.54 40.750
4 24 .00 T.70S 14.448 27 .37 e
5 24.70 7 3.33 8.40 .
B 26.2% 17.39 3I2.930VX
7 2E.60 12.38 27,44V —>
8 27 .90 S3.55 25.27"x
g 8.65 7.32 13.87 x
10 17.31 2,748l X
11 &6.28 11.689x
2 22.25% 42, 1T x
13 18.22 TALE0 Ve
14 5,20 2E.770 ¢
15 10.18 19.28 «
14 26.13 49 .45 «
17 25.10 7.51C4A
13 39.07
19 10,96
20 8.93
z1 7.50
22 82,87
23 43,75
24 7.88
25 .47
26 19,60
27 14,56
28 7.45
25 &.18
Romal-f CUSULPHIDES - (MUDB71? i
i b |
|
| 63.0 5 '
N
E 3
5 o
= ﬂd c' ®
[IB RN et o i
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Appendix E

Analytical conditions

microprobe:

Chlorite:

Accelerating potential:

Probe current:
Lines analysed:
Standard:
Reproducibility:

Arsenopyrite:

Accelerating potential:

Probe current:
Lines analysed:
Standard:
Reproducibility:

Accelerating potential:

Probe current:
Lines analysed:

Standards:

Sphalerite:

Accelerating potential:

Probe current:
Lines analysed:

Standard:

sj dg:j ;g .

Accelerating potential:

Probe current:
Lines analysed:

Standard:
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for minerals analysed with the electron

20 kv

20 nA

Ka

chlorite

Fe0:1.81, Mg0:0.57,

Al,0,:1.25, S5i0,:1.20

20 kv

20 nA

Ka

arsenopyrite and CoS,

Fe:0.797, As:0.65, Co:0.765, S:0.629

20 kv
20 nA
Ko (Bi,S and Cu) and L a(Pb)

Bismuthinite, cuprite, and PbTe.

20 kv
20 nA
Ka

sphalerite, troilite and chalcopyrite.

20 kv

20 nA

Ka

FeO, MnO, MgO and CaO.

128



Appendix F

Chlorite microprobe analyses (with calculated temperatures according

to Walshe’s thermometer):

Name 1-20.8 1-25.9 1-51.9 1-62 2-54

No. 7 3 7 [ 9 10 5 2 6 9 3 4 7 8
Na.0 0.59 0.54 0.92 0.48 0.06 0.12 1.2 0.05
FeO (total) 41.52 46.05 429 4275 45 4278 4153 4244 4228 4259 4215 4471 4448 4428
MnO 0.49 0.1 0.28 0.34 0.07 0.24 0.46 0.41 0.36 0.36 0.52 0.12 0.18 0.26
Si0; 21.26 2058 21.44 21 202 2081 2045 2086 20.51 2031 2132 2028 20.56 19.83
Al O, 21.38 1938 1933 1952 1876 2104 196 2011 1928 1959 202 20.08 19.51 19.28
MgO 1.62 1.49 1.79 1.45 0.89 1.97 0.65 22 1.64 0.18 0.17
TiO, 0.04 0.03 0.01 0.04 0.06

Ca0 0.04 0.02 0.01 0.03 0.01 0.07
K;0 0.0 0.03 0.02 0.04 0.01 0.01
Nio 0.08 0.04 0.05 0.05 0.01 0.02 0.02 - 0 0.24
Cr0; 0.01 0.02 0.03 0.02 0.01
Zn0 0.31 0.15 0.02 0.01 0.01 0.44 0.16 0.26 0.17 0.19
Total 869 87.06 87.31 8539 8412 86.77 8349 8578 83.26 8528 8536 8525 86.31 84.39
Na* 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28
Fo®* 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2 8.2
Mn?* 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Si*(T) 5.02 5.02 5.02 5.02 5.02 5.02 5.02 §.02 5.02 5.02 5.02 5.02 5.02 5.02
AP 2.98 2.98 2.98 2.98 298 2.98 2.98 2.98 2.98 2.98 298 2.98 298 2.98
AP(0) 2.98 2.98 2.98 2.98 2.98 2.98 298 2.98 2.98 2.98 2.98 2.98 2.98 2.98

Mg®* 058 058 058 058 058 058 058 058 058 058 058 058 058 038
Ti* 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ca” 0 0 0 0 0 0 0 0 0 (] 0 0 0 0
K 0 0 0 0 0 0 0 0 0 ) 0 0 0 0
Ni®* 0 0 0 0 0 0 0 0 0 ) 0 0 0 0
ce* 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Zn®* 0 0 0 0 0 0 0 0 0 0 0 0 0 0

cations 20.12  20.12 2012 2012 20.12 20.12 2012 2012 2012 2012 2012 20.12 20.12 20.12
Fe/(Fe+Mg 0.935 1 0.969 0.931 1 0.963 0925 0.973 0916 0935 1 0.993 0.993 0912

Temp. 339.5 340 3224 3332 3319 3237 3291 319 3298 3248 3532 330 3388 3325
Name 2-79.63A 2-79.63A 2-90.4 3-152.4 5-154.65 5.73.4

No. 3 6 10 3 6 10 1 2 4 9 4 10 2 4 5 9 10
Na,0 0.55 0.16 0.46

FeO (total) 41.99 4225 44.93 41.99 4225 44.93 4265 3958 41.44 41.18 41.4 4215 43.59 42.74 44.07 43.69 43.8
MnO 0.43 04 024 043 04 024 06 034 028 062 065 075 012 02 016 0.17 0.18
Sio, 21.02 2146 2087 21.02 21.46 20.87 20.88 21.22 21.27 21.91 20.76 20.67 20.31 20.48 20.06 20.56 20.8
Al,0, 19.55 2017 1973 1955 20.17 19.73 19.39 19.66 19.84 19.54 1869 18.72 18.52 19.23 19.6 19.65 19.67
MgO 1.54 236 0.3 154 236 03 169 0.18 0.16 218 202 111 064 0.51 0.6 0.69
Tio, 0.04 0.04 0.05 0.01 0.09 0.01 0.06
ca0 0.04 0.04 0.05 0.01 0.0 0.08 0.05 0.05
K.0 0.01 002 0.01 0.02 007 0.8 0.01 0.05 0.03
Nio 0.02 0.02 0.2

Cry0, 0.01 0.01

Zn0 0.34 005 015 034 005 0.15 035 0.1 0.04 0.02 0.26 0.2
Total 84.92 8673 86.26 84.92 86.73 86.26 85.39 82.07 83.12 85.63 83.55 B83.48 83.45 83.21 84.69 84.88 85.28
Na® 0.28 028 028 028 028 028 028 028 028 028 028 028 028 028 028 028 0.28
Fe® 8.2 8.2 8.2 8.2 82 82 82 82 82 82 82 82 82 82 82 82 82
Mn® 0.1 0.1 0.1 0.1 01t 01 01 0.1 01 0.1 01 01 01 01 01 01 01
Si*(M) 5.02 502 502 502 502 502 502 502 502 502 502 502 502 502 502 502 502
AP 2.98 298 298 298 298 298 298 298 298 298 298 298 298 298 298 298 298
AP*(0) 2.98 298 298 298 298 298 298 298 298 298 298 298 298 298 298 298 298
mg** 0.58 058 058 058 058 058 058 058 058 058 058 058 058 058 0.58 0.58 0.58
Ti* 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
ca® 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ]
Ni?* 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
cr™ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Zn? 0 0 0 0 0 ] 0 0 0 0 0 0 0 0 0 0 ]

cations 20.12 20.12 2012 2012 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12 20.12
Fe/(Fe+Mg 0.909 0988 0.934 0909 0.988 0.934 0.953 0.956 0.984 0.92 9.955 0.975 0.979 1 0.976 0.973 0.941
Temp. 332 3296 3344 332 3296 3344 3606 323.9 3605 321.8 317 323.3 319.4 345.5 3329 326.5 333.6
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Appendix G

Microprobe analyses of siderite (wt%) in the brecciation zone
between the agglomerate and the rhyolite:

FeO MnO MgO CaO Total
55.7 27 0.4 0.75 59.54
54.6 2.8 0.6 0.83 58.95
55.6 26 0.4 1.31 59.94
56.5 2.8 0.4 0.58 60.31
53.7 3.4 1.4 0.60 59.19
56.4 2.0 0.3 0.61 59.30
55.7 3.8 0.7 0.53 60.73
55.8 2.5 0.8 0.37 59.50
55.4 2.8 0.8 0.29 59.26
55.6 2.9 0.6 0.68 59.76
55.0 2.8 0.9 0.83 59.59
53.5 3.9 0.7 0.57 58.70
56.1 2.3 0.7 0.31 59.47
58.8 0.5 0.6 0.08 60.07
58.6 0.9 0.9 0.00 60.41
58.8 0.6 0.6 0.21 60.25
58.7 0.9 0.6 0.00 60.17
57.0 2.3 0.6 0.09 59.93
59.1 0.6 0.8 0.00 60.50
57.3 1.4 0.8 0.31 59.75
58.2 0.4 0.8 0.43 59.80
57.0 2.1 0.7 0.14 59.92
56.4 1.9 0.9 0.20 59.43
58.4 1.8 0.5 0.17 60.95
55.8 2.5 0.9 0.43 59.62
59.0 0.6 0.6 0.33 60.45
55.4 3.0 0.7 0.46 59.52
55.7 2.4 0.7 0.30 59.11
54.6 27 0.5 0.73 58.59
54.1 3.8 0.5 0.79 59.21
54.5 3.1 0.7 0.69 59.01
56.6 2.5 0.5 0.33 59.86
55.7 3.0 0.4 0.58 59.76
55.3 2.9 0.9 0.51 59.56
55.0 27 0.7 0.84 59.18
55.7 2.8 0.5 0.35 59.39
55.6 26 0.8 0.57 59.59
55.7 2.7 0.9 0.34 59.66
56.4 2.7 0.5 0.62 60.18
56.0 24 0.4 0.54 59.29
56.8 2.5 0.4 0.22 59.89
55.1 3.0 0.8 0.62 59.51
55.6 24 0.9 0.75 59.58
56.5 2.3 0.5 0.57 59.88
57.4 1.8 0.3 0.15 59.73
57.0 2.1 0.5 0.13 59.73
53.8 3.3 1.2 0.70 59.07
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FeO MnO MgO CaO Total

56.1 2.8 0.8 0.30 60.02
57.9 22 0.6 0.19 60.82
56.6 2.2 0.6 0.16 59.53
56.8 22 0.5 0.11 59.65
57.8 1.3 0.6 0.17 59.90
456 6.7 53 0.13 §7.70
57.2 1.8 0.5 0.17 59.64
56.1 24 0.9 0.52 59.91
57.0 23 0.3 0.17 59.79
56.0 2.3 0.6 0.30 59.30
54.9 25 0.6 0.95 58.88
57.3 1.7 0.0 0.20 59.24
56.1 24 0.7 0.42 Average
1.95 1.0 0.7 0.28 Std. Dev.
59.1 6.7 5.3 1.31 Max
456 0.4 0.0 0.00 Min
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Appendix H

Microprobe analysis of arsenopyrite (wt%) in the hydrothermal veins.

Fe As S Co Total As/S
27.2 494 17.7 6.7 101.08 2.79
31.8 484 17.5 1.9 99.92 2.77
31.7 49.7 17.2 1.8 100.3 2.89
31.9 48.3 18.1 1.9 100.33 2.67
32 48.1 18 2 100.59 2.67
30 49.3 17.9 3.8 101.24 2.75
29.7 483 17.6 3.7 99.61 2.74
31.2 48.1 18.2 2.8 100.66 2.64
30.8 47.8 18.2 3 100.24 2.63
29.6 49.4 17.2 4 100.34 2.87
30 49.1 17.3 3.7 100.33 2.84
30.7 49.5 17.7 3.1 101.07 2.80
30.6 48.6 17.5 3.2 100.21 2.78
30.5 48.6 17.6 3.1 99.86 2.76
30.1 49.2 17.8 34 100.61 2.76
30 49.6 17.3 3.7 100.94 2.87
29.6 49.8 17.2 3.5 100.32 2.90
30.2 48.6 17.7 3.4 100.25 2.75
29.8 48.2 17.7 3.8 100.35 2.72
30 493 17.2 3.1 100.71 2.87
30 49 17.2 3.2 100.62 2.85
29.8 49.7 16.9 3.9 101.21 2.94
29.3 49.2 16.7 39 99.23 2.95
28.4 48.2 17.9 54 99.95 2.69
28 48.6 17.8 5.6 100.25 2.73
31.1 49.6 17.4 2.4 100.69 2.85
30.7 48.1 17.5 2.4 99.11 2.75
30.8 48.3 17.9 2.7 100.71 2.70
30.5 47.8 17.9 3 99.43 2.67
32.3 48.5 17.8 1.4 101.54 2.72
32 48.7 17.9 1.6 100.88 2.72
30.7 48.8 18 3 100.77 2.71
30.6 48.1 17.8 3 99.74 2.70
32.9 483 17.9 0.9 100.06 2.70
32.6 48 18 0.8 99.66 2.67
29.9 49 17.4 3.6 100.54 2.82
30.2 47.3 17.4 3.6 98.61 2.72
31.6 48.8 17.5 2.2 100.29 2.79
314 49.5 17.8 2.2 102.03 2.78
28.6 49.5 17 4.5 99.88 291
28.8 49.7 16.9 4.5 100.15 2.94
29.4 48.5 17.5 4.1 100.92 2.77
29.3 47.3 17.6 42 98.82 2.69
29.4 49.8 17.3 4.4 101.23 2.88
304 48.9 17.4 3.9 100.89 2.81
29.9 48.5 17.4 4 100.52 2.79
27.3 48.9 17.1 6 99.85 2.86
27.2 48.8 16.8 6.2 99.93 2.90
28.7 49.5 17.4 4.8 100.78 2.84
28.4 48.5 17 4.9 99 2.85
25.8 49.5 17 7.7 100.2 2.91
25.7 49.1 16.9 7.7 100.25 291
25.7 494 17.4 7.9 100.65 2.84
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Fe As S Co Total As/S

259 48.8 17.3 7.1 100.06 2.82
25.9 429 14.4 6.8 89.98 2.98
258 42.6 14.5 6.7 89.96 2.94
27.6 49.9 16.3 5.7 99.76 3.06
27.5 50.8 16.3 5.6 100.6 3.12
31.9 48.9 17.4 1.8 100.16 2.81
314 48.4 17.4 2 99.22 2.78
31.7 48.8 17.3 1.9 100.57 2.82
30.1 48.6 16.8 3.1 98.92 2.89
30.5 49.1 17.8 3 100.55 2.76
30.6 48 17.5 3 99.88 2.74
31.7 48.4 17.7 2 100.12 2.73
31.5 47.9 17.5 1.9 99.21 2.74
28.1 48.7 17.4 5.6 100.33 2.80
28.2 48.3 17.5 5.6 99.83 2.76
30.4 49 17.5 3.4 100.41 2.80
304 48.4 17.6 32 100.91 2.75
33 49.5 18 1 101.74 2.75
32.6 48.9 17.8 0.9 101.3 2.75
28.8 49.6 17.6 4.8 101.19 2.82
28.6 49.3 17.5 5 100.61 2.82
32.6 48.5 17.6 0.5 99.6 2.76
33.2 48 17.5 0.7 99.47 2.74
33.1 48.1 18.1 04 99.78 2.66
33 47.3 18.1 0.3 98.72 2.61
31.7 48.8 17.5 1.7 100.09 2.79
31.6 48.6 17.6 1.5 99.36 2.76
30.7 50.2 16.8 22 101.7 2.99
30.6 48.8 16.8 2.3 98.73 2.90
31.3 472 18.1 2.4 98.92 2.61
30.9 47.8 18.2 2.5 100.73 2.63
315 48.8 17.4 1.9 99.78 2.80
31.6 49 17.3 2 100.56 2.83
31.2 49.1 17.6 2.8 100.78 2.79
30.8 49.9 17.3 2.7 100.86 2.88
27.2 49.2 16.8 6.4 101.24 2.93
27.4 492 17.1 6.4 100.61 2.88
277 50 16.7 59 101.01 2.99
27.6 49.7 16.8 59 100.86 2.96
28 50.1 17 5.6 101.5 2.95
28.2 50 17 54 100.84 2.94
28.1 495 16.9 5.3 100.23 2.93
28 50.8 16.7 54 101.14 3.04
27.4 49.6 16.6 5.3 99.44 2.99
283 49.3 16.8 5.1 99.9 2.93
28.2 48.7 16.8 4.9 99.54 2.90
28 48.7 16.9 5 98.62 2.88
28.2 494 16.8 5.2 99.73 2.94
279 49.6 16.9 5.4 100.14 2.93
279 48.3 16.7 5.5 99.45 2.89
28.1 48.9 17.1 4.9 99.17 2.86
28.1 48.5 17 5 98.75 2.85
29.7 48.1 17.5 3.7 99.31 2.75
29.7 47.3 17.4 3.5 98.03 2.72
30.1 48.7 16.8 3 98.65 2.90
304 49.9 16.8 3.1 100.31 2.97
28.2 50.1 17 52 100.52 2.95
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Fe As S Co Total As/S

27.9 49.8 16.9 5.1 99.97 2.95
26.2 477 16.5 6.8 98.6 2.89
25.7 48.7 17 7.9 99.41 2.86
258 48.7 17.4 7.9 100.31 2.80
28.4 48.6 17 5.1 100.49 2.86
28.2 49.1 17.3 5.1 100.59 2.84
26.7 49.7 16.5 6.1 99.86 3.01
27.1 49.1 16.4 6.3 99.87 2.99
284 49.4 16.7 5.1 99.87 2.96
28.1 49.8 16.7 4.9 100.03 2.98
29.6 49.1 17 4 100.01 2.89
29 50.6 17 4 101.49 2.98
29.5 49.6 17.1 4 100.35 2.90
29.1 49.3 16.9 4.2 100.08 2.92
30 47 18.5 4 99.61 2.54
29.5 47.5 18.5 4.1 100.12 2.57
32 48.5 17.6 1.9 100.63 2.76
31.5 48.2 17.6 1.9 100.33 2.74
32.2 49.3 17.7 14 100.8 2.79
32.1 479 17.8 1.3 99.06 2.69
277 47.6 17.6 6.7 99.77 2.70
27 48.4 17.7 6.4 99.8 2.73
30.3 493 16.8 2.8 99.74 2.93
304 49.8 17.1 2.6 99.99 291
29.2 48.6 16.9 4.1 99.37 2.88
29 43.6 16.9 3.9 98.86 2.88
32.6 48 17.5 0.9 99.02 2.74
32.2 48.5 17.7 | 99.53 2.74
27.7 49.1 17 5.9 99.95 2.89
27.3 48.6 16.8 6 99.12 2.89
31.2 479 17.7 24 99.46 2.71
30.8 47.5 17.9 2.2 99.42 2.65
29.8 49.1 17 4 99.98 2.89
29.2 49.5 17.1 3.9 100.18 2.89
29.2 49.5 16.8 4 100.64 2.95
29.1 48.9 16.8 4.1 101.3 291
295 50.1 17.1 3.7 101.19 2.93
29.7 50.2 16.9 3.9 101.63 2.97
28.8 49.5 17.1 4.8 101.33 2.89
28.6 49 16.9 4.5 100.02 2.90
30 494 17.4 3.6 100.6 2.84
29.8 49.1 17.6 3.9 100.91 2.79
29.8 49.6 17 3.8 100.38 2.92
30 49.1 17.1 3.8 101.6 2.87
32.6 48.1 18 1.1 100 2.67
322 47.8 18.1 1 99.35 2.64
31 47.8 17.6 2.5 99.38 2.72
31.2 48.3 17.6 24 100.28 2.74
25.7 50.8 15.1 7.5 101.43 3.36
25.2 50.9 15.2 7.4 99.9 3.35
27.9 493 16.8 5.7 100.66 2.93
275 50.1 16.7 5.6 100.91 3.00
31.7 50.3 17.2 2.1 102.1 2.92
314 47.8 17.1 2.1 98.96 2.80
26.5 49.8 16.6 7.3 101.83 3.00
26.9 49.3 17 7.1 101.33 2.90
26.7 50.2 16.4 7 101.38 3.06
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Fe As S Co Total As/S

26.6 50.1 16.4 6.9 100.13 3.05
28.8 49.1 17 4.8 99.9 2.89
28.3 49.1 16.8 5 100.58 2.92
28 50 16.9 5.5 100.59 2.96
27.9 49.2 17 5.6 100.38 2.89
30.3 49.4 17.2 33 100.92 2.87
30.4 49.2 17 3.1 99.99 2.89
29.9 50.2 16.8 3.1 100.41 2.99
295 49 16.7 32 98.6 2.93
30.8 49.1 17.1 2.6 99.91 2.87
30.9 48.7 173 24 100.36 2.82
30.5 47.8 17.5 3.6 99.99 2.73
303 47.9 17.7 3.6 99.74 2,71
26.8 50.8 16.6 7 101.39 3.06
26.7 50.6 16.5 7.1 101.21 3.07
30.8 493 17.3 2.8 100.23 2.85
28.9 51.5 16.4 4.3 101.2 3.14
29 49.9 16.1 4.1 100.86 3.10
29.2 50.1 16.4 4.6 101.36 3.05
28.7 49.9 16.9 4.6 100.15 2.95
28.8 49.4 16.8 4.5 99.83 2.94
28.8 49.5 16.4 4.1 99.97 3.02
28.9 50.6 16.7 4 101.25 3.03
31.2 504 16.9 1.9 101.81 2.98
31.8 49.5 17.1 2 100.67 2.89
30.8 49.4 17.7 2.8 100.99 2.79
30.7 48.7 17.6 2.8 100.3 2.77
29.6 49.8 16.9 34 99.75 2.95
31.3 49.5 17 22 100.22 2.91
31.7 49.4 17.1 22 100.81 2.89
30 50 16.5 33 100.03 3.03
299 50.2 16.6 3.1 100.44 3.02
27.9 48.7 17 6 99.7 2.86
277 49.6 17.2 5.8 100.35 2.88
27.6 50.5 16.9 5.9 101.69 2.99
27.7 499 16.8 5.9 100.69 2.97
33.4 479 18.4 1 101.39 2.60
33.1 47.5 18.3 1 100.24 2.60
279 49.8 16.8 5.6 100.34 2.96
283 49.8 16.8 5.5 100.47 2.96
30 50.1 17 32 101.47 2.95
30.5 50.3 17.2 3.3 102.19 2.92
283 49.9 16.9 5.6 101.32 2.95
28.4 49.6 16.8 5.3 100.57 2.95
30.3 49.7 17.2 32 100.58 2.89
30.3 49.4 17.1 33 100.7 2.89
31.3 48.7 17.9 23 100.32 2.72
31.4 49 17.5 24 101.15 2.80
314 49.7 17.8 23 101.9 2.79
31.6 48.6 17.5 24 100.27 2.78
30.4 48.5 17.7 3.1 100.84 2.74
30.7 493 17.8 3 100.93 2.77
322 48 17.5 1.6 99.41 2.74
32.1 49.2 17.5 1.6 100.86 2.81
30.7 48.2 17.8 3.3 100.07 2.71
30.1 48 17.9 3.1 99.48 2.68
31 499 17.1 2.8 101.27 2.92
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30.8 48.4 17.1 2.6 99.34 2.83
30.2 50.2 17.2 34 101.77 2.92
30.2 50.2 17.2 34 101.97 292
31 50.8 17.2 24 102.23 2.95
30.9 50.4 17 24 101.66 2.96
31.1 49.5 17.5 2.1 100.56 2.83
31 49.6 17.5 22 100.98 2.83
26.9 50 16.9 6.5 100.47 2.96
27.3 49.6 16.7 6.5 101.3 2.97
27.2 50.5 16.8 6.3 101.56 3.01
26.3 49.1 16.6 6.4 99.94 2.96
25.6 51.1 15.6 7.5 101.28 3.28
255 50.6 15.3 7.6 101.47 3.31
25.7 51.8 16 7.8 101.4 3.24
25.6 50.8 15.9 7.8 100.42 3.19
234 52.9 15.2 9.7 102.68 3.48
23.7 51.8 15.2 9.8 100.67 3.41
29.5 50 16.8 4.5 101.52 2.98
29 50.1 16.7 4.5 101.48 3.00
28.5 49.7 16.8 5.1 100.13 2.96
28.6 50.1 16.9 5 100.96 2.96
29.8 49.8 17.2 43 101.1 2.90
29.5 49.6 17.1 4.3 100.81 2.90
26.6 51 16 6.5 101.54 3.19
26.7 50.3 15.8 6.5 101.12 3.18
26.1 50.2 16.5 7.7 100.85 3.04
31.9 48.2 18.1 1.5 99.83 2.66
31.9 48.6 17.9 1.6 100.1 2.72
31.9 49.2 17.7 2 100.94 2.78
31.7 48.7 17.8 2.2 101.02 2.74
322 49.2 17.8 1.8 101.26 2.76
32.1 49.5 17.6 1.8 101.05 2.81
29.1 49 17.2 4.9 100.53 2.85
31.5 49.1 17.8 2.4 101.1 2.76
31.2 49.4 17.8 2.5 100.87 2.78
30.9 48.6 18 29 101.44 2.70
30.7 48.3 17.8 2.7 99.62 2.71
29 49.4 17.1 4.4 101.15 2.89
29 49.8 17.2 4.8 100.68 2.90
29.5 49.5 17.7 4.5 101.16 2.80
29.5 49.6 17.4 42 100.89 2.85
279 46.6 18.4 3.9 97.58 2.53
29 48.4 17.8 5.2 101.12 2.72
29.5 49.4 17.4 44 100.79 2.84
30.6 494 17.4 3.7 101.68 2.84
30.2 50 17.5 34 101.46 2.86
29.4 494 16.8 4.1 100.56 2.94
31.6 49.2 17.8 22 100.79 2.76
29 49.9 17.3 4.6 101.45 2.88
28.1 51.5 15.3 4.8 100.51 3.37
27.5 51.9 154 5.4 101.2 3.37
26.6 50.9 16.4 6.9 101.64 3.10
294 48.3 17.8 4.2 99.78 2.71
293 49.4 16.7 4.1 100.29 2.96
29.6 50 17 4 101 2.94
29.1 50.7 16.6 4.7 101.25 3.05
30.5 48.6 17.4 3.1 100.2 2.79
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30.5 48.8 17.6 3 100.09 2.77
30.5 50.2 16.9 3.1 101.01 297
30.3 49.5 17.2 3.1 100.07 2.88
27.8 50.4 16.8 5.6 101.78 3.00
27.5 49.8 16.7 59 100.91 298
29.7 49.7 17.2 3.8 100.66 2.89
299 49.5 17.2 37 100.36 2.88
27.9 50.5 16.5 6.3 101.52 3.06
273 511 16.4 6.1 101.03 3.12
322 494 17.7 1.4 101.03 2.79
322 49.4 17.5 1.5 101.11 2.82
29.7 50.8 16.8 4.2 101.8 3.02
29.1 50.9 16.8 44 101.45 3.03
26 49.7 16.9 8.1 101.54 2.94
259 49.9 16.9 8 101.94 2.95
29.1 49.2 17.7 4.8 101.1 2.78
30 47.8 17.4 3.5 98.76 2.75
29.6 48.6 17.1 3.6 99.21 2.84
27.5 49.1 17.5 5.8 100.47 2.81
27.6 48.5 17.4 5.9 100.53 2.79
257 504 15.5 8 100.3 3.25
27.8 49.3 16.9 5.2 99.87 2.92
27.9 48.4 16.8 5.4 98.56 2.88
273 49.2 16.6 5.5 98.97 2.96
27.2 49.5 16.6 5.5 100.77 2.98
28 49.6 16.6 5.7 100.6 2.99
30.3 50 16.9 3.5 100.95 2.96
30 49.6 17.3 3.5 100.59 2.87
299 50 17.3 3.6 101.12 2.89
30.6 50.5 17 3.1 101.65 297
30.2 50.9 16.9 2.7 101.41 3.01
29.5 50.4 17.3 39 101.34 291
29.8 50.4 17.2 3.7 101.66 2.93
29.9 49.9 17.3 4 101.42 2.88
29.6 49.6 17.1 3.9 101.13 2.90
29.2 50 16.8 4 100.13 2.98
28.7 49.5 17.3 5 100.87 2.86
29.5 49.1 17 4 99.8 2.89
29.5 49.5 17.1 4.2 100.49 2.89
29.4 51.2 16.3 4 100.97 3.14
29.2 512 16.4 4.1 101.35 3.12
25 51.6 15.7 8.6 101.67 3.29
25 52 15.6 8.2 101.48 3.33
32.6 49 18.2 1.3 101.5 2.69
32.8 43.3 18.1 1.4 100.75 2.67
30 43.9 17.9 4 100.92 2.73
30.1 48.3 17.7 4 100.36 2.73
26.6 50 16.6 6.4 99.63 3.01
26.5 50.1 16.5 6.5 100.04 3.04
294 48.9 17 3.6 99.4 2.88
29.5 48.5 17.4 3.6 99.63 2.79
32.1 48.2 17.8 1.7 99.91 2.71
32 48.1 17.8 1.8 100.64 2.70
26.1 52.1 15.4 6.6 101.13 3.38
26.1 50.8 15.3 6.8 99.06 3.32
29.6 492 17.2 43 100.91 2.86
29.6 48.5 17.2 4 100.09 2.82
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242 51.6 152 8.1 99.3 3.39
243 512 15.5 8.5 99.77 3.30
27.2 499 16.8 5.8 100.76 2.97
26.9 49.3 16.7 5.9 98.91 2.95
27.2 49 17.1 6.4 100.24 2.87
27.2 493 17.2 6.3 100.24 2.87
27.1 49.2 17.3 7.2 101.1 2.84
26.8 49 17.4 7.4 100.99 2.82
27.2 49.1 17.1 6.5 100.27 2.87
27 50.1 17 6.6 100.73 295
274 49.1 17.4 6.3 100.79 2.82
311 48 17.2 2.5 99.01 2.79
31 48.5 17.2 2.4 99.28 2.82
26.6 49.8 17.1 7.2 100.9 2.91
26.5 49.7 16.9 7.1 100.51 2.94
31.6 48.7 17.1 1.4 98.89 2.85
31.9 49.8 17.5 1.3 100.74 2.85
30.9 48.7 17.5 2.7 99.9 2.78
30.7 48.8 17.7 3 100.62 2.76
323 48.6 17.9 1.4 100.53 2.72
324 48.6 17.7 1.4 100.19 2.75
28.3 49.3 17.5 5.5 100.82 2.82
28.4 494 17.5 5.4 100.85 2.82
28.6 48.4 17.6 4.8 100.75 2.75
28.3 48.5 17.6 5 99.93 2.76
25.8 49.7 16.6 7.7 100.37 2.99
27.2 50.2 17.3 6.5 101.64 2.90
27.6 49.1 17.4 6.6 101.48 2.82
26.7 50 17.2 6.7 100.79 291
26.8 50.5 17 6.5 101.26 2.97
30.2 48.6 17.5 3.7 100.14 2.78
30 48.6 17.5 3.8 100.9 2.78
28.7 49 17.4 5.2 100.65 2.82
28.6 50.1 17.4 5.1 102.09 2.88
27.7 49.5 17.5 5.8 101.01 2.83
27.2 48.7 17.2 5.6 99.46 2.83
27.2 50.3 16.6 6.4 101.2 3.03
27.3 50.6 16.9 6.3 101.18 2.99
30.2 49.6 17.5 3.1 100.52 2.83
30.5 48.7 17.3 3.3 100.14 2.82
27.5 48.9 17.5 6 99.99 2.79
27.9 48.8 17.3 6.1 100.54 2.82
25.6 49.7 16.3 8 99.8 3.05
25.6 50.8 16.5 8 100.9 3.08
30.3 48.4 17.9 3.3 100 2.70
30.3 48.8 18 33 100.51 2.71
26.2 50.8 16.4 7.3 100.91 3.10
25.9 50.3 16.4 7.2 99.84 3.07
29 49.6 16.5 4.7 100.69 3.01
28.5 50 16.7 4.7 100.04 2.99
30.2 48.9 17.3 34 101.5 2.83
30.2 49.6 17.1 33 102.04 2.90
30.5 49 17.6 3.1 100.52 2.78
30.2 48.6 17.7 3.2 99.73 2.75
31.7 48.8 17.5 1.7 99.94 2.79
31.1 48.7 17.3 1.9 99.02 2.82
28.4 51.7 16.2 52 102.15 3.19
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50.2
49.8
493
50.7
50.9
49.1
49.3
49.2
47

48.3
47.5
50.4
493
48

49

47.8
48.4
47.4
49.1
48.6
46.5
46.3
48.5
47.5
49.4
47.6
48.8
47.6
48.9
48.5
48.2
48.4
49.9
48.6
48.2
48.4
50.6
48.9
49

49.5
48.3
47.5
50.2
49

49.6
50.7
442
44.4
50.9
49.9
50.7
50.1
50.8
50

43.6
42.7
49.5

S
16.2
17.1
16.9
16.3
16.2
17.7
17.8
18.2
17.9
17.9
17.8
16.9
16.8
17
17.4
17.5
17.6
17.6
17.9
17.7
18.6
18.3
17.3
17.3
17.2
17.1
18
17.7
17.4
17.6
17.4
17.1
17.4
17.2
18.4
17.9
17.1
16.9
16.6
16.9
17.6
17.3
16.3
16.6
16.9
16.9
20
20.1
16.4
16.8
16.3
16.3
16.5
16.4
20
20.1
17.2
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Total
100.87
100.7
100.02
100.84
101.44
101.51
101.71
101.97
98.45
100.3
99.17
101.69
100.75
98.21
99.89
98.66
99.7
99.16
100.48
100.18
99.18
99
100.56
99.04
101.42
98.93
101.26
99.57
100.82
100.19
99.79
98.89
101.33
100.89
100.75
100.3
101.49
99.03
100.15
99.16
100.92
98.55
100.37
99.16
100.58
101.05
99.21
99.59
102.19
100.06
100.6
99.28
101.8
99.85
101.63
100.85
100.86

As/S
3.10
2.91
2.92
3.1
3.14
2.77
2.77
2.70
2.63
2,70
2.67
2.98
2.93
2.82
2.82
2.73
2.75
2.69
2.74
2.75
2.50
2.53
2.80
2.75
2.87
2.78
2.71
2.69
2.81
2.76
2.77
2.83
2.87
2.83
2.62
2.70
2.96
2.89
2.95
2.93
2.74
2.75
3.08
2.95
2.93
3.00
2.21
2.21
3.10
2.97
3.11
3.07
3.08
3.05
2.18
2.12
2.88
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27.1 48.7 17.5 7.1 100.51 2.78
27.9 49.2 16.8 5.8 100.74 2.93
28 495 17 5.5 100.15 291
277 49.8 16.8 5.7 101.2 2.96
217 49.8 16.7 5.8 100.49 2.98
303 48.5 17.6 32 100.33 2.76
30.6 49.1 17.6 2.8 100.95 2.79
30.7 493 17.6 2.9 102.33 2.80
294 48.9 17.2 4.1 100.71 2.84
29.7 49.1 17.3 4.1 100.25 2.84
28.8 49.7 16.7 4.2 99.66 2.98
28.6 493 16.6 4.2 99.46 2.97
26.7 49.1 17 6.9 100.2 2.89
25.8 48.7 16.8 7.1 99.83 2.90
28.4 49.5 16.9 5.1 100.15 2.93
28.4 49 16.6 4.9 99.24 2.95
28.5 48.7 16.8 4.8 99.12 2.90
284 48.5 17.1 4.6 98.76 2.84
31 49.4 17.3 24 100.15 2.86
309 48.8 17.5 24 99.77 2.79
33.1 45.6 19.7 1.5 100.3 2.31
32.7 45.5 19.7 1.5 100.41 231
28.1 48.8 16.6 4.8 99.63 2.94
28.2 50.4 16.6 4.9 100.93 3.04
29.3 49.1 17.2 4.5 100.46 2.85
28.4 50.5 16.7 4.8 100.52 3.02
30.2 493 17.7 3.4 101.39 2.79
30.2 48 17.8 33 100.24 2.70
277 51 16.1 4.7 100.51 3.17
28 49.6 15.8 4.9 99.09 3.14
28.9 49.6 16.6 4.7 100.48 2.99
28.6 50.5 16 4.5 99.68 3.16
28.8 51.3 16.2 4.7 101.22 3.17
29.1 48.7 17.2 4.3 100.39 2.83
293 48.4 17.3 4.6 100.85 2.80
28.2 50.2 17.2 5.6 102.22 292
279 50.6 17.3 5.4 101.94 2.92
28.8 48.9 17.1 5 99.99 2.86
28.3 493 17.2 4.9 99.81 2.87
29.2 48.4 17.8 4.5 100.43 2.72
29 474 17.5 4.5 99.75 2.71
293 49.1 17.3 4.1 100.24 2.84
293 50 17.5 4.2 101.42 2.86
273 51.1 16.3 6.1 101.72 3.13
27 50.2 16.3 6.2 101.03 3.08
272 509 16.1 6.1 100.88 3.16
27.1 50.3 15.9 59 100.07 3.16
28.6 49.4 16.9 5.1 101.26 2.92
28.8 48.3 16.9 4.6 98.95 2.86
27.5 50.1 17.1 6.3 101.65 293
27.3 47.8 17 6.3 99.83 2.81
279 48.3 17.7 5.8 100.24 2.73
277 492 17.7 5.9 101.16 2.78
32.7 49.6 18.2 1.1 101.97 2.73
32.7 48.9 18 1.1 100.85 272
32.9 49 18.3 1 101.28 2.68
325 49.6 18.3 1.1 101.66 2.71
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299 48.5 17.7 3.9 100.43 2.74
29.4 49.8 17.4 3.7 100.39 2.86
285 50.7 16.5 4.9 100.73 3.07
284 30 16.4 4.7 99.51 3.05
28.4 50 16.9 52 102.04 2.96
28.1 49.7 17.1 5.2 100.39 291
275 48.6 17.3 6.3 100.78 2.81
27.5 49.3 17.6 6.3 100.68 2.80
29.6 49.4 17.3 4.1 101.3 2.86
294 49.4 17.1 4.4 101.8 2.89
245 49.4 16.8 10 100.95 2.94
239 49.9 16.8 9.8 100.93 2.97
28.1 48.6 17 5.7 100.03 2.86
279 49 16.7 5.6 100.14 2.93
32.6 48.3 17.9 0.3 99.96 2.70
328 48.4 17.8 0.6 100.3 2.72
32 49.9 17.6 2 101.63 2.84
31.7 49.4 17.4 2 100.94 2.84
28.4 50.1 16.9 4.6 100 2.96
28.4 49.1 16.6 4.5 98.69 2.96
28.1 50.2 17 52 102.02 2.95
28 49.8 17 5.4 100.47 2.93
338 45.8 19.9 0.7 101.64 2.30
33.7 454 19.9 0.7 100.68 2.28
33.1 47.6 18.1 0.3 100.75 2.63
333 47.8 18 0.5 101.17 2.66
30.5 48.5 17.8 3.3 100.56 2.72
30.3 48.8 17.7 34 100.49 2.76
28.3 48.7 17.2 5.7 100.18 2.83
28 49.1 17.4 5.8 100.66 2.82
26.8 49.6 17 7 100.87 2.92
26.7 48.6 16.9 6.8 99.28 2.88
33.6 44.3 19.8 0.4 99.22 224
334 45.4 19.9 0.4 99.86 2.28
28 48 16.7 4.2 97.93 2.87
28.2 47.5 16.6 4.1 98.03 2.86
26.9 49.3 16.5 5.8 99.74 2.99
26.7 48.6 16.4 6.1 97.93 2.96
277 49.4 16.5 5.1 99.95 2.99
27.8 48.8 16.5 5.1 98.79 2.96
30.6 48.4 17.2 22 98.97 2.81
30.8 47.1 17.2 23 98.19 2.74
29 48.6 16.7 4.2 99.42 291
28.5 48.5 16.8 43 98.17 2.89
31.2 48.8 16.5 1.5 99.26 2.96
31.3 48.6 16.5 1.4 99.29 2.95
323 49.1 17.5 1.7 102.1 2.81
323 48.9 17.8 1.7 101.57 2.75
30.3 50.3 17.3 3.5 102.1 291
30.5 48.8 17.8 3.5 100.56 2.74
29.1 48.8 17.4 4.8 101.1 2.80
29 494 17.3 43 100.09 2.86
283 49.8 17 5.1 101.08 2.93
28.4 49.2 17 5 100.6 2.89
32.7 48.6 18 1.1 100.59 2.70
327 48.9 18.1 1.1 101.4 2.70
28 48.9 16.8 5.5 99.31 291
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27.6 49.5 17.1 53 100.25 2.89
303 49.2 17.5 32 100.61 2.81
299 48.5 17.3 3.4 99.64 2.80
28.8 50 17.5 4.7 101.48 2.86
28.9 49.1 17.2 4.9 100.68 2.85
283 50.2 17 54 102.03 295
28.4 493 16.7 5.3 101.09 2.95
26.2 51.2 16.3 7.4 101.75 3.10
25.8 50 16.1 7.2 100.08 3.11
33.6 48.3 18.2 0.3 100.38 2.65
333 48.3 18.2 0.5 101.32 2.65
314 50.1 17.3 2.3 102 2.90
29.5 49.2 17.3 4.2 101.38 2.84
30.2 49 17.5 42 101 2.80
28.4 50.7 16.8 5.8 102.17 3.02
28.2 504 16.9 5.9 101.76 2.98
26.5 50.2 16.5 6.8 100.47 3.04
26.6 49 16.3 6.8 99.65 3.01
27.5 49.7 16 5.7 100.08 3.11
27.2 50.2 16.3 5.7 99.49 3.08
314 49.8 17.2 2.5 101.41 2.90
30.8 49.3 17.2 2.4 99.92 2.87
29.2 49.4 16.8 3.6 99.97 2.94
29.6 49.6 16.8 3.9 100.66 2.95
27.2 49.7 16.7 5.7 100.28 2.98
27.3 49.2 16.8 5.6 99.48 2.93
30.3 49.3 17.8 3.4 101.29 2.77
30.1 48.2 17.3 33 99.86 2.79
30.5 49.9 17.5 2.9 102.19 2.85
31 48.7 17.4 2.9 100.07 2.80
26.6 48.7 17.3 6.4 100.03 2.82
26.7 49 17.1 6.2 99.54 2.87
28.9 49.8 16.7 4.4 102.34 2.98
29.1 47.8 16.8 4.4 98.09 2.85
32.2 49.1 17.6 1.8 101.12 2.79
324 48.1 17.5 1.8 100.24 2.75
30 48.5 17.1 3.6 99.64 2.84
29.8 49.2 17.4 3.7 101.13 2.83
33.5 47.9 17.8 0.4 99.7 2.69
33.3 48.8 17.7 0.5 102.15 2.76
31.3 48 17.5 2.5 99.88 2.74
31 48.8 17.7 2.3 101.01 2.76
27.4 49.2 17 5.4 100.81 2.89
27.6 48.9 16.9 5.5 99.47 2.89
28.2 48.6 18 5.5 100.43 2.70
28 47.7 18 5.8 99.8 2.65
323 48.3 17.8 1.7 100.41 2.71
31.8 48 17.9 1.8 99.92 2.68
31.6 49 18.2 2.7 101.53 2.69
314 48.4 18 2.4 100.17 2.69
33.2 48.9 17.8 0.7 100.68 2.75
32.8 49.3 17.5 0.7 100.85 2.82
314 49.9 18.1 2.3 102.47 2.76
31.5 48.7 18.2 24 101.56 2.68
329 493 18.2 1.7 102.3 2.71
32.7 47.6 18.1 1.5 100.23 2.63
33.1 48.6 18.2 0.8 101.37 2.67
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33.1 48.9 18.2 0.8 101.31 2.69
32.9 48.7 18.4 1.2 101.43 2.65
32.8 47.7 18.1 1.1 100.19 2.64
27.9 49.5 18.1 5.9 101.38 2.75
27.9 47.8 17.9 6.2 100.22 2.67
275 49.1 18.1 6.4 102.51 2.71
27.3 48 18 6.9 100.8 2.67
31.3 49.3 18 2.7 102.08 2.74
31.3 48.3 18.2 2.7 100.64 2.65
31.8 499 17.6 1.9 101.22 2.84
31.5 49.1 17.3 1.9 100.32 2.84
31.1 50.1 16.7 2.5 100.66 3.00
30.8 50.5 16.6 2.5 101.28 3.04
314 49.2 17.3 2.1 100.03 2.84
31.3 48.5 17.2 2.2 99.24 2.82
27 49.5 17.7 6.7 102.16 2.80
27.1 50.1 17.7 6.7 102.11 2.83
324 49 17.4 1.7 101.15 2.82
32.1 48.9 17.3 1.5 100.01 2.83
26.2 49.4 18 8.3 101.91 2.74
26.5 48.3 18.2 8.3 101.43 2.65
314 49.7 17.7 2.4 101.62 2.81
31.5 48.8 17.9 2.3 101.67 2.73
27.9 52.2 16 5.5 102.3 3.26
294 50.2 17.2 4.5 101.84 2.92
29.5 47 18.2 3.5 99.56 2.58
29.5 47.1 18 34 98.62 2.62
24.3 49 17.5 9.3 100.42 2.80
24.3 47.4 17.4 9.9 99.57 2.72
29.8 50.5 16.7 3.7 101.09 3.02
29.6 50.2 16.7 3.7 100.57 3.01
30.6 50.4 17.3 2.9 101.67 2.91
30.4 49.7 17 3 100.17 2.92
31.1 50 17.3 2.6 101.92 2.89
31.1 494 17 2.6 101.22 2.91
284 50.4 16.4 4.8 99.98 3.07
30.6 49.8 17.3 2.8 102.04 2.88
29.9 50.2 17 3.6 102.38 2.95
29.8 49.3 17 3.5 100.69 2.90
26.7 49.7 16.7 7.1 100.36 2.98
26.7 50.6 16.9 7.2 101.91 2.99
29.1 48.4 18 5 100.71 2.69
29 48.4 18.3 5.1 101.22 2.64
31.5 49.3 17.6 2.3 101.56 2.80
31.1 48.2 17.6 2.3 99.32 2.74
26.1 50 17.5 7.7 102.15 2.86
26.3 49.5 17.3 7.7 101.23 2.86
31.7 49.5 17.4 1.7 100.35 2.84
32 494 17.5 1.6 100.72 2.82
324 48.9 17.8 2 101.23 2.75
32.1 49.6 17.5 2 101.09 2.83
32 49.5 17.9 1.8 101.72 2.77
31.7 49.2 17.7 1.8 100.88 2.78
32.1 48.7 17.6 1.8 100.27 2.77
31.7 48.4 17.7 2 99.79 2.73
29.8 48.9 17.5 3.8 100.05 2.79
29.6 49.5 17.2 4 100.87 2.88
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Fe As S Co Total As/S
30.4 48.6 17.8 3.3 100.23 2.7
30.7 48.2 17.8 2.3 100.45 271
28.4 49.1 17.4 4.3 99.36 2.82
27.7 48.1 16.9 4.3 98.07 2.85
29.36 49.15 17.23 4.16 Avg Wit%

2.06 1.13 0.69 1.97 Std. Dev.

At%

(V5]
el
wh

29.37 36.65 30.03
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Appendix I:

Microprobe analysis of the Bi-Pb-Cu sulfosalt (wt) in the
hydrothermal veins:

Bi Pb Cu S
39 35 10 14
37 37 11 15
35 40 10 14
38 37 10 15
37 38 11 15
35 38 10 14
34 43 10 14
38 35 11 15
38 38 10 15
36 42 10 14
37 40 10 15
38 39 10 14
39 37 10 15
37 38 10 14
38 35 10 15
37 36 10 15
38 33 12 15
38 34 11 15
38 35 10 15
40 34 10 14
38 36 10 14
40 34 10 14
41 34 10 14
40 37 10 14
40 34 10 14
38 40 10 14
49 32 8 13
39 36 10 14
38 39 10 14
40 38 10 14
50 29 7 12
47 32 7 13
42 32 10 13
41 33 10 14
41 34 10 14
45 37 8 11
49 29 8 13
44 33 9 14
47 29 8 13
37 41 10 14
36 40 10 14
37 39 10 14
38 35 10 14
45 34 9 12
Average 40 36 10 14
Std Dev 4 3 1 1
Max 50 43 12 15
Min 34 29 7 11
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Appendix J

Microprobe analysis of disseminated sphalerite (wt%):

Zn S Fe Cu Total
66.3 33.7 1.2 0.2 101.72
£65.5 33.8 1.8 0.7 101.76
66.4 33.7 1 0 101.47
65.5 339 08 0.8 101.38
65.3 33.8 1.2 0.6 100.91
655 33.8 1.3 0.4 100.95
66.1 33.9 1.1 0.2 101.7
66.1 33.8 1.1 0.2 101.25
65 33.6 1.4 0.7 100.67
64 32.9 0.8 0.4 98.13
65.6 33.9 0.6 0.6 100.66
64.2 33.9 1 0.9 99.94
64.5 34.3 0.7 0.6 100.19
65.1 33.7 0.8 0.5 100.12
64.1 334 1 0.9 99.44
65.3 33.6 1.3 0.7 101.13
66.5 33.8 0.6 0 101.16
67.2 33.8 0.6 0 101.56
63.8 325 0.9 1 98.14
65.9 33.4 0.6 0.5 100.71
65.2 33.7 0.9 0.9 101.01
64.9 33.5 0.9 0.9 100.37
65.3 33.8 0.8 0 99.86
65 33.6 0.8 0.3 100.09
65.2 33.1 0.4 04 99.38
65.7 33 0.3 0.3 99.33
64.6 32.3 1 0.9 98.88
66.3 33.9 0.8 0.6 101.76
64.6 33 0.8 1 99.4
65.6 33.6 0.9 0.9 100.95
63.9 33.8 1.5 1.6 101.06
64.9 33.3 1.5 0.9 100.53
65.5 33.9 0.4 04 100.47
64.2 33.7 1.6 1.1 100.92
65.4 33.7 0.6 0.7 100.64
64.7 33.8 0.4 0.4 99.37
65.2 33.5 0.8 0.3 100.12
65.2 33 0.8 0.7 100.04
66.2 33.8 0.8 0.4 101.1
64.2 33.8 1.1 1.1 100.09
66.7 33.7 0.9 0 101.25
65.6 33.6 0.9 0.8 101.12
66.2 34 0.7 0.5 101.39
65.7 33.9 0.7 0.9 101.22
64.9 33.8 1 1 100.77
64.5 33.4 0.9 0.8 99.91
66.5 33.7 0.6 0.7 101.66
64.3 33.3 0.7 0.3 98.66
64.4 33.5 0.8 0.7 99.75
67.3 33.5 0.2 0.2 101.6
65.5 33.7 1.6 0.3 101.23
66.7 33.9 0.8 0.2 101.68
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Zn S Fe Cu Total

65 333 0.7 0.7 100
66.1 33.9 0.8 0 100.79
66 34 0.9 04 101.59
64.2 a3 0.6 0.3 98.08
65.5 334 1.1 0.6 100.89
65.5 337 1.1 0.6 100.82
66.5 338 0.2 0 101.11
64.9 335 0.9 0.9 100.24
66.5 338 0.2 0 100.8
64.8 33.3 0.4 0.3 98.96
66.4 336 1.2 0 101.47
66.9 33.8 1.1 0 102.03
66 33.6 1.2 0 100.95
63.7 33.5 1.8 0.7 99.65
66.4 34.1 1.4 0 101.92
65.2 33.7 1.6 0.3 100.83
66.6 33.9 1 0 101.51
65.8 33.2 0.8 0.2 100
66.4 34 1 0 101.45
64.7 33.3 1 0 98.94
63.8 33.7 1.1 1.1 99.63
64.8 33.7 1 0.6 100.32
64.3 32.7 1.2 0.3 98.59
65.6 33.5 1.4 0.4 101.19
66.1 335 0.9 0.3 101.02
64.8 33.8 1.3 1.3 101.19
66.8 34 0.4 0.4 101.91
65.41 33.60 0.92 0.5 Average
0.88 0.35 0.36 0.37 Std. Dev.
63.7 32.3 0.2 0 Min
67.3 34.3 1.8 1.6 Max
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Appendix K

List of abbreviations:

P-inclusion :Primary inclusion
S-inclusion :Secondary inclusion
PS-inclusion :Pseudo-secondary inclusion
PT :Pressure-temperature

Tm :Melting temperature

Th :Homogenisation temperature
Tt :Trapping temperature

Td :Decrepitation temperature
eg. wt% NacCl :Equivalent weight percentage NaCl
FI :Fluid inclusion

v :Vapour

L :Liquid

Std. Dev. :Standard deviation

Max :Maximum

Min :Minimum

Avg. :Average

At% :Atomic percent

Wt% :Weight percent
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