

















































































































Sample: 03-G

Figure 3.11. Pyrrhotite and Chalcopyrite in the SMB.
Chalcopyrite co-existing with pyrrhotite, demonstrating a structure that is unique
To SMB sulfide samples.
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shows higher Ni contents in some of the SMB pyrite grains compared with pyrite in
xenolith and Meguma samples. Finally, Figure 3.15 shows a plot of Cu-S in all the pyrite
samples. In this plot, some SMB pyrite samples contain higher concentrations of Cu than

xenolith and Meguma samples.

3.3.2 Pyrrhotite

Appendix A displays the average compositions of all pyrrhotite samples. In the
Meguma samples, the Fe contents range from 62.64 to 58.02 (wt.%), with an average of
60.52 £ 1.02. The S contents range from 41.26 to 38.23 (wt.%), with an average value of
39.14 + 0.57. Figure 3.16 illustrates that the range of Fe contents in Meguma pyrrhotite
samples is higher than in SMB samples, with the xenolith sample concentrations plotting
in the middle of the other two populations. Additionally, a portion of Meguma pyrrhotite
exists with a higher Fe content than SMB pyrrhotite samples. A plot of Ni-Fe (Fig. 3.17)
shows higher Ni contents in SMB pyrrhotite samples than in Meguma and xenolith
samples. Figure 3.18 1s a plot of Cu-Fe in all pyrrhotite samples, and shows that some
pyrrhotite samples in the SMB and xenolith samples have higher Cu concentrations than

Meguma Supergroup samples.

3.3.3 Chalcopyrite

Appendix A shows the average Fe, S, and Cu compositions in wt. % in Meguma
chalcopyrite samples: Fe 30.53 = 0.55, S 35.17 £ 0.31, and Cu 34.45 + 0.58 (standard
deviation of Cu content). The average compositions for xenolith samples are Fe 30.73 =

0.43, S 35.22 + 0.40, and Cu 33.85 £ 0.76 and for the SMB chalcopyrites are Fe 30.52 +
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0.31, S 35.22 £ 0.37, and Cu 34.58 &+ 0.56. Figure 3.19 is a plot of Cu-Fe for all
chalcopyrite samples, and shows the trend of a higher Cu content in SMB chalcopyrite
grains compared with Meguma grains. Additionally, the Cu-S plot shows that the
majority of xenolith compositions are closely related to Meguma samples, whereas a

small portion with higher Cu contents exists.

3.4 Summary

Several relationships are evident from textural and chemical investigation of the
sulfide mineral samples. In the Meguma Supergroup, pyrite and chalcopyrite are fine-
grained and anhedral, and pyrrhotite is the most abundant sulfide mineral. Toward the
contact of the SMB, and in country-rock xenoliths within the batholith, pyrite, pyrrhotite,
and chalcopyrite increase in grain size. Additionally, pyrite and chalcopyrite increase in
modal abundance. Finally, within the SMB, pyrite and chalcopyrite grain sizes reach a
maximum and crystal faces begin to develop. Nickel contents are higher in SMB pyrite
and pyrrhotite samples, and Cu contents increase in pyrrhotite and chalcopyrite samples.

Chapter 4 interprets all of the above relationships.
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CHAPTER 4: DISCUSSION

4.1 Introduction

Investigation of the textural and compositional features of sulfide minerals yields
several trends regarding their metamorphic and igneous evolution. Textural analysis of
sulfides in hand samples and thin sections provides important information about the
conditions in which the sulfides grew, their crystallization history in relation to
surrounding sulfide and silicate phases, and the source of sulfide minerals in the South
Mountain Batholith. In addition, variations in chemical composition of the sulfide
minerals likely contains information about the conditions of their formation. Finally,
interpretation of the observed trends leads to several models to explain the proportional,
textural, and compositional differences between sulfides in the Meguma Supergroup and

South Mountain Batholith, as well as to determine the origin of sulfides in the SMB.

4.2 Textural variations in sulfide minerals

4.2.1 Textural variations in Meguma sulfides

In the Meguma samples, pyrite, pyrrhotite, and chalcopyrite are most commonly
anhedral and vary in grain size and abundance. Textural features indicate the occurrence
of different processes throughout the history of each mineral. The symplectic texture of
pyrite and pyrrhotite in the Meguma samples (Fig. 3.1b) has two possible explanations.
First, Ramdohr (1980) suggested that such intergrowths indicate a contemporaneous low-
temperature origin of pyrite and pyrrhotite. A second hypothesis is that the texture

represents disequilibrium in a reaction between pyrite and pyrrhotite. It appears that



pyrrhotite is replacing pyrite because sulfur can be liberated as a result of heating of

Meguma Supergroup rocks near the igneous contact, shown by the reaction:
Fel_x S+ FCSz*ﬁ 2F€1_x S+S

Towards the igneous contact, pyrite grains increase in size and abundance as the
metamorphic grade increases. These relationships are to be expected as numerous studies
have pointed out a common tendency for pyrite grain size to increase with increasing
metamorphic grade (Vokes et.al, 1998). The general relationship of pyrite increasing in
grain size and abundance is contrary to the above reaction in which Fe,S is formed at
the expense of FeS,. The contradiction cannot be explained from the observed textural
and compositional characteristics of Meguma Supergroup sulfide minerals.

Throughout the Meguma Supergroup, pyrrhotite is the dominant sulfide mineral.
The abundance of pyrrhotite in the contact metamorphic aureole of the SMB and within
the batholith is expected as pyrrhotite is stable at high temperature (Ramdohr, 1980).
Progressive increases in temperature approaching the contact may be responsible for the
subsequent increase in pyrrhotite grain sizes.

Trace amounts of arsenopyrite, galena, and sphalerite occur throughout the
Meguma Supergroup and SMB. The occurrence of these accessory sulfide minerals in the
samples is so rare that recognition of any relationships relating to morphology,
abundance, or phase relationships is impossible.

The presence of one mineral remains difficult to explain. Figure 3.10b
demonstrates the atypical, mottled, fractured texture associated with the unknown
accessory mineral that occurs close to the igneous contact in the Meguma. The chemical

formula is approximately Fe,S; between the only two common iron sulfides, pyrite
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(FeS,) and pyrrhotite (Fe;«S). The texture and the location close to the batholith,
combined with the unusual formula, may indicate that these grains are the result of

submicroscopic intergrowth of pyrrhotite and pyrite.

4.2.2 Textural variations in xenolith sulfides

In the country-rock xenoliths, the morpholo gy of sulfide minerals continued to
evolve as new textures exist in these samples. The wispy texture of some pyrite samples
is of particular interest (Fig. 3.7). This texture, which occurs only in pyrite located in
xenolithic samples, may be the relicts of the symplectic texture of pyrite in pyrrhotite in
the Meguma (Fig. 3.1b).

The grain size and habit of pyrrhotite is generally consistent throughout the
Meguma Supergroup and SMB. Some exceptions occur, such as in polished sample 03-H,
where concentration of pyrrhotite into large sulfide bands occurs at the edge of the
xenolithic fragment (Fig. 3.8). The large bands of sulfide minerals, mainly composed of
pyrrhotite, may be the result of melting of sulfides in the xenolith and segregation into

discrete bands.

4.2.3 Textural variations in SMB sulfides

Pyrite occurs in the South Mountain Batholith mostly as subhedral to euhedral
grains. The euhedral pyrite texture in pyrrhotite (Fig. 3.10) suggests unrestricted crystal
growth in a sulfide melt (see Section 4.4). The pyrite likely crystallized first as the
complete faces had to be uninterrupted by the presence of other minerals. Crystallization

may have occurred by: 1) crystallization of pyrite followed by pyrrhotite from a sulfide
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melt, and/or ii) subsolidus crystallization from intermediate solid solution (iss).
Additionally, in exsolution reactions of pyrite from pyrrhotite, pyrrhotite must have been
present initially (Fig. 3.9a).

Figure 3.9b shows partially developed crystal faces in a subhedral pyrite grain that
1s common in the granite. The retardation of development of the complete crystal is
caused by the physical interaction of a growing pyrite crystal coming into contact with
other grains. The result is that numerous sub- to anhedral grains are located within the
South Mountain Batholith compared to relatively few perfectly euhedral grains.

Figure 3.9a shows another important texture that occurs in the pyrite in the South
Mountain Batholith. The pyrite lamellae produce a flame texture that is characteristic of
exsolution. In this case, the pyrite likely exsolved from the surrounding pyrrhotite. The
exsolution occurs because in nature, pyrrhotites containing sulfur in excess of Fe;Sg will
exsolve pyrite during cooling down to 315 ° C (Desborough and Carpenter, 1965). Craig
et. al, (1998) also pointed out that the primary source of sulfur in pyrite ores is pyrrhotite
which releases sulfur during retrograde metamorphism.

Progressive development of crystal faces in chalcopyrite occurs from Meguma, to
xenoliths, and into the batholith. The development of the crystal faces in chalcopyrite
against pyrrhotite (Fig. 3.5) suggests that the two minerals precipitated simultaneously,
likely from a melt as it cooled (see Section 4.4). Studies done by Yund & Kullerud
(1966), have shown that co-existing chalcopyrite and pyrrhotite occurs in nature as the
Cu-Fe-S system cools below 330 ° C, leading to mineral crystallization from the
extensive intermediate solid solution (iss) located in the central region of the system

(Amcoff, 1981). Figure 3.11 shows further evidence of chalcopyrite evolving from iss
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during cooling, as chalcopyrite lamellae exhibit a flame texture characteristic of
exsolution. The exsolution of chalcopyrite from iss during cooling is caused by
disequilibrium in pyrrhotite that is saturated in Cu (Amcoff, 1981).

Two interpretations may explain the increasing size and abundance of
chalcopyrite ét the igneous contact, and especially in the South Mountain Batholith:
A. Chalcopyrite grew at the expense of other sulfide minerals during replacement of
pyrite and pyrrhotite. This case is unlikely as no textures occur that indicate replacement
of pyrite or pyrrhotite by chalcopyrite. In the majority of cases, pyrite and pyrrhotite
grain sizes are larger in the SMB than in the Meguma samples. Subhedral crystal faces in
chalcopyrite grains indicate that they have either grown first, grew together with pyrite
and pyrrhotite, rather than replacing them.
B. The presence of sulfur in the South Mountain Batholith leads to the formation of
sulfide minerals, such as chalcopyrite, pyrrhotite, and pyrite; however, excess amounts of

Cu are also present in the SMB that must be partitioned into minerals. Copper has a high
distribution coefficient (K p) between sulfide and silicate melts because it is a chalcophile

element. During the formation of the primary sulfide minerals in the SMB, excess Cu in
the batholith was incorporated into the sulfide melt that crystallizes sulfide minerals (see
Section 4.4). Three cases determine where the Cu is partitioned, each dependent on
temperature and composition of the SMB in the specific location. In the first case, the
high temperature assemblage of Py + Po, Cu content in the melt is low enough to be
successfully dissolved in the solid solution that crystallizes pyrrhotite. Yund & Kullerud
(1966) showed that the solubility of copper in pyrrhotite exceeds 3 weight per cent at 700

° C. As aresult, pyrrhotite may contain appreciable copper in this situation. In the second
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case, Cu concentration in the sulfide melt is too large to be taken entirely into the
structure of pyrrhotite. Excess Cu is partitioned into iss that exsolves chalcopyrite during
cooling (Poulson et. al., 1990). In the final scenario, high Cu concentration in the sulfide
melt allow for the primary crystallization of Py + Po + Cpy.

In the granite, country-rock xenoliths are subject to increased temperatures that
affect the sulfide minerals contained within them. Sample 03-H contains thick bands of
sulfide minerals. In the granitic portion of the sample, the thickness and abundance of the
sulfide bands decreases progressively further from the xenolith (Fig. 3.8). Tomkins and
Mavrogens (2003) stated that in a mixed melt, the silicate melt relative can dissolve
sulfides if the magma is sulfur-undersaturated. A possible explanation for the decrease in
size and modal abundance of sulfides in the SMB compared with the xenolith fragment is
that dissolution occurred as the sulfide mineral melts and/or solids chemically interacted

with large volumes of silicate magma.

4.3 Chemical variations in sulfide minerals

4.3.1 Chemical variations in pyrite

Pyrite compositions show a number of trends with regards to major and trace
element compositions. These trends are used to attempt to correlate crystallization
histories and location. Figure 3.13 shows that Meguma pyrite grains have higher Fe
contents than those of South Mountain Batholith samples. According to Huston etz.al.
(1995), pyrite can contain high levels of trace elements either as inclusions, or within the

crystal lattice. Therefore, the cause of differing Fe contents may be the variable presence
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of chalcophile trace elements associated with the igneous intrusion, thus leading to lattice
substitution for Fe in the SMB pyrite.

Another trend is illustrated in Figure 3.13, where xenolithic pyrite samples plot in
the middle of the other two populations. The xenolith pyrite may be interpreted to occur
intermediately linking a Meguma sample with no lattice substitution and an SMB sample
with abundant lattice substitution. As a result, the xenolithic samples may represent a
transitional point where country-rock xenoliths began to react with and assimilate into the
magma.

Studies done by Huston et.al. (1995) show that one common stoichiometric
substitution in pyrite is Fe<»Ni. These substitutions are chemically stable and tend to
remain in the lattice during both hydrothermal and metamorphic recrystallization (Huston
et.al., 1995). Figure 3.14 shows that SMB pyrite grains have high Ni contents compared
to Fe contents. Increased Ni available in the batholith and subsequent substitution during
the crystallization of pyrite may lead to decreased Fe contents in SMB pyrites.

Other trace elements occuring in pyrite samples include Zn, Pb, and most
notably, Cu; all are Group 2 elements in the periodic table. Figure 3.15 shows a distinct
population of South Mountain Batholith pyrite with high Cu contents. According to
Huston et.al. (1995), higher concentrations of Cu and other Group 2 elements are largely
the result of submicroscopic inclusions of chalcopyrite (Cu), sphalerite (Zn), and galena
(Pb). As previously noted, chalcopyrite increases in abundance within the batholith, thus
higher Cu contents in South Mountain Batholith pyrites may be the result of increased

number of submicroscopic chalcopyrite inclusions in pyrite grains.
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The presence of high concentrations of trace elements may also affect the amount
of pyrite exsolved from pyrrhotite in the South Mountain Batholith. In general, few cases
of exsolution of pyrite from pyrrhotite occur in the South Mountain Batholith (only two
in all the samples). According to Yund & Hall (1970), the exsolution rate in natural
pyrrhotite is a function of trace element content. If the hypothesis is correct that there are
higher concentrations of trace elements in SMB pyrite and pyrrhotite than in the
Meguma, pyrite exsolution from pyrrhotite in the batholith may have been sufficiently

retarded to make exsolution a rare occurrence.

4.3.2 Chemical variations in pyrrhotite

As in the previous case of pyrite, numerous trends are evident in both the
Meguma and SMB pyrrhotite samples with regard to major and trace element
compositions. Figure 3.16 shows two distinct populations of pyrrhotite. The Meguma
samples have higher Fe contents than the South Mountain Batholith samples, and the
xenolithic samples plot in the middle of the other two populations. Two hypotheses may
explain this relationship. Each may act on its own or combination with each other:
A: According to Hawley & Nichol (1961), nickel can substitute for iron completely as a
lattice substitution in pyrrhotite. Thus, an explanation for decreased Fe content in South
Mountain Batholith is Ni substituted for Fe. This explanation not plausible because
Figure 3.17 shows that in South Mountain Batholith pyrrhotite samples, the sum of Fe +
Ni is not constant. Therefore, one atom of Ni does not replace one atom of Fe, and there

must be another explanation.
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B: An increase in the percentage of Fe in pyrrhotite grains in the presence of pyrite may
indicate that exsolution has occurred (Arnold, 1962). Confirmation of the presence of

| exsolution textures 1s difficult; however, many more textures occur indicating exsolution
of pyrite from pyrrhotite in the Meguma samples than in the South Mountain Batholith
samples, especially near the contact of the batholith. As a result, abundant exsolution of
pyrite in Meguma pyrrhotite may be the cause of higher Fe contents in the pyrrhotite
grains.

Further examination of mineral chemical data for pyrrhotite yields a trend of
higher Cu content in South Mountain Batholith and xenolithic pyrrhotite samples
compared with Meguma samples (Fig. 3.17). Yund & Kullerud (1959) showed that at
elevated temperatures, the solubility of copper in pyrrhotite exceeds 3 weight per cent at
700 ° C, and 2 weight per cent at 600 ° C. The high temperatures encountered by samples
in xenolithic fragments located in the South Mountain Batholith may have been sufficient
to allow Cu to become soluble in the solid solution that crystallized pyrrhotite (see

Section 4.4).

4.3.3 Chemical variations in chalcopyrite

Analysis of the chemical composition of chalcopyrite samples has produced one
trend regarding the Cu content of chalcopyrite. Figure 3.19 is a graph of Cu vs Fe in
chalcopyrite samples throughout the study area. Two distinct chalcopyrite populations
exist in which the South Mountain Batholith samples contain higher Cu (wt. %) than the

Meguma samples, and the xenolithic samples fall between them.
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A hypothesis has been proposed that may explain the elevated Cu levels in the
South Mountain Batholith. First, a change in stoichiometry of chalcopyrite can exist in
nature as a result of elevated temperatures, such as those in the South Mountain Batholith
(Amcoff, 1981). In addition, Yund and Kullerud (1966) have determined that
chalcopyrite in equilibrium with a liquid consisting of sulfur and pyrite becomes
increasingly Cu-rich with decreasing temperature. Therefore, a situation in which
equilibrium was reached between a sulfide-rich liquid and chalcopyrite in SMB and
xenolith samples may have led to the production of elevated Cu levels in chalcopyrite as
the magma cooled. The composition of xenolith samples roughly intermediate between
batholith and Meguma populations suggests that some xenolith chalcopyrite ;amples may

have been either partially or fully affected by this process.

4.4 Immiscible sulfide liquids

Several authors have noted that sulfide saturation in silicic magmas leads to the
formation of immiscible sulfide liquids (Naldrett, 1989, Imai 1994, and Tomkins and
Mavrogens, 2003). Naldrett (1989) documented that once a mafic silicate melt is
saturated in sulfur, an immiscible sulfide melt evolves. Saturation of silicic magma with
sulfide minerals occurs readily because these metals have low solubility in felsic magmas
(Tomkins and Mavrogens, 2003). In the SMB, textural and chemical evidence of an
immiscible melt exists. Figure 3.10b illustrates a bleb texture of a globule of pyrrhotite in
the SMB. A euhedral pyrite grain occurs within the globule. The well-developed pyrite
crystal faces within the globule suggest unrestricted crystal growth that may have

occurred in the immiscible sulfide melt. Sulfide mineral blebs also occur in the granite,
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close to xenoliths (Fig 3.12). These sulfide blebs occur interstitially between quartz and
biotite grains and their shape depends on the shape of the quartz grain boundaries,
suggesting a sulfide liquid crystallized around the contours of an already solid quartz
crystal. Imai (1994) noted that the occurrence of sulfide globules suggests that a sulfide
melt unmixed from a highly silicic magma. The morphology of the sulfide blebs in the
SMB indicates that they are the product of an immiscible sulfide melt. Further evidence
of the presence of a sulfide melt occurs in a feldspar grain in the SMB. In this grain, a
fracture exists that is filled entirely with sulfide material. The likely explanation for this
feature is that the sulfide material was molten as it entered the fracture, occupying all the
available space, and then crystallized during cooling.

Chemical evidence of an immiscible sulfide melt is indicated by the trace element
chemistry of pyrite and pyrrhotite. Ham ez. al. (1990) reported that the average
concentrations of N1 and Cu in the SMB are 16 ppm and 9 ppm, respectively. Figures
3.14 and 3.18 show concentrations of Ni and Cu, respectively, in SMB pyrrhotite.
Chalcophile elements, such as Ni and Cu, appear to be preferentially concentrated in the
SMB pyrrhotite samples. A co-existing silicate melt and sulfide melt may provide a

source for the excess Ni and Cu in SMB sulfides.

4.5 Sulfide evolution in South Mountain Batholith

The evolution of the South Mountain Batholith has been the subject of study for
many authors. Through analysis of the observed sulfide textures and compositions, this
paper advances several models for the evolution of sulfide minerals within the South

Mountain Batholith (Table 4.1).
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The first model proposes a magmatic source of sulfide minerals in the SMB. All
of ithe remaining models propose that the source of sulfide minerals in the SMB is the
surrounding, sulfide mineral-rich Meguma Supergroup country-rock. Sulfide minerals
undergo a progressive series of textural and compositional changes at locations remote
from the contact in the Meguma, towards the contact, and finally into the SMB (Table
4.2). To provide evidence for Models 2-4, a linkage between the country rock and SMB
sulfide minerals must be established. Samples taken from xenoliths offer important

information as to the origin of sulfide minerals in the SMB.

Model 1

In this model, sulfide minerals in the SMB are not associated with, or affected by,
- Meguma Supergroup sulfides. Model 1 maintains that sufficient sulfur is present in the
magma before it intrudes into the Meguma. As the SMB cools and crystallizes during
emplacement, the magma becomes saturated in sulfides and precipitates solid sulfide
phases, such as pyrite, pyrrhotite, and chalcopyrite.

Many observations contradict this model. First, sulfide minerals in the SMB are
concentrated near the contact with the Meguma Supergroup. The Meguma country-rock
is rich in sulfide minerals, suggesting that the Meguma influences the abnormally high
concentration of sulfides in the SMB near the contact; therefore, the Meguma is the
probable source of sulfide minerals in the SMB (this evidence supports Models 2-4).

Second, bands of sulfide minerals extend from Meguma
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Sulfide Mineral Source

SMB

Meguma

Meguma

Meguma

Model 1

Model 2

Model 3

Model 4

Model Description

- sulfur is initially
present in magma

- as SMB cools, magma
becomes saturated in
sulfides and
precipitates solid
sulfide phases

- sulfide minerals
occurring in the SMB
are entrained
xenocrysts

- xenolithic fragments

break off and fall into
the magma

- sulfide minerals
dissolve in the magma
as the SMB assimilates
Meguma country-rock
material, ultimately
saturating the magma in
sulfur

- sulfides crystallize
directly from silicate melt

- sulfide minerals
contained in country-
rock xenoliths melt and
form immiscible sulfide
liquids

- immiscible melts
migrate into the SMB
where they come to rest
against solid silicates

Evidence For

- sulfide minerals present
in the SMB

- sulfide minerals
concentrated near
Meguma contact

- occurrence of sulfide

minerals in the SMB
contained within biotite
grains form Meguma
xenoliths

- Poulson et al. (1990)

8 **S values are
consistent with sulfides
of Meguma derivation

- sulfide minerals
concentrated near
Meguma contact

- Poulson et al. (1990)

8 S values are
consistent with sulfides
of Meguma derivation

- sulfide bands running
from xenoliths into granite

- bleb texture of globules
the result of an immiscible
sulfide melt

- sulfide minerals
concentrated near
Meguma contact

- Poulson et al. (1990)
8 S values are
consistent with sulfides
of Meguma derivation

Evidence Against

- sulfide minerals
concentrated near
Meguma contact

- Poulson et al. (1990)

& >*S values are
consistent with sulfides of
Meguma derivation

- bands of sulfide
material in xenolith
cross into the
surrounding granite and
begin to break apart as
they interact with the
magma

- chemical evidence of
xenolith interaction with
SMB

- bands of sulfide
material 1n xenolith
cross into the
surrounding granite

- chemical composition
of xenolith sulfides
indicates an SMB
signature, suggesting
interaction of sulfide
minerals without
complete dissolution

- occurrence of sulfide
minerals in the SMB
contained within biotite
grains from Meguma
xenoliths

- difficulty in reconciling
textural features and

melting temperatures of
Cu-Fe-S system

Table 4.1 Summary table of models of sulfide mineral evolution in the SMB
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Mineral:

Pyrite Pyrrhotite Chalcopyrite
Location: Texture Composition Texture Composition Texture Composition

- avg. grain size - high Fe content - avg. grain size - high Fe content - avg. grain size - high Fe content
<0.25-1.0 mm - low Cu content 1.0-3.0 mm - low Ni content <0.25 mm - low Cu content
remote from contact | - low Ni content - large, anhedral - low Cu content - anhedral grain shape

- increasing to grains - low modal
0.5-1.5 mm near - high modal abundance

Meguma contact abundance - inclusions within Py

- anhedral shape and Po

- symplectic texture

- low modal
abundance

- avg. grain size - moderate Fe - dominant mineral in - high Fe content - avg.grain size - low to high Fe
0.25-0.5 mm content, in middle large sulfide bands - low Ni content 0.5-1.5 mm Content

- low modal of SMB and - bands are 70 mm in - low to high -anhedral to subhedral - moderate Cu content
abundance Meguma length and 15 mm in Cu content crystal shape

Xenolith | - anhedral to populations width - moderate modal

subhedral shape - low Cu content - high modal abundance

- wispy texture in - low Ni content abundance
places - anhedral grain

shape

-avg. grain size - avg. grain size

1.0-3.0 mm - low Fe content - avg. grain size - high Fe content 0.5-1.5 mm - low Fe content

- subhedral to - high Cu content 3.0-5.0 mm - high Ni content - anhedral to - high Cu content
euhedral grain - high Ni content - low modal - moderate to high subhedral crystal
shape abundance Cu content habit

SMB - high modal - anhedral grain - flame texture of
abundance shape lamellae suggesting

- lamellae structures
in Po suggesting
exsolution

- bleb textures

exsolution
- moderate modal
abundance

Table 4.2 Summary of textural and compositional variations in Meguma, xenolith, and SMB sulfide minerals.
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country rock xenoliths into the SMB granite. These sulfide mineral bands likely formed
as the result of partial and complete melting of Meguma sulfides within the xenolith
fragment. High temperatures encountered in the SMB magma led to disintegration of the
xenolith silicate phases, allowing the dense sulfide melt to drop into the surrounding
magma.

Finally, Poulson et al. (1990) studied 6 343 variations in Meguma and SMB

samples. The study was carried out using samples from the Mt. Uniacke locality, which
consists of coarse-grained biotite-muscovite granodiorites of the SMB and

metamorphosed graywackes of the Meguma Supergroup. They chose this locality for its
high concentration of country-rock xenoliths in the SMB granodiorites (Jamieson, 1974

and Poulson et al. 1990). Results of the investigation showed that Mt. Uniacke
metasedimentary samples show & 343 values have a large range, +7.0 to + 22.7%, which
is a similar range to regional Meguma samples. A wide range of & 343 values was also
observed in SMB samples from Mt. Uniacke; however, in SMB samples, a systematic
variation of 8 >*S with distance from the granite-country-rock contacts and central

xenolith-rich area occurs (Poulson et. al, 1990). Poulson et. al (1990) suggested that

crustal anatexis of Meguma Group metasediments produced the observed S-type
granitoids. Variations in & 34S within these granitoids are likely produced by assimilation
of Meguma country rock; thus, Poulson et. a/ (1990) concluded that & 34S values are

consistent with sulfides of Meguma derivation and that the Meguma Supergroup is an

important source of SMB sulfide material.
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Model 2

The second model advocates that the sulfide minerals occurring in the SMB are
entrained xenocrysts. In this model, country-rock xenoliths present within the magma
break up during heating and transport. Sulfide minerals contained within the xenolithic
fragments break off and fall into the magma (Fig 4.1). Silicate xenocrysts derived from
xenoliths do occur in the granite, and the sulfide minerals within them are chemically and
texturally unaltered from Meguma sulfides. Evidence for this model includes the

occurrence of sulfide minerals in the SMB contained within biotite grains from Meguma
xenoliths. Additionally, 6 343 evidence determined by Poulson et al. (1990) suggests that

the Meguma Supergroup is the source of SMB sulfide minerals.

Some textural and chemical observations of the sulfide minerals in the Meguma
and SMB argue against Model 2. Direct support of physical interaction of sulfide
minerals between the SMB and Meguma Supergroup was djscussed in Sections 4.2.2 and
4.2.3, where bands of sulfide material in xenolith sample 03-H cross into the surrounding
granite and begin to break apart as they interact with the magma. Examination of
chemical data from xenolith sulfide samples shows that the chemical compositions in
these samples closely match those of Meguma Supergroup samples (Figs. 3.14, 3.15,
3.16, and 3.17); however, three notable exceptions occur where the xenolith sample

populations are clearly unique to the SMB populations (Figs. 3.13, 3.18, and 3.19). The
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above textural and chemical evidence indicates interaction between sulfide minerals in
the SMB and Meguma Supergroup. If the SMB sulfides are xenocrysts, they are

chemically modified xenocrysts.

Model 3

Clarke et al. (1988) concluded that geochemical diversity evident in the SMB
occurred as a result of interaction between the Meguma Supergroup and the SMB during
intrusion, as well as assimilation-fractional crystallization (AFC). Throﬁgh the

examination of § >*S variations, Poulson ez al. (1990) proposed a model of sulfide

evolution in the SMB involving AFC. Model 3 asserts that sulfide minerals dissolve in
the magma as the SMB assimilates Meguma country-rock material, ultimately saturating
the magma in sulfur (Fig. 4.2). Saturation of the silicate melt potentially in sulfides
occurs as the SMB magma cooled, and solid sulfides crystallize directly from the silicate
melt.

Problems exist with this model. As discussed in Model 2, xenolith sulfide
compositions are clearly in the middle of Meguma and SMB populations, and overlap
with the SMB populations (Figs. 3.13, 3.18, and 3.19). The chemical composition of
xenolith sulfides indicates an SMB signature, suggesting interaction of sulfide minerals
without complete dissolution. Bands of sulfide minerals can be traced uninterruptedly
from the xenoliths into the granite; therefore, some of the sulfide minerals originating
from country-rock xenoliths must not have entirely dissolved and are clearly present in

the granite.
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Model 4

Model 4 states that sulﬁdés in the SMB are the result of partial melting of
Meguma country rocks and xenoliths. Sulfide minerals contained in country-rock
xenoliths melt and form immiscible sulfide liquids. These immiscible melts migrate into
the SMB magma where they break up and partially dissolve (Fig 4.4). The remaining
melt crystallizes sulfide minerals during cooling of the SMB.

Textural evidence supports this model. Figure 3.8b illustrates sulfide mineral
bands running from country-rock xenoliths into the granite. In the xenolith samples,
sulfide minerals are concentrated along the xenolith boundary and decrease in abundance
further into the granite where they appear to be dissolving. Furthermore, the occurrence
of sulfide globules in the granite in close proximity to xenoliths is evidence for an
immiscible sulfide melt (Imai, 1994), which appears to have originated in country-rock
xenoliths (Fig. 3.12). These sulfide globules exhibit a bleb texture that appears to be the
result of an immiscible sulfide melt that crystallized around solid quartz crystals (Section
4.4). The fracture in a SMB feldspar grain that is filled with sulfide material is further
evidence for the presence of an immiscible sulfide liquid (Section 4.4).

This model contains some discrepancies that leave uncertainty in describing the
process of sulfide mineral formation in the SMB. The textural evidence for immiscible
sulfide droplets in the SMB granodiorite and the (low pressure) sulfide phase equilibrium
constraints have been difficult to reconcile. Figure 4.3 shows that the lowest temperature
liquid in the system Cu-Fe-S may be ~900°C, considerably higher than estimates of 650—

700 °C for the SMB granodiorite magma (Jamieson 1974).
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Figure 4.3 Phase diagram of Cu-Fe-S system

In addition, Cabri (1973) showed that chalcopyrite is stable only below 557°C, and that at
higher temperatures it breaks down to intermediate solid solution (iss). The effect of trace
elements within the SMB on temperature and phase relationships of the Cu-Fe-S system

is unknown and may modify stability thresholds.
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4.6 Summary

Each of the models proposed in this chapter attempts to explain the observed
textural and chemical relationships in sulfide minerals in the Meguma Supergroup,
xenoliths, and SMB. Models 2-4 provide the best explanations for the origin of SMB
sulfides and the processes they underwent. Each model has its strengths and weaknesses
that cannot be ignored; however, Models 2 and 3 contain particular limitations. Given the
evidence discussed, Model 4 offers the most complete description for the process of

formation of sulfide minerals in the SMB.
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CHAPTER 5: CONCLUSIONS

5.1 Conclusions

1.

Sulfide minerals in the Meguma Supergroup, country-rock xenoliths, and SM'B
undergo a series of progressive textural and chemical changes. These changes are
the result of high temperature conditions associated with the emplacement of a
large-scale igneous intrusion into sulfide-rich country-rock.

Textural and chemical evidence from sulfide minerals in Meguma xenoliths

indicate that they are intermediate between the Meguma and SMB samples.

. Textural, chemical, and isotopic relationships indicate that the Meguma

Supergroup is the source for sulfide minerals in the SMB.

Sulfide minerals contained in country rock xenoliths melted to form immiscible
sulfide liquids. These immiscible sulfide melts underwent partial to complete
dissolution in the SMB. The remaining melt crystallized sulfide globules in the
granite.

Enrichment of sulfide minerals in the chalcophile trace elements nickel and
copper occurs in the SMB as a result of their incorporation into either the
immiscible sulfide melts or iss, which crystallize pyrite, pyrrhotite, and

chalcopyrite.

5.2 Recommendations for future work

The study of sulfide minerals associated with igneous intrusions is far from

complete. Through the use of 6 S studies, authors such as Poulson, Kubilius, and

Ohmoto have proposed models of assimilation of sulfide minerals from sulfide-rich

65



country-rock; however, their models do not fully explain sulfide interactions in an

igneous intrusion such as the SMB. As a result of time constraints, further analysis of &
S variations was not possible in this thesis. Study of sulfur isotope variations is

necessary in order to fully understand the country-rock magma interactions observed in
the SMB.

The occurrence of immiscible sulfide melts in felsic magmas is a subject that also
deserves further investigation. In particular, high temperature studies of phase
relationships in the Cu-Fe-S system are necessary: i) to explain the presence of
immiscible sulfide liquids; ii) to determine the temperature and pressure conditions
required for the formation if such liquids; and iii) to work out the detailed crystallization

history of the sulfide blebs in the SMB.
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Appendix A

Mass Percent Structural Formula
No. S Fe As Ni Pb Cu Zn Total Sample# Mineral Location Fe Cu -8 Ni As
138 34.75 31.19 0.00 0.00 0.04 33.90 0.07 99.956860-1 cpy meguma 1.031 0.985 2.000 0.000 0.000
139 35.22 31.43 0.00 0.00 0.00 33.51 0.03 100.18 6860-2 cpy meguma 1.025 0960 2.000 0.000 0.000
141  34.97 31.80 0.00 0.00 0.01 33.64 0.02 100.44 6859-1  cpy meguma 1.044 0971 2.000 0.000 0.000
149 3494 31.37 0.00 0.00 0.03 33.97 0.07 100.38 6852-1  cpy meguma 1.031 0981 2.000 0.000 0.000
153 34.92 31.25 0.00 0.00 0.05 33.99 0.05 100.26 6856-1  cpy meguma 1.027 0.982 2.000 0.000 0.000
155 34.92 31.31 0.00 0.01 0.07 33.75 0.09 100.15 6854-1  cpy meguma 1.030 0.975 2.000 0.000 0.000
157 34.69 31.44 0.02 0.00 0.11 33.27 0.08 99.61 6854-3  cpy meguma 1.041 0968 2.000 0.000 0.000
162 34.87 31.83 0.00 0.00 0.09 33.68 " 0.04 100.50 6823-1  cpy meguma 1.048 0975 2.000 0.000 0.000
164 34.92 31.99 0.00 0.00 0.00 33.42 0.06 100.39 6824-1  cpy meguma 1.052 0966 2.000 0.000 0.000
198 34.90 31.93 0.00 0.00 0.00 33.74 0.01 100.58 6839-1  cpy meguma 1.051 0976 2.000 0.000 0.000
202 35.26 31.44 0.00 0.00 0.00 34.12 0.00 100.82 6841-1  cpy meguma 1.024 0977 2.000 0.000 0.000
278 34.98 31.08 0.00 0.00 0.00 33.44 0.10 99.60 6921-1  cpy meguma 1.021 0965 2.000 0.000 0.000
279 34.96 3140 0.00 0.00 0.00 33.39 0.05 99.816921-2 cpy meguma 1.031  0.964 2.000 0.000 0.000
118 34.51 30.63 0.00 0.00 0.05 32.19 0.03 97.40 6846-1  cpy meguma 1.019 0941 2.000 0.000 0.000
129 34.64 30.80 0.00 0.03 0.00 33.14 0.02 98.63 6843-1  cpy meguma 1.021 0.966 2.000 0.001 0.000
130 34.21 31.02 0.00 0.00 0.08 33.16 0.03 98.50 6843-2  cpy meguma 1.041 0978 2.000 0.000 0.000
136 35.00 31.19 0.01 0.00 0.05 33.62 0.02 99.89 6849-3 cpy meguma 1.023 0.969 2.000 0.000 0.000
173 35.19 31.85 0.00 0.00 0.00 33.85 0.04 100.93 6819-1  cpy meguma 1.039 0.971 2.000 0.000 0.000
175 35.00 31.61 0.02 0.00 0.00 33.42 0.01 100.06 6818-1  cpy meguma 1.037 0964 2.000 0.000 0.000
176 35.27 31.62 0.00 0.01 0.00 33.98 0.13 101.01 6818-2  cpy meguma 1.029 0972 2.000 0.000 0.000
52 35.59 30.80 0.00 0.00 0.05 34.95 0.00 101.39 6644-1  cpy meguma 0.994 0.991 2.000 0.000 0.000
55 35.12 30.30 0.00 0.00 0.00 34.82 0.09 100.33 6657-1  cpy meguma 0.991 1.001 2.000 0.000 0.000
61 35.64 29.63 0.00 0.00 0.02 34.68 0.08 100.06 6658-1  cpy meguma 0.955 0.982 2.000 0.000 0.000
134 35.14 30.99 0.00 0.01 0.05 34.07 0.04 100.31 6849-1  cpy meguma 1.013 0.979 2.000 0.000 0.000
average 34.98 31.25 0.00 0.00 0.03 33.74 0.05 100.05 1.026 0.973 2.000 0.000 0.000
std dev 0.31 0.55 0.01 0.01 0.03 0.58 0.03
196 45.09 53.74 0.01 0.11 0.00 0.01 0.03 98.99 6838-2 mix meguma 1.368 0.000 2.000 0.003 0.000
197 44.37 55.50 0.00 0.09 0.00 0.00 0.00 99.956838-3 mix meguma 1.436 0.000 2.000 0.002 0.000
204 47.58 52.21 0.00 0.11 0.00 0.09 0.00 99.99 6841-3  mix meguma 1.260 0.002 2.000 0.003 0.000
60 43.75 52.90 0.00 0.25 0.07 0.02 0.01 97.00 6656-3 mix meguma 1.388 0.001 2.000 0.006 0.000
57 47.48 50.06 0.00 0.13 0.01 0.00 0.00 97.69 6657-3 mix meguma 1.211  0.000 2.000 0.003 0.000

A1



291
292
295
296
297
298
299
average
std dev

65
142
144
146
154
156
158
166
167
168
159
160
161
184
185
190
205
186
187
188
189
191
192
193
194

45

47

50.02
50.78
47.98
44.74
46.11
49.57
41.48
46.58

2.81

53.72
52.67
52.87
51.82
52.82
52.86
52.89
52.93
53.42
52.91
53.35
53.17
53.27
54.26
52.11
54.01
53.39
54.38
54.26
54.11
54.21
54.12
54.34
54.25
54.47
53.80
53.98

48.85
46.88
49.94
50.58
50.73
47.09
49.81
50.69

2.56

46.52
48.16
45.25
45.66
48.26
47.86
48.07
48.20
48.26
47.92
48.14
47.91
47.87
48.31
43.77
47.71
48.08
48.37
48.54
47.92
47.86
48.13
48.28
48.39
48.57
47.20
46.45

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.32
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
6.00
0.00
0.02
0.02

0.15 0.00
0.10 0.00
0.16 0.03
0.24 0.00
0.25 0.00
0.28 0.00
0.22 0.00
0.18 0.01
0.07 0.02

0.04 0.05
0.15 0.00
0.12 0.00
0.13 0.00
0.05 0.00
0.05 0.00
0.07 0.06
0.01 0.02
0.00 0.00
0.00 0.09
0.08 0.02
0.00 0.04
0.00 0.01
0.06 0.00
1.98 0.08
0.01 0.06
0.09 0.08
0.00 0.03
0.00 0.00
0.00 0.00
0.00 0.00
0.04 0.00
0.02 0.00
0.00 0.00
0.00 0.00
0.13 0.00
0.10 0.00

0.00
0.02
0.03
0.00
0.08
0.01
0.00
0.02
0.03

0.03
0.03
0.59
0.00
0.00
0.05
0.04
0.02
0.00
0.00
0.00
0.00
0.05
0.06
0.01
0.01
0.00
0.08
0.00
0.00
0.00
0.04
0.02
0.00
0.03
0.00
0.00

0.01
0.00
0.00
0.00
0.00
0.00
0.04
0.01
0.01

0.01
0.00
0.04
0.00
0.02
0.03
0.06
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.03
0.04
0.07
0.00
0.01
0.00
0.04
0.00
0.00
0.01
0.00
0.04

99.03 6658-1
97.78 6658-2
98.16 6658-5
95.56 6656-1
97.17 6656-2
96.96 6656-3
91.56 6656-4
97.49

100.68 6659-1
101.02 6859-2

98.91 6858-1

97.61 6858-3
101.16 6856-2
100.84 6854-2
101.19 6854-4
101.19 6825-1
101.69 6825-2
100.92 6825-3
101.60 6855-1
101.17 6855-2
101.19 6855-3
102.69 6831-1

97.96 6831-2
101.83 6822-1
101.67 6827-1
102.91 6830-1
102.80 6830-2
102.04 6832-1
102.08 6832-2
102.37 6821-1
102.67 6821-2
102.64 6820-1
103.09 6820-2
101.15 6642-1
100.59 6643-1

mix
mix
mix
mix
mix
mix
mix

Py
py
py
Py
Py
py
py
py
py
Py
py
py
py
py
Py
Py
py
py
py
py
Py
py
Py
Py
Py
py
py
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meguma
meguma
meguma
meguma
meguma
meguma
meguma

meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma

1.121
1.060
1.195
1.298
1.263
1.091
1.379
1.250

0.994
1.050
0.983
1.012
1.049
1.040
1.044
1.046
1.037
1.040
1.036
1.035
1.032
1.022
0.965
1.014
1.034
1.021
1.027
1.017
1.014
1.021
1.020
1.024
1.024
1.008
0.988

0.000
0.000
0.001
0.000
0.002
0.000
0.000
0.000

0.001
0.001
0.011
0.000
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.001
0.000
0.000
0.001
0.000
0.000

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

0.003
0.002
0.004
0.006
0.006
0.006
0.006
0.004

0.001
0.003
0.003
0.003
0.001
0.001
0.001
0.000
0.000
0.000
0.002
0.000
0.000
0.001
0.042
0.000
0.002
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.003
0.002

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.005
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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125
180

111
112
115
117
178
183
average
std dev

143
148
140
150
152
163
165
147
195
199
200
203
206
207
280
281
282
283
284

51

46

48

53

54

56

53.59
51.58
52.77
51.46
51.49
51.74
51.67
53.22
53.25
53.20

0.92

39.94
41.26
39.66
39.68
39.57
38.85
39.18
39.74
38.85
39.11
38.94
38.99
39.81
39.12
38.54
39.18
38.99
39.72
38.95
39.16
38.96
39.24
39.01
38.97
39.23

47.51
46.66
4715
45.98
46.74
45.67
46.45
47.05
47.40
47.40

1.10

60.55
58.39
60.91
61.19
59.80
62.04
61.81
60.15
62.64
61.43
61.69
61.69
60.94
61.58
61.12
60.72
60.50
60.76
60.24
60.70
60.38
59.48
60.21
60.33
59.87

0.00
0.00
0.05
0.01
0.00
0.00
0.02
0.00
0.01
0.02
0.05

0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00

0.06 0.00
0.10 0.00
0.11 0.00
0.15 0.00
0.11 0.00
0.15 0.00
0.16 0.08
0.13 0.00
0.13 0.00
0.12 0.02
0.32 0.03

0.05 0.00
0.12 0.00
0.02 0.02
0.14 0.00
0.15 0.00
0.00 0.00
0.04 0.00
0.00 0.01
0.04 0.00
0.10 0.00
0.11 0.01
0.06 0.05
0.03 0.02
0.11 0.14
0.09 0.02
0.11 0.01
0.11 0.06
0.10 0.00
0.11 0.00
0.04 0.00
0.07 0.00
0.11 0.00
0.08 0.02
0.05 0.00
0.12 0.00

0.05
0.02
0.06
0.01
0.02
0.00
0.03
0.00
0.00
0.03
0.10

0.04
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.06
0.02
0.02
0.00
0.00
0.02
0.07
0.00
0.01
0.04
0.04
0.03
0.02
0.01
0.11
0.02
0.09

0.05
0.01
0.00
0.02
0.02
0.04
0.00
0.01
0.05
0.02
0.02

0.00
0.03
0.03
0.01
0.00
0.00
0.00
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.05
0.03
0.00
0.00
0.00
0.01

101.26 6645-1
98.36 6844-1
100.13 6816-3
97.62 6648-1
98.39 6848-2
97.60 6847-2
98.41 6848-4
100.41 6816-1
100.84 6815-2
100.80

100.57 6859-3
99.81 6857-2
100.66 6860-3
101.02 6852-2
99.53 6852-4
100.90 6823-2
101.03 6824-2
99.91 6857-1
101.60 6838-1
100.66 6839-2
100.77 6840-1
100.79 6841-2
100.80 6827-2
100.97 6829-1
99.84 6921-3
100.03 6930-1
99.66 6930-2
100.62 6930-3
99.36 6930-4
99.98 6645-3
99.48 6642-2
98.84 6643-2
99.42 6644-2
99.38 6644-3
99.31 6657-2

py
py
py
py
Py
py
py
py
Py

pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyir
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr

A3

meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma

meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma

1.018
1.039
1.026
1.026
1.042
1.014
1.032
1.015
1.022
1.023

0.870
0.813
0.882
0.885
0.868
0.917
0.906
0.869
0.926
0.902
0.910
0.909
0.879
0.904
0.911
0.890
0.891
0.878
0.888
0.890
0.890
0.870
0.886
0.889
0.876

0.001
0.000
0.001
0.000
0.000
0.000
0.001
0.000
0.000
0.001

0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.001
0.001
0.000
0.000
0.000
0.001
0.000
0.001

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

0.001
0.002
0.002
0.003
0.002
0.003
0.003
0.003
0.003
0.002

0.001
0.002
0.000
0.002
0.002
0.000
0.001
0.000
0.001
0.001
0.001
0.001
0.000
0.002
0.001
0.001
0.002
0.001
0.002
0.001
0.001
0.002
0.001
0.001
0.002

0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000



58
59
62
63
113
114
116
119
120
123
124
128
131
133
135
177
64
174
289
293
294
300
301
average
std dev

89
92
21
23
101
13
15
34
35
37

39.15
39.65
40.36
40.30
38.88
38.53
38.35
38.45
38.23
38.68
39.14
38.47
38.34
39.04
38.85
39.48
39.29
39.68
39.07
39.16
39.05
38.97
38.90
39.18

0.57

35.61
35.27
35.21
35.05
35.59
35.09
34.92
34.89
35.30
34.87

58.89 0.00
58.86 0.00
58.63 0.00
58.02 0.00
59.16 0.00
59.10 0.01
59.39 0.00
59.76 0.00
60.11 0.00
60.03 0.02
59.65 0.03
59.11 0.00
60.14 0.01
61.01 0.00
61.38 0.00
61.48 0.00
59.37 0.00
60.76 0.00
60.91 0.00
61.11 0.00
61.32 0.00
60.49 0.00
60.60 0.00
60.38 0.00
1.02 0.01

30.36 0.00
30.22 0.00
29.99 0.03
30.50 0.00
30.94 0.02
30.32 0.00
30.29 0.00
30.60 0.00
30.77 0.00
30.49 0.03

0.19 0.00
0.15 0.00
0.09 0.00
0.08 0.06
0.24 0.00
0.03 0.00
0.05 0.00
0.14 0.00
0.14 0.07
0.12 0.00
0.08 0.13
0.14 0.07
0.09 0.00
0.02 0.00
0.16 0.00
0.13 0.00
0.16 0.00
0.28 0.00
0.05 0.02
0.12 0.00
0.12 0.00
0.18 0.00
0.19 0.00
0.10 0.01
0.06 0.03

0.00 0.03
0.00 0.04
0.00 0.08
0.00 0.07
0.01 0.00
0.00 0.08
0.00 0.08
0.00 0.01
0.00 0.07
0.00 0.00

0.00
0.01
0.09
0.11
0.00
0.01
0.02
0.04
0.04
0.05
0.01
0.00
0.00
0.03
0.04
0.00
0.05
0.05
0.01
0.02
0.05
0.00
0.01
0.03
0.03

34.03
34.44
34.26
34.21
34.07
33.565
33.33
34.86
34.78
34.51

0.01
0.00
0.02
0.03
0.04
0.02
0.02
0.03
0.00
0.02
0.00
0.01
0.03
0.00
0.01
0.01
0.01
0.05
0.00
0.03
0.00
0.00
0.02
0.01
0.01

0.76
0.83
0.02
0.04
0.07
0.00
0.00
0.09
0.09
0.08

98.24 6656-1 pyrr
98.68 6656-2  pyrr
99.19 6658-2  pyrr
98.60 6658-3  pyrr
98.32 6848-3  pyrr
97.70 6847-1 pyrr
97.84 6848-3  pyrr
98.42 6846-2  pyrr
98.57 6846-3  pyrr
98.91 6845-3  pyrr
99.05 6845-4  pyrr
97.80 6842-2  pyrr
98.61 6843-3  pyrr
100.10 6851-2  pyrr
100.43 6849-2  pyrr
101.11 6818-3  pyrr
98.87 6658-4  pyrr
100.82 6819-2  pyrr
100.06 6922-2  pyrr
100.43 6658-3  pyrr
100.54 6658-4  pyrr
99.64 6656-5  pyrr
99.73 6656-6  pyrr
99.72

100.80 6649-3  cpy
100.81 6648-2  cpy
99.60 cpy D-663 cpy
99.88 cpy D-663 cpy
100.70 6666-1  cpy
99.05 cpy E-863icpy
98.62 cpy E-663!cpy
100.44 cpy B-663(cpy
101.00 cpy B-663tcpy
99.98 cpy B-662!cpy

A4

meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma
meguma

SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB

0.864
0.852
0.834
0.827
0.874
0.881
0.889
0.892
0.903
0.891
0.875
0.882
0.901
0.897
0.907
0.894
0.868
0.879
0.895
0.896
0.902
0.891
0.895
0.885

0.979
0.984
0.978
0.999
0.998
0.992
0.996
1.007
1.001
1.004

0.000
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.000
0.000
0.001
0.000
0.000
0.000

0.965
0.985
0.982
0.985
0.966
0.965
0.963
1.008
0.994
0.999

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

0.003
0.002
0.001
0.001
0.003
0.000
0.001
0.002
0.002
0.002
0.001
0.002
0.001
0.000
0.002
0.002
0.002
0.004
0.001
0.002
0.002
0.003
0.003
0.001

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.001



39

40

98

4

5

7

11

29

95

99

104

105

253
254
average
std dev

96
average

12
14
33
36
6
8
9
22
24
27
28
30
31
32
38
10
245

356.77
34.79
35.78
35.00
34.85
35.72
34.98
34.35
35.44
35.55
35.37
34.98
34.88
34.77
35.17

0.37

34.51
34.51

52.32
53.72
53.34
54.02
52.96
53.34
53.37
53.11
52.85
53.29
52.81
51.80
51.71
53.77
53.94
53.33
53.43

30.44
30.54
30.44
30.52
30.76
31.52
30.72
30.44
30.73
30.79
30.35
30.01
30.45
30.61
30.53

0.31

9.66
9.66

44.50
47.02
4712
46.92
47.44
47.28
46.54
46.87
45.94
47.11
47.44
45.88
4542
46.82
47.27
47.20
45.69

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01

0.00
0.00

2.1
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.15
0.00

0.00 0.12
0.00 0.05
0.00 0.00
0.00 0.06
0.01 0.05
0.02 0.07
0.00 0.00
0.00 0.11
0.00 0.25
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.01 0.00
0.00 0.05
0.01 0.06

0.02 0.00
0.02 0.00

0.56 0.00
0.05 0.00
0.21 0.10
0.17 0.09
0.02 0.00
0.30 0.00
0.00 0.03
0.59 0.00
0.25 0.10
0.05 0.12
0.14 0.18
0.00 0.06
0.02 0.00
0.66 0.06
0.15 0.00
0.70 0.00
0.75 0.00

34.62
34.85
34.90
34.76
34.94
33.49
35.17
35.19
34.98
34.80
34.66
34.91
34.01
33.57
34.45

0.56

2.15
215

1.02
0.13
0.42
0.18
0.00
0.01
0.00
0.13
0.32
0.00
0.04
0.01
0.13
0.01
0.02
0.03
0.06

0.11
0.04
0.04
0.00
0.00
0.00
0.00
0.02
0.09
0.09
0.07
0.10
0.04
0.13
0.11
0.21

56.74
56.74

0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.02
0.02
0.03
0.04
0.00
0.00
0.00
0.00
0.00
0.00

101.07 cpy B-663:cpy
100.28 cpy B-663: cpy
101.16 6654-3  cpy
100.34 cpy A-663.cpy
100.60 cpy A-663 cpy
100.82 cpy A-663 cpy
100.87 PY E-663¢cpy
101.11 cpy F-662{cpy
101.51 6651-2  cpy
101.22 6650-1  cpy
100.45 6665-1 cpy
100.00 6665-2  cpy

99.38 6916-1 cpy

99.08 6916-2  cpy
100.37

103.07 6654-1
103.07

100.51 PY E-663¢ py
100.92 PY E-663( py
101.20 PY B-663€ py
101.41 PY B-662¢ py
100.44 PY A-6631py
100.93 PY A-6631py

99.95 PY A-663%py
100.72 PY D-663ipy

99.49 PY D-663ipy
100.60 PY C-662¢py
100.65 PY C-662¢py

97.75 PY F-662¢ py

97.28 PY F-662€Epy
101.33 PY B-663€ py
101.37 PY B-663¢py
101.41 PY E-663¢ py

99.94 69141 py

A5

SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB

sphaleritt SMB

SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB

0.977
1.008
0.977
1.001
1.014
1.013
1.008
1.018
0.996
0.995
0.985
0.985
1.003
1.011
0.997

0.161
0.161

0.977
1.005
1.014
0.998
1.029
1.018
1.001
1.013
0.998
1.015
1.032
1.017
1.009
1.000
1.006
1.016
0.982

0.977
1.011
0.984
1.002
1.012
0.946
1.015
1.034
0.996
0.988
0.989
1.007
0.984
0.974
0.989

0.031
0.031

0.020
0.002
0.008
0.003
0.000
0.000
0.000
0.003
0.006
0.000
0.001
0.000
0.003
0.000
0.000
0.001
0.001

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

1.000
1.000

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000

0.012
0.001
0.004
0.003
0.000
0.006
0.000
0.012
0.005
0.001
0.003
0.000
0.000
0.013
0.003
0.014
0.015

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Zn
1.613
1.613

As
0.035
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.000



246
247
250
251
average
std dev

66

93

88

86

94

97

100

103

106
248
249
252
255

average
std dev

0
25
average

73
74
75
82
68
233
234
237
238
242

53.78
53.63
53.51
53.01
53.19

0.63

39.43
39.07
40.08
40.22
39.55
39.51
39.49
39.14
38.95
39.96
39.68
39.35
39.69
39.55

0.38

34.13
33.73
33.93

34.58
35.75
35.74
35.69
34.75
35.52
35.26
35.35
35.36
35.26

46.50
43.24
46.10
45.27
46.36

1.08

58.63
60.60
60.34
59.71
59.87
60.64
60.49
59.74
60.69
59.43
59.74
59.69
60.01
59.97

0.59

11.02
6.18
8.60

29.94
30.46
30.50
31.16
30.11
30.50
30.03
30.89
30.94
30.92

0.01
0.00
0.00
0.00
0.11
0.46

0.00

0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01

0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.33 0.00
4.19 0.00
0.64 0.00
1.32 0.00
0.53 0.04
0.90 0.05

0.09 0.19
0.19 0.00
0.07 0.00
0.34 0.08
0.27 0.06
0.22 0.04
0.26 0.00
0.24 0.14
0.27 0.01
0.41 0.02
0.30 0.00
0.29 0.03
0.33 0.00
0.25 0.04
0.09 0.06

0.00 0.00
0.01 0.00
0.01 0.00

0.00 0.04
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.07
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.10

0.02
0.02
0.01
0.67
0.15
0.26

0.00
0.09
0.05
0.04
0.17
0.24
0.04
0.02
0.05
0.04
0.01
0.01
0.00
0.06
0.07

0.08
3.49
1.79

35.06
34.97
34.89
34.28
34.99
33.96
33.18
33.25
34.00
33.19

0.00
0.00
0.00
0.00
0.01
0.01

0.06
0.00
0.00
0.03
0.00
0.06
0.02
0.00
0.04
0.00
0.00
0.00
0.00
0.02
0.02

56.32
59.73
58.03

0.06
0.08
0.09
0.05
0.03
0.03
0.06
0.04
0.06
0.02

100.64 6914-2
101.08 6914-3
100.25 6915-1
100.27 6915-2
100.39

98.40 6647-1
99.95 6648-3
100.54 6649-2
100.42 6646-1
99.92 6651-1
100.71 6654-2
100.32 6650-2
99.29 6666-3
100.00 6665-3
99.85 6914-4
99.73 6914-5
99.37 6915-3
100.02 6916-3
99.89

101.56 6649-4
103.15 77
102.35

99.68 6664-3
101.27 6663-1
101.23 6663-2
101.19 6668-1

99.94 6660-2
100.01 6674-1

98.52 6674-2

99.53 6920-1
100.35 6920-2

99.48 6919-1

py
py
py
py

pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr

SMB
SMB
SMB
SMB

SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB
SMB

sphaleritt SMB
sphaleritt SMB

cpy
cpy
cpy
cpy
cpy
cpy
cpy
cpy
cpy
cpy

A6

xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith

0.993
0.926
0.989
0.981
1.001

0.854
1.781
1.729
1.705
1.739
1.762
1.759
1.7563
1.789
1.708
1.729
1.742
1.736
1.741

0.185
0.210
0.291

0.994
0.978
0.980
1.003
0.995
0.986
0.978
1.004
1.005
1.007

0.000
0.000
0.000
0.013
0.003

0.000
0.002
0.001
0.001
0.004
0.006
0.001
0.001
0.001
0.001
0.000
0.000
0.000
0.001

0.001
0.105
0.053

1.023
0.987
0.985
0.969
1.016
0.965
0.950
0.949
0.971
0.950

2.000
2.000
2.000
2.000
2.000

1.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

1.000
2.000
2.000

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

2.000

2.000

0.007
0.085
0.013
0.027
0.011

0.001
0.005
0.002
0.009
0.008
0.006
0.007
0.007
0.007
0.011
0.008
0.008
0.009
0.007

0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.002

0.000
0.000
0.000
0.000
6.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Zn
0.000
0.000
0.000

As
0.000
0.000
0.000
0.000
0.000
0.000
0.000

.0.000

0.000
0.000



243
256
258
262
266
269
272
average
std dev

80

84

259
260
264
267
276
average
std dev

81
69
70
71
72
83
85
235
236
240
241
244
257
261
263
265
268

35.34
35.63
34.98
34.44
34.91
35.34
34.95
356.23

0.40

52.39
53.90
52.94
52.65
53.03
53.05
52.52
52.93

0.50

39.26
39.17
39.14
38.67
39.14
39.51
39.40
39.07
39.04
38.76
38.88
39.31
39.34
38.92
38.77
39.00
38.98

31.31 0.00
30.94 0.00
31.39 0.00
30.75 0.00
30.80 0.00
31.10 0.00
30.71 0.00
30.73 0.00
0.43 0.00

47.26 0.00
47.26 0.00
47.35 0.00
47.70 0.12
47.53 0.00
47.45 0.00
47.68 0.00
47.46 0.02
0.18 0.05

60.55 0.03
60.19 0.01
60.58 0.00
60.66 0.00
58.82 0.00
60.81 0.02
60.34 0.01
60.23 0.00
60.53 0.00
60.46 0.00
60.05 0.00
60.26 0.00
60.99 0.00
61.24 0.00
60.20 0.00
61.01 0.00
61.04 0.00

0.00 0.00
0.00 0.00
0.01 0.00
0.00 0.09
0.00 0.00
0.00 0.00
0.00 0.09
0.06 0.02
0.00 0.04

0.05 0.00
0.06 0.00
0.09 0.00
0.10 0.00
0.06 0.01
0.12 0.00
0.05 0.00
0.08 0.00
0.03 0.00

0.11 0.06
0.01 0.00
0.11 0.00
0.12 0.00
0.16 0.00
0.11 0.02
0.11 0.00
0.06 0.00
0.06 0.00
0.08 0.00
0.06 0.00
0.08 0.00
0.10 0.00
0.10 0.00
0.08 0.00
0.09 0.00
0.08 0.00

33.05
32.70
33.46
34.02
33.39
33.38
33.70
33.85

0.76

0.03
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.01

0.00
0.02
0.00
0.02
0.16
0.05
0.00
0.07
0.23
0.00
0.00
0.02
0.03
0.00
0.03
0.01
0.01

0.02
0.04
0.05
0.08
0.02
0.07
0.06
0.05
0.02

0.07
0.04
0.04
0.03
0.00
0.00
0.08
0.04
0.03

0.00
0.00
0.07
0.04
0.00
0.06
0.03
0.08
0.02
0.00
0.00
0.02
0.00
0.00
0.01
0.02
0.00

99.72 6919-2
99.32 6928-1
99.89 6928-3
99.39 6927-1
99.12 6926-3
99.89 6924-1
99.51 6924-4
99.88

99.80 6670-1
101.25 6669-1
100.41 6929-1
100.61 6929-2
100.65 6926-1
100.63 6926-4
100.34 6923-1
100.53

100.01 6670-2
99.40 6660-3
99.90 6660-4
99.50 6664-1
98.28 6664-2

100.58 6668-2
99.90 6669-2
99.50 6674-3
99.88 6674-4
99.30 6920-4
98.99 6920-5
99.69 6919-3

100.46 6928-2

100.25 6929-3
99.80 6927-2

100.13 6926-2

100.11 6926-5

cpy
cpy
cpy
cpy
cpy
cpy
cpy

py
py
py
py
py
Py
Py

pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr
pyrr

A7

xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith

xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith

xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith
xenolith

1.017
0.997
1.031
1.025
1.013
1.010
1.009
1.002

1.036
1.007
1.027
1.040
1.029
1.027
1.042
1.030

0.886
0.882
0.889
0.901
0.863
0.884
0.879
0.885
0.890
0.896
0.887
0.880
0.890
0.904
0.902
0.898
0.899

0.944
0.926
0.966
0.997
0.965
0.953
0.973
0.970

0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.002
0.001
0.000
0.001
0.003
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.001
0.001
0.002
0.002
0.001
0.002
0.001
0.002

0.002
0.000
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.002
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000



270
271
274
275
277
average
std dev

39.56 60.65
39.72 60.03
39.13 60.70
39.12 60.92
39.20 60.56
39.14 60.52
0.27 0.51

0.00 0.00 0.06
0.00 0.04 0.07
0.00 0.09 0.01
0.00 0.10 0.00
0.00 0.09 0.00
0.00 0.08 0.01
0.01 0.04 0.02

0.15
0.24
0.03
0.03
0.00
0.05
0.07

0.02
0.02
0.03
0.02
0.00
0.02
0.02

100.45 6924-2

100.12 6924-3
99.99 6925-2

100.19 6925-3
99.85 6923-2
99.83

pyrr
pyrr
pyrr
pyrr
pyrr

A8

xenolith
xenolith
xenolith
xenolith
xenolith

0.880
0.868
0.891
0.894
0.887
0.888

0.002
0.003
0.000
0.000
0.000
0.001

1.000
1.000
1.000
1.000
1.000
1.000

0.000
0.001
0.001
0.001
0.001
0.001

0.000
0.000
0.000
0.000
0.000
0.000



Appendix B

Location Slide(s) Rock Unit GPS Co-ordinates

Easting Northing
1 08-D, 08-F Meguma 451411 4945887
2 07-B, 07-N, 07-C Meguma 449113 4944561
3 06-B, 06-D, 06-, Meguma 447876 4943854
4 05-1 Meguma 447302 4943766
5 05-C, 05-D Meguma 446948 4943942
6 04-A, 04-B, 04-D SMB 435326 4967274
7 03-A, 03-B, 03-G, 03-H SMB 435017 4967628
8 02-A, 02-B SMB 434531 4968335
9 01-A SMB 430289 4971384
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