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        Location of Study 

Image from Stoltze (2006) 
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What is the purpose of this project?



        Aims and Purpose of this Study 

AIM  To document ore fluid characteristics through pyrite analysis and fluid 
inclusions, and hydrothermal alteration using hyperspectral techniques. 
 
 1.  To document characteristics of pyrite within the alteration types at  
                     Wallaby. 
 
 2.  Measure fluid inclusion compositions at Wallaby. 
 
 3.  Establish likely fluid pathways and redox indicators using  
      hyperspectral logging. 
 
 
GOAL  To define the source(s) of gold mineralisation and deposition mechanisms 
for gold. 
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IntroAIM  To document ore fluid characteristics through fluid inclusions and pyrite analysis 

	1.  To document the textural and geochemical characteristics of pyrite within the alteration 	types at Wallaby with the aim of characterising the mineralising fluids.  This will establish a 	likely deposition mechanism for pyrite (and gold).  

	2.  To review the data on fluid compositions at Wallaby and the EPG and to expand on that 	dataset with compositions obtained from this study.  This will establish the composition of 	the fluids and identify possible fluid sources.


GOAL  To shed some light on defining the source(s) for gold mineralisation and deposition mechanisms.   







        Wallaby Geology 

Hosted in a 1500m thick mafic 
conglomerate. 
 
Intruded by an alkaline suite of 
igneous rocks . 
 
Sub-horizontal shear zone gold 
lodes. 
 
 
 
 

Images courtesy of Richard Tully, Barrick Gold Exploration 2011 

Syenite intrusion 

Presenter
Presentation Notes
Background Geology



        Previous Model - Wallaby Geology 
Regional Greenschist Metamorphism 
 

Emplacement of Syenite Intrusion 
 

Metasomatism of surrounding wallrock: 
magnetite – actinolite alteration (mag + 
act + ab + epi + bio + cal) 
 

Low grade hematite associated 
gold grade event (py + hem + ser + 
dol + ab) 
 

High grade shear zone gold event 
(py + ser + dol + ab + fuch ± qtz) 
 



The BIG Questions... 
Where did the gold come from and why did it precipitate? 
 

Intrusion Related Au
   
  

 
Crustal continuum model of Phillips 
and Groves (1983)  
 
     -  Metamorphic devolatilisation. 
     -  Magmatic devolatilisation of lower  
        crustal granitoids. 
 
 

Proximal-magmatic models 
favoured by Hall et al. (2001) 
 
     -  Crystallising mid- to upper- 
        crustal granitoids. 
 

Orogenic lode Au 
 

(Robb, L 2009) 
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Crustal continuum model of Phillips and Groves (1983) 

Au fluids were derived from either metamorphic devolatilisation, during prograde metamorphism, or magmatic devolatilisation of lower crustal granitoids following input of CO2 rich mantle fluids. 

Proximal-magmatic models favoured by Hall et al. (2001)

Au fluids are derived from crystallising mid- to upper-crustal granitoids where Au is already concentrated as an incompatible element.   





        Method 

Pyrite Studies
 
 
 
  

1. Reflected Light Microscopy 

2. SEM (backscatter and EBSD) 

3. Electron Microprobe 

4. SHRIMP 

5. LA ICP-MS 

1. Transmitted Light  

 Microscopy 

2.    Heating / Freezing stage 

 Fluid Inclusions 

Laser traverse 
and spots on a 
pyrite 

 Hyperspectral Logging 

1. The Spectral Geologist (TSG) 



 Results  
____ 

 Sulfur Isotopes of pyrite 



Group 1 
Porous euhedral – subhedral hematite altered low grade gold related pyrite 
 
 
 

Range δ34S:  -10.5‰ to -7.9‰  



Group 2 
Porous, anhedral inclusion-rich pyrite 
 

Range δ34S :  +0.3‰ to -5.6‰ 



Group 3 
Euhedral – subhedral syenite-related pyrites 
 

Range δ34S :  -2‰ to + 3.8‰ 



Group 4 
Zoned euhedral pyrites in  
high grade gold shear zones 
 

Core δ34S 
-2.8‰ to +4.5‰ 
  
Rim δ34S 
+4.5‰ to  +6.9‰ 



Group 4 
Zoned euhedral pyrites in high grade gold 
shear zones 
 

 100µm 

 

 100µm 

 



Group 5 
Euhedral vein related hydrothermal pyrite 

Range:  +4.2‰ to +11‰ 



So what does this sulfur isotope data mean? 

      Time 

 δ34S 

Group 1 hematite 
associated pyrite 

Group 2 magnetite 
associated pyrite 

Group 3 syenite pyrite 

Group 4 zoned pyrite 

Group 5 hydrothermal pyrite 

 δ34S 

 δ 33S 

y = 0.17171 + 0.52299x   R 2= 0.9882 



 Results  
____ 

 Trace element zoning and x-ray mapping of pyrite 







 Results  
____ 

 Fluid Inclusions 



H2O-rich inclusion 
    -  derived from the intrusion 
    -  moderate salinity, hot fluid 
 

CO2 + L inclusion 
    - typical shear zone  fluid 
    - low CO2, low salinity fluid 

CO2  inclusions 
    -  post entrapment  
       modification 
    - unmixing of a single fluid of  
      different densities 
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CO2 is ubiquitous in these systems and three phase H2O – CO2 at room temperature are common (figure #).   In three out of the four homogenisation temperatures recorded for CO2 + L inclusions, they exceeded that of the aqueous phases.  According to Wilkinson (2001), fluids associated with greenschist metamorphic facies in the brittle-ductile regime  are often close to the two phase region.  And as a result of a P or T decrease, the fluid may intersect its solvus and separate into a CO2-rich fluid and a H2O (±CO2) fluid.  Depending on the conditions and bulk fluid composition, these two fluids could be of similar density, or the other case could have contrasting densities.  If contrasting densities was the case, CO2-rich inclusions will homogenise to the carbonic phase and H2O rich inclusions will homogenise to the aqueous phase over the same temperature range.  Unfortunately, due to the common mechanical trapping of a small amount of H2O-rich fluid within CO2-rich inclusions when they form (heterogeneous trapping), the carbonic inclusions are not representative of the end member fluid composition.  So as a result, they can produce anomalous Th values that can often be greater (>50°C) than the Th of aqueous phases.  This is an assumption that may or may not have taken place within the fluid dynamics at Wallaby.  




 *Information overload!*  
____ 

 Discussion 



The story 
goes 
something 
like this... 

LOW  As, Cu, Co, 
Sb, Sn 
HIGH  Bi, Mo, Ni, 
Pb, W, 
 
Au content (pyrite) 
= 0.4-0.7 ppm 

LOW  Mo, Sb, 
Zn, Sn 
HIGH  As, Ni, 
Cu, Pb, Co 
 
Au content 
(pyrite) = 0-0.2 
ppm 
LOW  As, Ni 
HIGH  Co, Cu, Pb, Zn 
 
Au content (pyrite) = 
0-0.6 ppm 

Core 
LOW  Mo, Pb, Zn, Sn 
HIGH  As, Au, Ni, Cu, 
Sb, W 
 
Rim 
LOW  Ni, Cu, Pb, Zn, Cu 
HIGH  As, Au, Sb 
 
Au content (pyrite) = 
0.3 – 0.9 ppm 
 

HIGH  As, Au, Sb 
 
Au content (pyrite) = 
0.5 – 1.5ppm 

Gold deposition 
AuHS2

- + Fe2+ = Au + FeS2 + ½O2 
 
Wallrock –fluid interaction 
FeO + 2H2S + ½O2 = FeS2 + 2H2O 
 
Hydrothermal alteration 
Fe3O4 + 3CO2 = 3FeCO3 + ½O2  

 
 
 



0 

10 

20 

30 

40 

-15 -10 -5 0 5 10 15 

N
i/

A
s 

δ34S(py) (per mil) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

-15 -10 -5 0 5 10 15 

G
ol

d 
va

lu
e 

(p
pm

 A
u)

 

δ34S(py) (per mil) 

Overall trends... 

My Study 

Hodkiewicz et al. (2008) 

Ni 

As 



Conclusions... 

Four events 
(1) oxidised pervasive hematite alteration event;  
(2) widespread magnetite – actinolite alteration of the conglomerate; 
(3) emplacement of the syenite intrusion 
(4) high grade gold event associated with an As-rich reduced fluid. 
 
One evolving fluid 
     -  sulfur isotopes vary but overlap (-10.5‰ to +11 ‰) 
     -  trace elements vary  
     -  H2O rich FLINCs (intrusion) and CO2 rich FLINCs (shear zone) 
 
 
 
  
 

Main deposition for gold is sulfidation (and minor redox). 
Combination of intrusion – related and orogenic! 
 
 



A HUGE thank you to the AIG and 
the SMEDG for supporting me 
through the 2011 bursary, and 
giving me the opportunity to 

present this evening. 
 
 
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Recommendations... 

Larger sample collection and more time   
 
Structural setting. 
 
Noble gas studies to better constrain the source of gold-bearing fluids. 
 
Selenium analysis on pyrites to determine if the element is a useful redox 
indicator. 
 
Comparison between other Yilgarn deposits and obtain a larger database on ore 
deposits that exhibit both orogenic and intrusion related characteristics. 
  
Thorough fluid inclusion studies.  
 
A metamorphic study. 
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Band Contrast Maps      All Euler Maps Electron Backscatter 
Diffraction (EBSD) 



Group 1 
Porous euhedral – subhedral 
hematite altered low grade gold 
related pyrite 
 
 
 

Group 2 
Porous, anhedral inclusion-rich 
pyrite 
 

As and Ni zoning in pyrites 

Ni Ni 

As As 



As and Ni zoning in pyrites 
Group 4 
Zoned euhedral pyrites in high grade gold shear zones 
 

As 
Ni 

Ni Ni 

Ni 



As and Ni zoning in pyrites 
Group 5 
Euhedral vein related hydrothermal pyrite 

Ni 

Ni As 



Group 1 
Porous euhedral – subhedral 
hematite altered low grade gold 
related pyrite 
 
 
 

Group 4 
Zoned euhedral pyrites in  
high grade gold shear zones 
 

Group 2 
Porous, anhedral inclusion-rich 
pyrite 
 











        What are sulfur isotopes? 
32S (95.02%) 
33S (0.75%) 
34S (4.21%)  
36S (0.02%) 

Expressed as δ34S (‰) of the 34S/32S ratio 
(Ohmoto and Rye 1979) 

Vary in nature 
 
Yilgarn gold deposits: 
-4‰ to +4‰ δ34S 
(McCuaig and Kerrich 1998) 

Mechanisms responsible for variations: 
(1) Redox 
(2) Sulfidation 
(3) Wallrock – fluid interaction 
(4) Phase separation 
(Ohmoto 1972; Rye and Ohmoto 1974) 

Phillips et al. (1986) 
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Expressed as 34S, which is defined as a per mil deviation of the 34S/32S ratio of the compound relative to that of the troilite phase of the CD meteorite



What are fluid inclusions (FLINCs) 

H2O  fluid  

CO2  liquid  

CO2 vapour  

10µm 

Fluid Inclusions are bubbles of liquid, gas and solids trapped inside a crystal  
(Roedder 1984). 

Primary, pseudosecondary and 
secondary inclusions. 
 
 
 

Temperature 
Composition 
Deformation 
Pressure 
 (Robb 2009) 
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When crystals grow or recrystallise from a fluid (an aqueous, non-silicate liquid and/or vapour phase), growth irregularities result in the trapping of small portions of the fluid in the solid crystal.  Such irregularities may be sealed off during growth of the surrounding part of the host crystal, yielding primary fluid inclusions.  Healing of fractures formed during crystal growth yields pseudosecondary inclusions, and healing of fractures formed at some time later yields secondary inclusions (Roedder 1984).  When analysing fluid inclusions, it is important to determine what type of fluid inclusion is being analysed (that is primary, pseudosecondary, or secondary) because they will record different conditions of trapping and measuring the wrong fluid inclusion may result in misinterpretation.  Roedder (1984) discusses in detail diagnostic features for identifying of each type of inclusion.  
 
The liquid vapour curve for H2O in figure 5 indicates that the densities of liquid and vapour vary mainly as a function of temperature, and pressure.  The heating and cooling of water can be related to that of fluid inclusions.  As temperature rises and the density of the H2O liquid decreases, the latter must coexist with in equilibrium with a vapour whose partial vapour pressure (and density) is increasing.   At the critical point (cp) at 374°C and 221 bar (Figure 5), there is no longer any distinction between the liquid and vapour phases (that is, a contrast in density) and they become a supercritical fluid.  The point where liquid and vapour coexist in one state can be related to the homogenisation temperature (Th) of fluid inclusions.   The Th represents the minimum temperature at which the fluid became trapped, and can elucidate to minimum temperatures for ore forming fluids in hydrothermal systems.  




 Results  
____ 

 Textural analysis of pyrite 



Group 1 
Porous euhedral – subhedral hematite altered low grade gold related pyrite 
 
 
 

Hematite 

Pyrite 

Pyrite 

  100µm 

 

  100µm 

 



Group 2 
Porous, anhedral inclusion-rich pyrite 
 

  50µm 

 

  100µm 

 

Chalcopyrite 

Pyrite 

Pyrite 

Chalcopyrite 

magnetite 





Group 3 
Euhedral – subhedral syenite-related pyrites 
 

 100µm 

 

 50µm 

 



Group 4 
Zoned euhedral pyrites in high grade gold 
shear zones 
 

 100µm 

 

 100µm 

 



Group 5 
Euhedral vein related hydrothermal pyrite 
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