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Executive Summary 
 

This report is the product of the G15 1-on-1 project within the predictive mineral discovery 

CRC. The project lasted from March 2006 – March 2007, and involved collaboration between 

research staff at James Cook University/CSIRO and AngloGold Ashanti Ltd. at Sunrise Dam 

Gold Mine. The goal of the project is to increase exploration efficiency, reduce mining risk 

and generate additional high-grade underground resources by understanding the nature and 

controls on mineralization at Sunrise Dam Gold Mine. 

 

The project involved three site visits by JCU/CSIRO staff in 2006/7, including underground 

and open pit mapping and core examination. A major part of the project is based on the 

compilation of a structural database of 1900 measurements mainly derived from Michael 

Nugus's work. These data were analysed for orientations of structures within ore bodies, and 

for dynamic and kinematic information about the deformation associated with mineralization. 

A suite of 52 orientated samples was collected, and analysed by thin-section petrography and 

for whole rock geochemistry. Fluid inclusion were analysed in a sub-sample the 7 most 

suitable specimens. Geochemical databases for the whole mine from assays were analysed, as 

well as mineralogical determinations from the mine database using PIMA. A substantial 

numerical modelling program was carried out in 3D (using the software FLAC) to evaluate 

mechanical controls on mineralization. 

 

The major findings of the research are summarised below: 

 

Ore Body Geometry 

Ore bodies at Sunrise Dam can be divided into three groups: 

Group I.  Ore bodies within gently-moderately NW dipping shear zones (Cleo 

shear zone, Margies/Placer/Ulu, Mako, Sunrise, Midway/GQ, Carey).  

Group II.  Ore bodies within steeply dipping shear zones (Summercloud, Western 

Shear Zone, Predator, Watu).  

Group III  Ore bodies comprising steeply dipping stockwork zones (Dolly Lodes, 

Cosmo).  

The Dolly porphyry lode consists of narrow quartz-sulphide veins in the Dolly 

porphyry, constituting a fourth type of ore body 

 

The three dimensional architecture of the deposit consists of gently-moderately NW dipping 

shear zones separating steeply dipping shear zones (open pit) and stockwork zones 

(underground) around the Dolly porphyry.  Ore bodies, geochemical anomalies and structures 

are vertically aligned below and above the Sunrise shear zone. Group II ore bodies overlie 

Group III ore bodies and the Dolly porphyry. Group II ore bodies are narrow and more 

discrete structures than Group III ore bodies. 

 

Structural and Mineralization History 

Multiple episodes of deformation occurred at Sunrise Dam from the late Archean into the 

early Proterozoic. Many structures were created in the earliest phases of deformation and 

have been repeatedly reactivated.  Gold mineralization was associated with the first, third and 

fourth deformation events, respectively forming low, moderate and high grade ore. 

 

Dynamic and Kinematic Analysis 

The third and fourth deformation event, during which most gold mineralization occurred, 

were both strike slip stress fields, reactivating earlier structures in transcurrent deformation. 
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The third deformation involved SE compression and sinistral strike slip, which changed to NE 

compression and dextral strike slip in the fourth event.  The value of the vertical stress 

became very close to the maximum horizontal stress in the last deformation. Both steep and 

gently dipping structures were simultaneously reactivated in both events under high pore fluid 

pressures and relatively low differential stresses. 

 

The stresses causing deformation varied through the mine on the scale of individual ore 

bodies. However, the strains were much more uniform, consisting of a horizontal NNW 

extension and a vertical or ENE shortening.  

 

Deformation and Fluid Flow 

Numerical models suggest that high pore fluid pressures are a pre-requisite for significant 

deformation at Sunrise Dam. High pore fluid pressures and deformation can be achieved if the 

Sunrise shear zone is relatively impermeable and acted as a seal. 

 

The models suggest that failure occurs in the positions of all types of ore bodies in both the 

main mineralising deformation events. Tensile failure occurs in the Dolly porphyry. Areas of 

dilation and shear are focussed around the Dolly porphyry in the positions of the Group III 

ore bodies, and around the intersection of the porphyry with the Carey shear zone. 

 

Fluids, Mineralization and Alteration 

Two types of fluid inclusion are found commonly in ore bodies in the Sunrise Dam deposit, 

containing respectively mainly CO2 and a mixture of CO2 and water. Average pressures 

calculated for CO2 inclusions at 350ºC are 130 MPa, significantly less than mixed inclusions 

(300 MPa at 350ºC). The CO2 inclusions may have been trapped slightly later than the mixed 

inclusions, and may have formed by phase separation from a mixed fluid parent. 

 

Gold precipitation may have occurred in response to phase separation possibly initiated due to 

exhumation at lithostatic pore fluid pressure, followed by failure which resulted in fluid 

pressures approaching hydrostatic conditions, or by fluid mixing of a Na-CO2-(H2O) fluid 

with a second fluid. 

 

Transitions in sericite geochemistry occur in some mineralized areas of the deposit and may 

be used as a vector to mineralization. Carbonate alteration is pervasive in the mine, like other 

deposits in the Eastern Goldfields. The carbonate alteration of porphyries is also similar to 

regional patterns of porphyry alteration. 

 

Role of Porphyries 

Felsic porphyry intrusions predate or are contemporaneous with D3 and D4 deformation and 

mineralization. There are close spatial and temporal associations between mineralization and 

porphyries.  However, there is no direct link between fluid systems associated with porphyry 

intrusion and the major economic gold mineralization.  

 

The association of porphyries with mineralization is due to the existence of early structures, 

which could have provided hydrothermal fluid and magma pathways and the mechanical 

effect of the porphyries in localising deformation. 
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The Genesis of the Sunrise Dam Gold Deposit 

Fluid flow along vertical structures, interrupted by gently –moderately dipping shear zones, 

was the key to the formation of the Sunrise Dam deposit. During the third phase of 

deformation, sinistral-reverse shear in Group I structures mineralised the Sunrise and Cleo 

shear zones, and probably the Carey shear zone.  During the subsequent deformation, fluid 

pressures built up due to sealing in the Sunrise shear zone and possibly other Group I 

structures of suitable thickness. This created the diffuse, stockwork style of mineralization in 

the Cosmo and Dolly Group III ore bodies, which were localised around the Dolly porphyry 

by higher shear strains and resulting deformation-induced dilatancy. High pore fluid pressures 

allowed simultaneous movement on both gently and steeply dipping structures in these ore 

bodies. Episodic breaching of the Sunrise shear zone allowed focused fluid flow into the 

Group II ore bodies, forming a more discrete style of mineralization compared to the 

stockworks, but with the same structural elements. In the later stages of this deformation, flat 

laminated veins, with locally high grades, became prominent, formed in a slightly different 

stress field, resulting in dextral-normal displacements. 

 

Mine–scale Exploration Targets 

The structural analysis, numerical modelling and alteration geochemical studies suggest that 

there are underground targets around the Dolly porphyry, at its intersection with the Carey 

shear zone, and within and below the Carey shear. Further opportunities may lie to the W and 

SW of the known mineralization, and displaced parts of ore bodies along late faults also offer 

opportunities. Porphyry contacts with strong dextral strike-slip indicators and sericite 

alteration are areas of priority interest. 
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1. Introduction: Terms and Scope 
 

The Sunrise Dam Geological Study Project is a 1-on-1 project of the predictive mineral 

discovery CRC involving researchers at James Cook University and staff at AngloGold 

Ashanti Ltd. The one-year project commenced on 15
th

 March 2006. The 10 Moz Sunrise Dam 

Gold mine in the well-endowed Eastern Goldfields province of the Yilgarn Craton has 

recently started underground gold production. A variety of lodes in different orientations are 

mined or in resources and there is unexplored potential at depth. However, understanding the 

structural framework of the lodes requires further work. Current limitations in knowledge 

may inhibit efficient mining and successful exploration if not resolved rapidly. With the new 

underground access and deepening of the open pit, there is a wealth of new data available, 

which can be synthesised to produce an integrated structural and mineralization chronology in 

order to provide a detailed appreciation of the structural characteristics of the major lodes.  

 

The aim of this study is to apply advanced methods of modern structural geology to the 

accessible workings and planned areas of development to derive a robust geological 

understanding of the structural controls on mineralization. These are used as inputs to 

numerical models, which examine strain and stress distribution, predicted sites of failure, and 

fluid flow regimes. Additionally, the fluid systems giving rise to mineralization are analysed, 

allowing the development of a genetic model for the deposit, with exploration implications.  

 

The outcomes of this work are complimentary to the efforts of the Y4 pmd*CRC and will 

assist their efforts in investigating the geological and mineralisation controls within the 

broader Laverton region, in particular between Wallaby and Sunrise Dam gold mines and 

further allow comparisons between other gold deposits within the Eastern Goldfields.  An 

essential component of the project is continuing professional development of Sunrise Dam 

geoscientists through short courses/lectures delivered on site.  

 

The visionary goal of this project is to increase exploration efficiency, reduce mining 

risk and generate additional high-grade underground resources by understanding the 

nature and controls on mineralization at Sunrise Dam Gold Mine. 

 

The Key Deliverables are: 

a) An integrated structural and mineralization history of the deposit, including the 

reactivation of key structures and relationship to the regional deformation sequence, 

including an understanding of post ore faults 

b) A detailed understanding of the geometry, orientation and kinematics of the major ore 

bodies and resolve current discrepancies. Integration and comparison with previous work. 

c) A paleostress analysis for mineralization events within the mine area and surrounds  

d) Numerical models of deformation highlighting potential sites of fluid flow focussing 

constrained by a, b, and c. to indicate areas of primary dilation and potential ore 

concentrations for more precise targeting within the mine area and surrounds, based on 

current structural data 

e) Reconnaissance studies of the fluid systematics of mineralisation, including characterising 

the fluid/s, relationship of alteration minerals in ore zones and surrounding lithologies to 

gold, constraints on timing of gold in textural/structural context, depositional mechanisms 

f) Continuing professional development short courses/lectures delivered on site. 

 

All descriptions in this report are relative to True North; magnetic readings have been 

corrected by a declination of 2º East. 
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2. Structural and Mineralization History 
 

 

A review of ideas about the structural and mineralization histories at Sunrise Dam can be 

found in the 2005 Report (Blenkinsop 2005). This included all previous work accessible at the 

time: Gellalty et al. (1995), Laing (1998), Newton et al. (1998), Newton (2000) Mair et al. 

(2000), Davis (1999, 2000), Brown et al. (2000, 2001, 2002a, b, c), Brown and Tornatora 

(2001), Tornatora (2002), Newton et al. (2002), Davis and Maidens (2003), Nugus et al. 

(2005a,b, c), Blenkinsop and Nugus (2004). McLellan (2005) presents some initial numerical 

modelling, and McLellan et al. (2007) elaborates on this. 

 

The major work accessed since the 2005 report has been Miller and Nugus (2006), which 

focussed on the Sunrise shear zone, Watu and Western Shear Zones. This report suggested 

that the Western shear zone and Watu lodes originated as D1 extensional shear structures in 

response to movement along the Sunrise shear zone. D3 deformation involved movement of 

the hangingwall of the Sunrise shear zone to the Southeast and SSE, and low-grade 

mineralization in response to a NNE orientation of maximum principal stress, which 

reactivated the Western shear zone in sinistral strike slip after the Sunrise shear zone. This D3 

stress system is recognised at Wallaby mine, where it is associated with the major 

mineralization. A change to an ENE maximum principal stress occurred in D4, causing the 

steeper structures to reactivate in dextral strike-slip, followed by the Sunrise shear zone as a 

dextral –normal fault. 

 

The following structural and mineralization history (Table 2.1) been modified from the 

previous report, and agrees with that of Miller and Nugus (2006). The major modification has 

been the inclusion of an additional deformation event D3 involving sinistral-reverse strike slip 

deformation and some mineralization. Evidence for this event has come form reverse shear 

sense indicators in some gently dipping shears zones and for sinistral strike slip on steeply 

dipping zones, which were not previously observed. Section 9 comments on the timing 

relationships of the porphyries in more detail. 
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Table 2. 1 Structural and Mineralization History at Sunrise Dam Gold mine. Red – Porphyry intrusion. 

Shades from pale yellow through to orange – gold mineralization with colour indicating grade.  

Event Kinematics Shortening  Vein styles Mineralization 

Extension EW extension 2.1Ga  Lamprophyre Dykes  Unmineralised 

D6?-  Dextral conjugate 

faulting 

E-W? chl-carb+qtz Unmineralised  

 

D5  Sinistral faulting ESE chl-qtz-carb-coarse pyr Unmineralised  

 

D4b Dextral faulting (late 

stage) reactivation 

and extension  

NE qtz-carb-chl-pyr-base 

metals and tellurides  

chl-cg pyrite-qtz-carb  

localised high 

grade in Vqtz 

D4a Dextral faulting 

(early stage) 

NE qtz-carb-asp-pyr-ser-

tellurides(?) 

Major 

mineralisation  

D3  Thrusting and 

sinistral shearing 

SE qtz-carb-ser-pyr+chl-

asp qtz-carb-alb-py  

Moderate grade 

mineralisation 

throughout SSZ  

Porphyry    chl-alb Unmineralised 

D2 -  Regional E-W 

shortening 

~E-W carb-qtz-chl Unmineralised  

D1 NW thrusting ? 

NW extension ? 

NNW? 

NE? 

siliceous, fragmental 

veins with grey (chl?) 

sulphide poor matrix  

Au (0.25-

1.5g/tAu), no As 

or base metals 

 

The following kinematic and dynamic history summarises some of the results from sections 4 

and 5. 
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Table 2. 2 Kinematic and Dynamic history at Sunrise Dam Gold mine. Red indicates porphyry intrusion. 

1 give the azimuth of the maximum principal stress; the three principal stresses are 1  2  3 with 

compression positive and their ratios are expressed by  = ( 2 – 3)/( 1 – 3).  

Event Kinematics Dynamics 

  Shortening  Regime 1  

Extension EW extension 2.1Ga     

D6?-  Dextral conjugate faulting E-W??    

D5  Sinistral faulting ESE Strike-

slip 

SE 0.95 

D4b Dextral faulting (late stage) 

reactivation and extension  

NE    

D4a Dextral faulting (early 

stage) 

NE Strike-

slip - 

thrust 

EN

E 

0.95 

 

D3  Thrusting and sinistral 

wrenching 

SE Strike-

slip 

SE 0.5 

Porphyry       

D2 Regional E-W shortening ~E-W    

D1 NW Thrusting (Swager, 1989)  

NW Extension (Weinberg, 

Archibald) 

NNW? 

NE? 

   

 

The following table summarises the types of mesoscopic structure, which are described in 

more detail in the next section, in relation to the deformation history. 

Table 2. 3 Mesoscopic Structures in relation to Deformation Events. 

Event Structures Kinematics 

Shears in the Sunrise shear zone and other moderately-

dipping shear zones in Group I ore bodies.  

Extension/contraction D1 

Extensional shears in Western shear zone, Watu 

(Miller and Nugus 2006) 

 

Cleavage dipping steeply NW-WNW NW-WNW shortening D2 

Folds plunging N and S with steep axial surfaces NW-WNW shortening 

Shears in Western shear zone, Predator Sinistral strike slip D3 

Shears in Sunrise shear zone Sinistral reverse 

Shears and faults in Group I and II ore bodies. NEVs? Dextral-normal strike slip D4 

Stockwork veins in Group III ore bodies Dextral-normal extension 

Flat laminated quartz-carbonate veins. NEVs? Dextral-normal 

extensional shear 

D4b 

Breccia veins Dextral normal 
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3. Systematic Description of the Major Ore Bodies and 

Deposit Architecture 
 

 

3.1 Classification of Ore Bodies and Deposit Architecture 

Lodes at the Sunrise Dam Gold Deposit can be classified into four types of ore body. This 

grouping has some significance for the final model proposed for mineralization. 

 

Group I.  Ore bodies within gently-moderately NW dipping shear zones (Cleo, 

Margies/Placer/Ulu, Mako, Sunrise, Midway/GQ, Carey). These contain 

penetrative fabrics as well as breccia zones and flat laminated veins. 

Group II.  Ore bodies within steeply dipping shear zones (Summercloud, Western Shear 

Zone, Predator, Watu). These contain some penetrative fabrics, but steep faults, 

breccia zones and veins are more prominent.  

Group III.  Ore bodies comprising steeply dipping stockwork zones (Dolly Lodes, Cosmo). 

These zones contain veins in subvertical and gently dipping orientations. 

IV. Dolly porphyry lode. Narrow quartz-sulphide veins in the Dolly porphyry. 

 

The distinction between ore bodies within the steeply dipping shear zones and stockwork 

zones is not great: there are elements of stockwork present in the shear zones (e.g Watu). The 

shear zone hosted ore bodies tend to be narrower, more discrete zones than the stockwork 

zones. The major shallow to moderately dipping shear zones are vertically stacked above one 

another, from Cleo downwards to the Sunrise, the Midway and the Carey shear zone. There 

also appears to be a vertical stratification in the other lodes: the relatively discrete steeply 

dipping shear zone-hosted ore bodies occur between the Cleo and the Sunrise shear zones, 

and the stockworks below the Sunrise shear zone.  This vertical alignment is a key 

geometrical feature of the Sunrise Dam mineralization that has major implications for 

the origin of the deposit and for prospectivity at depth. 
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Fig. 3. 1. Wireframe with lodes labelled. Brown-yellow colours – Group I, Green – Group II, Blue –Group 

III, Red – Dolly Porphyry 

 

3.2 Structures within Ore Bodies 

Nine types of meso-micro scale structures found within and around the ore bodies have been 

distinguished. The S2 cleavage occurs sporadically through the mine as a penetrative 

cleavage/schistosity defined by phyllosilicates dipping steeply to the WNW. Fold hinges and 

axial surfaces are mostly of tight to isoclinal metre scale folds, plunging gently to the North 

with moderately-steeply West-dipping axial surfaces. While some folds with steeper axial 

surfaces may be D1/D2 folds, those with more gently dipping axial surfaces have either been 

reorientated or formed in D3/D4 during shear within the gently-moderately dipping shear 

zones (Fig. 3.2a). 

 

 The penetrative shear zone fabric recorded in these shear zones is a major structural 

features in the mine. It consists of a sericite±chlorite cleavage/schistosity, dipping gently-

steeply West to NW with a mineral lineation, defined by the same minerals, plunging to the 

North (Fig. 3.2b). Similar fabrics are observed in the other main groups of lodes, but in these 

cases the foliations dip more steeply to the West. These shears and fabrics are interpreted to 

have formed in D3 and D4, although reactivation of still earlier fabrics is also possible. 

 

Equally prominent are metre-scale faults and breccia veins, marked by slickenfibres of 

quartz and carbonate (Fig. 3.2c). These occur in every lode and have been used for the 

kinematic and dynamic analyses. The vast majority of these measurements included a sense 

of shear. Breccia zones may be up to a few m wide (Fig. 3.2d). The distribution of fault and 

breccia surface orientations is very similar to the penetrative fabrics: the majority dip gently 
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to steeply West. The orientation of the slickenfibres also reflects closely the mineral 

lineations: they plunge gently North. Many fault surfaces are on the edge of veins, leading to 

a problem in defining faults separately from veins. Faults are identified if a discrete surface 

with movement indicators can be seen; veins are referred to as fractures with a filling of 

various combinations of quartz, carbonate, sulphides and breccia clasts. Veins therefore 

include structures with conclusive evidence for a shear component (e.g. transported clasts, 

slickenfibres). In general it is difficult to specify the opening direction of the vein or a firm 

timing relationship to adjacent faulting. Faults and veins and formed in both D3 and D4. Post-

ore faults are distinguished from all other faults, which are potentially mineralised. 

 

Flat laminated veins (FLM) are a subgroup of quartz-carbonate veins dipping gently to the 

NW (Fig. 3.2e). They may have slickenfibres plunging North as an integral part of the vein 

assemblage, and invariably show a dextral-normal shear sense. The characteristics of these 

veins that distinguish them from the faults and other veins are the presence of a distinct, 

laminated vein fill and the observation that they cut all penetrative structures and other 

structures associated with sericitic alteration.  Because these veins cut other D4 structures, 

they are ascribed to a late stage of D4 (D4b). Another subgroup of veins has been 

distinguished in some places on the basis of orientation: these are NE-dipping quartz-

carbonate veins (NEV) which occur in the Sunrise, Midway and Mako shear zones (Fig. 

3.2f). They comprise a set of quartz-carbonate veins dipping moderately NE, with lengths in 

the order of m and widths of several mm. These veins occur in left-stepping en echelon arrays 

and may be deformed into sigmoidal geometries. Gold bearing veins have been separated out 

as a subgroup where visible gold or a clear association with auriferous assemblages can be 

made.  Other veins which lack distinctive characteristics are grouped together as unspecified 

veins. 
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Fig. 3. 2. Meso-scale structures within ore bodies. a) isoclinal folds of quartz-carbonate veins within the 

Sunrise shear zone, with gently dipping axial surfaces, parallel to the shear zone  fabric. Locality P5, 

North wall of pit, 28/04/06. b) SC fabrics and sigma clasts suggesting a reverse component of shear within 

a lens in the Sunrise shear zone, possibly of D3 age. North wall of pit, 25/04/06. c) View upwards beneath 

overhanging fault surface in GQ ore body, showing spectacular quartz-carbonate slickenfibres that 

plunge gently N and give a clear hangingwall to the North (dextral-normal) sense of slip. North wall of pit, 

24/11/06 d) Quartz carbonate matrix breccia with fuchsitic clasts, GQ, 1960 Ore Drive North. e) Sub-

horizontal flat laminated vein (FLM) cuts vertical carbonate vein. However, part of the vertical vein cuts 

the FLM vein filling, suggesting an alternation between dilation on each vein orientation. Cosmo ore body, 

1927 access. f) NE dipping veins in sigmoidal en echelon arrays. Locality P4, GQ in North wall of pit, 

23/11/2006.  
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3.3 Systematic Description of Ore Bodies: A Rough Guide to Lodes at 

Sunrise Dam Gold Mine 

This systematic description of the ore bodies describes their location and orientation and the 

major structures observed within the ore bodies. It is based on fieldwork carried out in this 

project, a compilation of Mike Nugus’s observations, and analysis of the structural database 

that was created for this project. This comprises approximately 1900 measurements and 

observations grouped into the above categories, and is included as a deliverable in this report. 

 

The structural database was analysed by making lower hemisphere equal area stereoplots of 

all the major structures in each ore body, and by plots of the total datasets for each group of 

structures. The layout of the plots and the symbols, which are the same for each Figure, is 

shown in Fig. 3.3, and the plots for the total data set in Fig. 4, and for individual ore bodies 

are given in Figs. 3.5 – 3.15. 

 

3.3.1 Group I: Ore Bodies within Gently-Moderately NW dipping Shear Zones 

1. Margies/Placer/Ulu. Margies, Placer and Ulu are moderately West to NW dipping ore 

bodies between the Sunrise and Cleo shear zones. They diverge from the Sunrise shear zone 

as splays with dips 10-15º steeper than that structure. The branch lines of the splays plunge 

very gently North.  The ore bodies typically consist of individual m-wide shear zones with 

intense sericite shear foliations dipping gently west with mineral lineations plunging North 

(Fig. 3.5b) and quartz-carbonate-sulphide veins, aggregating into zones 5 – 40 m wide in the 

case of Margies. Most faults dip gently NW with North-plunging quartz/carbonate fibrous 

slickenlines (Fig. 3.5c) giving dextral normal shear sense. Some veins in the same orientation 

are distinguished as flat laminated veins (Fig. 3.5d).  Some shear sense indicators such as 

porphyroclasts overprint sinistral movement indicators. Alteration consists of sericite-

carbonate-quartz-pyrite-chlorite with chlorite and carbonate becoming dominant away from 

the mineralisation. Veins fills evolved from quartz-carbonate-pyrite to quartz-arsenopyrite-

galena-sphalerite with tellurides. The “mine mafic” is a significant dolerite intrusion that 

occurs in the hangingwall of the Margies shear and is affected by movement on the shear 

zone. Veins are localised along the upper and lower mine mafic contacts.  

 

2. Mako. Mako is a 25-40º NW dipping structure immediately above the centre of the Sunrise 

shear zone, just to the north of a clockwise bend in the shear zone. Shear fabrics dip to the 

West, SW and NE (Fig. 3.6b). Mako is characterised by narrow high grade breccia veins, with 

typical flat laminated quartz-carbonate veins dipping NW on the margins of the breccia veins 

(Fig. 3.6d). Faults and breccia veins dip moderately west with NNW plunging slickenlines 

(Fig. 3.6c). There are prominent zones of NE-dipping quartz carbonate veins, which are 

generally cut by the flat laminated veins. Au and unspecified veins are also in this orientation 

(Fig. 3.6 f, g). 

 

3. Sunrise shear zone. The Sunrise shear zone is the largest single structure in the Sunrise 

Dam mine. The shear zone dips moderately WNW to NW, with a distinct clockwise change in 

strike from a WNW dip direction in the south of the mine to NW in the North. It consists of a 

zone of strong sericite fabrics up to 40 m wide dipping 20-35º WNW to NW (Fig. 3.7b). 

Isoclinal fold hinges plunge North within the shear zone, with West-dipping axial surfaces 

(Fig. 3.7a). The mineral lineations on the fabrics in the Sunrise shear zone plunge North to 

NW (Fig. 3.7b), but shear sense indicators (porphyroclasts of quartz and iron formation and 

SC fabrics) give both reverse and dextral-normal shear senses, with the latter generally in 

greater abundance and overprinting the former. In addition to the strong shear fabrics, there 
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are sub-parallel breccia veins, faults (Fig. 3.7c), and flat laminated veins (Fig. 3.7d) within the 

Sunrise Shear Zone. The flat laminated veins appear to cross-cut the breccia veins. NE-

dipping veins (Fig. 3.7e) are also part of the Sunrise shear zone near GQ/Midway shear zone. 

A number of unspecified veins dip moderately NW (Fig. 3.7g). 

 

4. GQ-Astro-Midway. GQ is a moderately to shallowly west dipping zone at the junction of 

the Cosmo and Dolly lodes and the Sunrise shear zone in the open pit. Underground it is 

considered to be primarily contained within the Midway shear zone (see below). GQ and 

Astro structures consist of strong sericitic and chloritic shear fabrics dipping moderately NW 

(Fig. 3.8b), with an alteration assemblage of sericite, carbonate, quartz, pyrite and 

arsenopyrite. There are steeper zones of fabric linking the moderately dipping zones. Faults 

also dip moderately NW with North-plunging slickenlines (Fig. 3.8c). Flat laminated veins 

(dipping gently N) are also common in GQ, and these cut the NE dipping veins, as well as 

breccia veins. Many of the unspecified veins also have this orientation (Fig. 3.8g). The 

Midway shear zone lies below the Sunrise shear zone and dips more steeply (30-40º) NW. It 

is a zone of penetrative foliation 20 – 40 m wide, and contains breccia veins that cross cut the 

shear fabric as well as steep veins. NE-dipping veins occur within Midway. Underground 

mining extends in excess of 1.5 km from Astro in the North to beyond Dolly in the south.  

 

6. Carey shear zone. The Carey shear zone, known only from drill core, contains penetrative 

fabrics similar to the Sunrise shear zone dipping moderately NW (Fig. 3.9b), in a zone up to 

20 m wide approximately 750 m below the Sunrise shear zone. It is manifested as a number 

of high strain zones, and locally as spaced cleavage that overprints the S2 cleavage. Mineral 

lineations plunge gently NE or SW (Fig. 3.9b). Quartz-carbonate veins are common in places; 

flat laminated veins and breccia veins are seen. The highest grades are from below the Carey 

shear where steep and shallow structures intersect. 
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Fig. 3. 3. Legend to stereoplots. All plots are lower hemisphere, equal area. Red denotes a great circle/line 

derived from eigenvector analysis. Green contours are for linear data, blue for poles. Kamb contouring 

with Contour intervals of 2 S.D. 
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Fig. 3. 4 Stereoplots for the total data sets. See Fig. 3.3 for legend 
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Fig. 3. 5. Stereoplots for Margies. See Fig. 3.3 for legend. 
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Fig. 3. 6. Stereoplots for Mako. See Fig. 3.3 for legend. 
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Fig. 3. 7. Stereoplots for Sunrise shear zone. See Fig. 3.3 for legend. 
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Fig. 3. 8. Stereoplots for Astro/GQ. See Fig. 2 for legend. 
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Fig. 3. 9. Stereoplots for Carey shear zone. See Fig. 3.3 for legend. 
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3.3.2 Group II: Ore Bodies within Steep Shear Zones 

1. Summercloud. Summercloud is a steeply dipping lode trending between 010 and 020º and 

dipping moderately to steeply West, to the West of Western shear zone, consisting of shear 

fabrics also dipping moderately West with sub-horizontal mineral lineations (Fig. 3.10b) and 

carbonate-pyrite-arsenopyrite-quartz veins with sericite-carbonate-pyrite alteration. Faults dip 

NW with NE-plunging slickenlines (Fig. 3.10c). Some extensional quartz-carbonate veins 

have a markedly oblique NW orientation to the NNE trend of Summercloud (Fig. 3.10g). NW 

gently dipping flat laminated veins occur within Summercloud (Fig. 3.10d). 

 

2. Western shear zone. The Western shear zone is a discrete structure dipping steeply NW 

above the Sunrise shear zone in the west of the open pit. It is up to 8  - 10 m wide. The shear 

zone contains zones of strong sericite fabric dipping steeply WNW (Fig. 3.11b), but the most 

prominent structures are D3 sinistral faults dipping steeply WSW, D4 steeply NW dipping 

dextral faults, and breccia veins (Fig. 3.11c). These faults have sub-horizontal N-S 

slickenfibres, giving clear senses of slip. Breccias consist of angular clasts of sericite-altered 

host rock several cm in size, sometimes with jigsaw fits, in quartz matrix. These clasts may be 

quite elongate with sub-horizontal aligned axes. There are also gently N-dipping veins, some 

of which postdate the breccia veins, and are the most prominent late D4 structure (Fig. 3.11d). 

As-rich pyrite, arsenopyrite and As-Te sulphides are notable features of the Western shear 

zone. 

 

3. Predator. Predator is also a subvertical discrete structure in the open pit above the Sunrise 

shear zone, but with a N-S to NNW trend. Predator connects the Western shear zone with 

Watu. It preserves a greater proportion of sinistral D3 faults than other lodes. These faults dip 

moderately-steeply East. The most common structures within Predator are steeply WSW 

dipping faults with sub-horizontal slickenfibres (Fig. 3.12c); gold-bearing veins also have this 

orientation (Fig. 3.12f). 

 

4. Watu. Watu is a sub-vertical to steeply NW dipping structure on the East of the open pit 

above the Sunrise shear zone comprising both steeply and gently dipping veins with a 

stockwork appearance. There are some zones of penetrative fabric dipping steeply WNW with 

N-plunging lineations (Fig. 3.13b). The majority of steep faults strike North, and the overall 

NE strike may be a product of an en echelon arrangement of right stepping North-striking 

faults linked by extension veins. There is clear evidence that both steeply and gently dipping 

veins were active simultaneously: both have north-plunging slickenfibres or mineral 

lineations. Some steep veins may be up to 5 m wide; and the gently-dipping veins, up to 0.5 m 

wide, dip North. Gently–dipping laminated quartz veins are crenulated. Breccia veins have 

carbonate fills and sericite-altered volcanic and quartz vein clasts, and laminated quartz 

carbonate veins contain gold and As-Te sulphides.  The zone is characterised by pervasive 

sericite-carbonate-silica alteration. 
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Fig. 3. 10 Stereoplots for Summercloud. See Fig. 3.3 for legend. 
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Fig. 3. 11 Stereoplots for Western Shear Zone. See Fig. 3.3 for legend; except for cantered plot that give S 

surfaces and intersection lineations. 



 33 

 
 

Fig. 3. 12. Stereoplots for Predator. See Fig. 3.3 for legend. 
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Fig. 3. 13. Stereoplots for Watu. See Fig. 3.3 for legend. 

 



 35 

 

3.3.3 Group III: Ore Bodies within Steep Stockwork Zones 

1. Cosmo. The Cosmo lodes are steeply dipping with generally N-S strikes. They consist of a 

stockwork of veins and breccias up to 20 m wide with shallow West or East dips or steep SW 

to WNW dipping orientations, developed in conglomerate in the footwall of the Dolly 

porphyry. Despite the sub-vertical to West dipping orientation of many individual veins in the 

Dolly, the overall lode appears to dip to the East, implying an en-echelon arrangement which 

may be due to later faults (see Blenkinsop 2005). However, the orientation of both penetrative 

fabrics and faults in Cosmo shown in Fig. 3.14b and c show that East dipping structures are 

almost as common as those that dip West. Both of them have sub-horizontal mineral and 

slickensides lineations, and similar orientations are followed by auriferous veins, which also 

have dextral strike-slip kinematics (Fig. 3.14f).  Steep faults are observed to flatten at depth to 

give them a listric geometry, implying that movement on both orientations occurred 

simultaneously (e.g. Cosmo Access 1927). Arsenopyrite is present. The lodes are localised 

along a lithological contact between hangingwall quartz feldspar porphyry and footwall 

andesite. A vein paragenesis can be observed as follows: 

• Arsenopyrite-pyrite veins  

• quartz-carbonate breccia veins ± arsenopyrite, gold 

• quartz-carbonate veins 

• Laminated quartz –carbonate- chlorite-pyrite veins   

Flat laminated veins dipping gently NW are observed as part of the vein assemblage (Fig. 

3.14d). Dextral, sinistral and E-W post ore faults are notable in the ore body (Fig. 3.14h).  

 

2. Dolly Lodes (Hangingwall and Footwall lodes). The Dolly lodes generally dip 

moderately - steeply NW, and comprise NS and NE steep breccia veins in a stockwork with 

flat veins, mainly within andesitic and volcanic units. A zone of chlorite-carbonate alteration 

has foliations dipping steeply West (Fig. 3.15b) and faults dipping NW to North with 

slickenlines plunging gently North or South (Fig. 3.15c). As exposure increases with 

development, greater similarities are seen between the Dolly lodes and Cosmo mineralization. 

 

3. Hammerhead. The Hammerhead lode, known from drill core, is a gently West dipping 

body under the Cosmo lode extending into the Dolly porphyry. Extensive chlorite and 

carbonate alteration and some sulphidation contains veins with a similar paragenesis to the 

Cosmo lodes described to above. Recent intersections of the Hammerhead lode suggest that it 

is a shear zone 3 – 10 m wide in a similar orientation to the Sunrise shear zone, and perhaps 

should be more properly considered as a Group I structure. 
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Fig. 3. 14. Stereoplots for Cosmo. See Fig. 3.3 for legend. 
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Fig. 3. 15. Stereoplots for Dolly. See Fig. 3.3 for legend. 
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3.3.4 Group IV: Dolly Porphyry 

 

Dolly Bulk lode. The Dolly bulk lode dips steeply-moderately West, and is mined from the 

margins of the Dolly porphyry, where it consists typically of steep 0.2 – 0.5 cm wide quartz-

arsenopyrite and breccia veins. Mineralization is Arsenic rich, and is truncated by flat-lying 

faults. 

 

 

3.4 Analysis of Structural Database 

 

3.4.1 Methods  

The data was analysed using eigenvalues for any data set with 4 or more readings (Woodcock 

1977). Each data set is characterised by three eigenvectors: E1 E2 E3, which are specified 

by their trend and plunge and their value normalised to unity. E1 can be regarded as the best 

fit to a group of poles to planar structures (e.g. faults) or to linear structures such as fold 

hinges and lineations, and E3 as the pole to a girdle distribution – for example the fold hinge 

of folded bedding.  

 

The extent to which a group of data forms a single cluster or a girdle is measured by the k 

parameter: 

 

k = ln(E1/E2)/ln(E2/E3) 

 

Values of k < 1 indicate girdle distributions; k  > 1 indicate clustered distributions. K values 

of less than 1 can also result from multiple discrete populations of data. If the three 

eigenvalues are equal, the value of k is 0, which is applicable to uniform or large random 

populations. The concentration of data into either clusters or girdles is measured by the c 

parameter: 

 

c = ln(E1/E3) 

 

c is 0 for a random or uniform distribution and increasingly concentrated patterns have higher 

values of c. 

 

Limitations to the use of eigenvectors for characterising orientation data include the 

implication that the patterns are orthorhombic, and that polymodal data is not well 

characterised by single eigensolutions. 

 

3.4.2 Total data sets 

The total data set patterns seen in Fig. 3.4 confirm the basic structural patterns described 

above, as well as bringing out several other patterns. Fig. 3.16 shows a plot of k value against 

number of measurements: the lack of any trend indicates that patterns in k values can be 

interpreted independently of sample sizes.  
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Fig. 3. 16 K value vs Number of observations. There is no relationship. Series 1, 2 and 3 correspond to the 

three major groups of ore body. 

 

On the other hand, the plot of c vs sample size (Fig. 3.17) shows that either extremely small 

samples or very large samples may have very high and low c values respectively. In other 

words strong concentrations result from small samples and dispersed patterns from very large 

samples.  
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Fig. 3. 17 C value against number of observations. Very small data sets (4) can have large c values, and 

data sets over 100 tend to have low c values. Series 1, 2 and 3 correspond to the three major groups of ore 

body. 

 

The similarity between the fabric and fault patterns is striking, both for the planar and linear 

data. This suggests that the penetrative fabrics may have been a strong influence on the 

formation of discontinuities, and even more importantly, the kinematics of both discrete 

and penetrative structures share North extension and movement directions. Both sets of 

data show two orientations: shallow-steep West to NW dips (dominant) and moderate-

steep East to SE dips (subordinate). The latter orientation does not correspond to existing 

lode geometries and suggests an important direction for future investigations. This is 

reinforced by the observation that the general dip direction for veins with gold is ESE, not 

West or NW as in the major lodes. 

 

The pattern of unspecified veins show the general shallow-steep West-NW dips as well as the 

E to SE dips referred to above.  

 

There are three clear orientations for post-mineralization faults: 29->328, 79->063, and 62-

>220 (Fig.  3.4g). 

 

Table 3.1 presents the eigenvector analysis of the total data set by type of structure. Tables 

3.2– 3.4 present results for each ore body, amalgamated in the major groups (within gently-

moderately NW dipping shear zones – Group I, within steeply dipping shear zones – Group 

II, comprising steeply dipping stockwork zones – Group III). Table 3.5 compares the average 

k and c measurements for the major groups.  
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Table 3.1. Eigenvectors (E1, E2, and E3), Number of measurements (N) and k and C parameters (See 

above) for total data sets) 

 

E1 E2 E3 N k c

Trend PlungeValue Trend PlungeValue Trend PlungeValue

Totals

S2 104 23 0.8 242 60 0.1 6 60 0.1 29 26.18 2.31

Fabric 108 54 0.6 281 36 0.2 14 3 0.1 881 1.78 1.64

Lm 7 8 0.8 273 28 0.2 111 61 0 77 1.32 2.78

Fault-Bxa 106 60 0.7 249 25 0.2 346 16 0.1 663 3.24 1.65

Slickenlines 358 8 0.8 266 16 0.2 115 72 0.1 342 1.23 2.64

FLM 116 71 0.9 17 3 0.1 286 19 0.1 115 10.68 2.71

NEV 234 51 0.9 95 32 0.1 351 21 0 16 3.20 3.59

Au veins 289 33 0.6 125 56 0.2 24 7 0.2 74 3.50 1.05

Unspec. veins 91 43 0.5 226 37 0.3 336 24 0.2 241 0.48 1.12

Post Ore Faults 235 23 0.5 111 53 0.3 337 27 0.2 56 0.86 1.22
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Table 3.2. Eigenvectors (E1, E2, and E3), Number of measurements (N) and k and C parameters (See 

above) for Group I ore bodies sets 

 

E1 E2 E3 N k c

Trend PlungeValue Trend PlungeValue Trend PlungeValue

Margies/Placer/Ulu

Fabric 100 58 0.9 340 17 0.1 242 26 0 110 5.67 3.26

Lm 352 15 0.9 249 41 0.1 99 45 0 4 0.23 11.40

Fault-Bxa 129 57 0.7 277 29 0.3 15 15 0.1 20 0.72 2.14

Slickenlines 352 11 0.7 260 14 0.2 119 72 0 25 0.74 2.87

FLM 139 63 0.9 39 5 0 306 27 0 5 2.59 4.32

Unspec. veins 202 65 0.8 82 14 0.2 347 21 0 5 0.65 3.26

Mako

Fabric 86 49 0.4 266 41 0.4 176 0 0.2 163 0.40 0.73

Fault-Bxa 93 64 0.9 211 13 0.1 307 22 0 62 3.75 2.96

Slickenlines 336 13 0.7 244 9 0.3 119 74 0 23 0.27 3.28

Au veins 189 72 0.6 289 3 0.3 20 17 0 6 0.32 2.66

NEV 237 47 0.9 61 43 0 329 2 0 11 2.68 4.20

FLM 105 65 0.9 324 19 0.1 230 15 0 29 3.47 3.14

Unspec. veins 200 73 0.7 105 2 0.2 15 17 0.1 5 0.96 2.69

Post Ore Faults 37 27 0.6 241 61 0.3 132 10 0.1 9 0.57 2.20

Sunrise Shear Zone

Fabric 120 61 0.7 323 26 0.2 228 10 0.1 222 4.91 1.89

Lm 1 9 0.8 266 20 0.2 113 68 0.1 40 1.13 2.70

Fold Hinges 15 5 0.8 281 36 0.2 112 54 0 22 0.95 3.15

Fold Axial Surfac 95 52 0.9 289 37 0.1 194 6 0 9 4.28 3.03

Fault-Bxa 111 64 0.8 212 5 0.1 304 26 0.1 318 7.25 2.03

Slickenlines 355 13 0.8 261 12 0.2 129 72 0.1 87 1.43 2.53

NEV 223 60 0.9 119 8 0.1 25 29 0 5 1.36 4.08

FLM 87 73 0.9 324 9 0.1 232 13 0 43 4.27 3.47

Unspec. veins 115 56 0.7 246 23 0.3 346 23 0.1 34 0.78 2.24

Post Ore Faults 149 52 0.7 37 15 0.2 297 33 0.1 6 1.43 1.97

GQ

S2 104 34 0.7 195 2 0.3 288 56 0.1 7 0.75 2.35

Fabric 118 63 0.9 7 11 0.1 271 25 0.1 46 6.74 2.63

Fault-Bxa 116 47 0.7 216 10 0.2 314 42 0.1 41 2.70 2.00

Slickenlines 347 11 0.7 252 26 0.3 98 62 0.1 31 0.62 2.35

FLM 166 64 0.9 26 21 0 290 15 0 11 8.11 3.68

Unspec. veins 192 64 0.6 68 15 0.3 332 20 0.1 45 0.56 2.04

Post Ore Faults 154 50 0.7 39 20 0.2 295 34 0.1 7 1.56 2.17

Carey Shear Zone

Fabric 129 65 0.9 348 20 0 252 14 0 4 10.61 3.25

Lm 35 1 0.9 304 42 0.1 126 48 0 4 2.07 3.73

Averages

Fabric 5.66 2.35

Lm 1.15 5.94

Fault-Bxa 3.60 2.28

Slickenlines 0.77 2.76

NEV 2.02 4.14

FLM 4.61 3.65

Unspec. veins 0.74 2.56

Post Ore Faults 1.19 2.12
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Table 3.3. Eigenvectors (E1, E2, and E3), Number of measurements (N) and k and C parameters (See 

above) for Group II ore bodies sets. 

 

E1 E2 E3 N k c

Trend PlungeValue Trend PlungeValue Trend PlungeValue

Summercloud

Fabric 93 58 0.9 336 16 0.1 238 27 0 77 8.61 3.03

Lm 204 16 0.9 324 60 0.1 107 25 0 4 0.22 11.40

Fault-Bxa 129 57 0.7 277 29 0.3 15 15 0.1 20 0.72 2.14

Slickenlines 9 3 0.9 276 36 0.1 103 54 0 15 2.92 3.21

FLM 139 62 0.9 39 5 0 306 27 0 5 2.59 4.32

Unspec. veins 225 58 0.6 91 23 0.4 352 20 0 7 0.18 2.95

Western Shear Zone

S2 100 19 1 258 69 0 8 7 0 10 3.86 4.86

Fabric 118 36 0.7 259 47 0.2 12 20 0.1 100 1.48 2.18

Lm 3 10 0.9 273 1 0.1 178 80 0 12 1.85 3.60

S-surface 131 51 0.9 239 14 0.1 340 35 0 11 2.65 3.35

Fault-Bxa 65 39 0.6 229 50 0.2 328 8 0.2 68 2.93 1.35

Slickenlines 359 9 0.8 89 2 0.2 192 80 0.1 71 1.38 2.75

Au veins 82 15 0.8 179 23 0.2 322 62 0.1 10 1.80 2.50

FLM 150 73 1 277 11 0 11 12 0 6 5.19 6.11

Li 356 5 0.8 256 62 0.2 88 28 0 6 0.63 3.31

Unspec. veins 82 25 0.8 215 55 0.1 340 22 0.1 15 2.66 2.68

Post Ore Faults 207 48 0.7 63 36 0.2 319 19 0.1 8 1.04 2.37

Predator

Fabric 278 1 0.9 186 65 0.1 9 25 0 18 3.53 3.34

Lm 204 16 0.9 324 60 0.1 107 25 0 4 0.22 11.40

Fault-Bxa 87 9 0.9 182 28 0 340 61 0 10 5.96 3.85

Slickenlines 193 2 0.9 287 51 0.1 102 39 0 23 1.52 3.93

Au veins 94 8 0.9 1 21 0 203 68 0 7 13.55 3.37

Watu

S2 107 23 0.8 284 67 0.2 16 1 0 10 1.26 2.84

Fabric 104 25 0.8 251 61 0.1 7 14 0 21 1.97 3.06

Lm 12 14 0.9 271 36 0.1 120 50 0 9 1.90 3.70

Fault-Bxa 112 54 0.7 265 32 0.3 3 13 0 15 0.31 3.21

Slickenlines 10 3 0.9 279 13 0.1 111 76 0 17 12.72 2.89

Averages

S2 2.56 3.85

Fabric 3.90 2.90

Lm 1.05 7.52

Fault-Bxa 2.48 2.63

Slickenlines 4.63 3.20

Au veins 7.67 2.94

FLM 2.59 3.48

Unspec. veins 1.42 2.81
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Table 3.4. Eigenvectors (E1, E2, and E3), Number of measurements  (N) and k and C parameters (See 

above) for Group III ore bodies sets. 

 

 

Table 3.5. Comparison of k and c parameters for ore bodies in groups I to III. 

 

 

All data sets except the unspecified veins and post ore faults have k values greater than 1, 

indicating clustered rather than girdle distributions of poles and lines. This is true for the 

fabrics and the faults, despite the fact that both data sets consist of a combination of two 

dominant orientations. The reason is probably that the East to SE dipping structures are but a 

minor proportion of the data, which is dominated by West dips. The clustered distribution of 

the total data sets is another manifestation of the kinematic coherence of the data.  

 

There is a significant difference in the k values of the fault planes and the slickenlines in the 

total data sets. The k values of the slickenlines are just over 1, approaching a girdle 

distribution compared to the value of over 3 in the fault planes. Examination of the plots 

shows that the slickenlines disperse from North to West plunges within the plane of the faults. 

One possible reason for this is the admixture of down-dip slickenlines inherited from early 

deformations.  A similar variation can be seen between the penetrative fabrics (k = 1.8) and 

the mineral lineations (k = 1.3).  

 

E1 E2 E3 N k c

Trend PlungeValue Trend PlungeValue Trend PlungeValue

Cosmo

Fabric 286 6 0.5 148 81 0.3 17 6 0.1 116 0.43 1.30

Fault-Bxa 108 49 0.5 264 38 0.4 4 12 0.1 99 0.20 1.14

Slickenlines 358 8 0.9 266 10 0.1 126 77 0 41 2.39 3.03

Au veins 292 30 0.6 41 30 0.2 166 45 0.2 62 5.45 1.19

FLM 140 67 0.9 263 13 0.1 357 19 0 10 1.12 3.95

Unspec. veins 76 26 0.5 181 27 0.3 309 50 0.2 130 3.32 0.86

Post Ore Faults 251 19 0.8 154 20 0.1 21 62 0.1 24 3.10 2.35

Dolly

S2 87 52 0.5 223 29 0.4 325 22 0.1 4 0.08 1.54

Fabric 94 24 1 349 31 0 216 49 0 4 0.72 8.08

Fault-Bxa 125 33 0.7 217 3 0.2 311 57 0 10 0.45 3.69

Slickenlines 351 3 0.7 259 38 0.2 85 52 0 9 0.80 2.85

FLM 95 66 0.6 226 16 0.3 321 18 0.1 5 0.56 2.05

Averages

Fabric 0.58 4.69

Fault-Bxa 0.32 2.42

Slickenlines 1.60 2.94

FLM 0.84 3.00

I II III Total

Averages k c k c k c k c

Fabric 5.7 2.4 3.9 2.9 0.6 4.7 1.8 1.6

Lm 1.1 5.9 1 7.5 1.3 2.8

Fault-Bxa 3.6 2.3 2.5 2.6 0.3 2.4 3.2 1.6

Slickenlines 0.8 2.8 4.6 3.2 1.6 2.9 1.2 2.6

FLM 4.6 3.7 2.6 3.5 0.8 3 11 2.7
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The unspecified veins and post-ore faults have weak girdle distributions, reflecting the 

combination of different orientations. 

 

3.4.2 Data from Grouped Ore Bodies 

Variations in k values between the data grouped into the three major categories of ore body 

(hosted on gently dipping shear zones, steeply dipping shear zones, and stockwork 

respectively) appear to be very useful in confirming the character of the different types of 

lode. k values of the fabrics, faults and flat laminated veins are all considerably greater 

than 1 in the two shear zone groups, indicating clustered distributions implying a single 

dominant orientation. However, the stockwork group has k values less than 1 for these 

structures, indicating a girdle distribution.  

 

The c parameter casts further light on this difference: the c values are high (2 – 5) in all 

groups. These data indicate that the stockworks consist of a very ordered arrangement of 

fabrics, faults and flat laminated veins in girdles with North-NW plunging axes: in other 

words the structures intersect in a common direction in the stockworks, whereas they 

have a single dominant orientation in the shears. This observation is a key component of 

the fluid flow/mineralization model proposed in section 10. 
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4. Dynamic Analysis 
 

4.1 Aims, Data and Methods 

The aim of dynamic analysis is to deduce the stress tensors during mineralization (D3 – D4), 

which can then be used in numerical modelling. There are two methods of dynamic analysis 

in common use. Inversion aims to find the “reduced stress tensor” consisting of the 

orientations of the three principal stresses ( 1  2  3 with compression positive) and their 

ratios expressed by  = ( 2 – 3)/( 1 – 3). It makes the assumption that the slip vector is 

parallel to the direction of maximum shear stress on the fault plane – the “Wallace-Bott 

criterion”.  The right dihedra graphical technique does not assume the Wallace-Bott criterion. 

It is therefore a more general method than inversion, and its results can be compared with 

those from inversion. However, a significant disadvantage of the current method is that it 

does not yield stress ratios, but only the orientations of the principal stresses. Also in contrast 

to the inversion used in this analysis, it requires the input of slip sense and therefore slightly 

less data was available for this analysis. 

 

The structural database was used for the data input to the dynamic analysis, and the following 

steps taken to process and analyse the data: 

 

1. Separate out data with fault planes and slickenlines; shear sense is necessary only for 

the right dihedra method. 

2. Subdivide data into D3, D4 and Post-ore structures. 

3. Validate the data: Trend and plunges were mixed in original database. 

4. Calculate the angle between slickenline and plane. Values greater than 45º were 

removed (about 3 data). This step was necessary because the slickenlines should lie 

within the fault plane. Angles greater than 45º indicate a serious measurement error in 

one or both the fault plane and slickenline measurements. 

5. Calculate pitches, assuming that plunges were correct. Both steps 3 and 4 were carried 

out by writing an Excel spreadsheet to carry out these calculations using vector 

algebra. Most measurements in the structural database were made with a Clar compass 

in which lines are measured separately from planes. Measurements of slickenlines that 

should lie in fault planes may not do so due to measurement error. The correction 

carried out assumes correct plunges because these are more accurately recorded by the 

Clar compass. 

6. Analyse by inversion in Slick.bas (Ramsay & Lisle 2000). All quoted results were 

from a maximum grid search increments in  of 0.05 and maximum angular 

increments of 2º. All searches were carried out for the complete range of  and trend, 

plunge values. 

7. Analyse by right dihedra in FaultKin: maximum (minimum) % compatibility with 

sigma1 (sigma 3) were estimated from the centre of maximum compatibility. 

8. Both types of analysis were carried out for the Total data set and for each of the ore 

bodies. 

 

The results of the inversions can be analysed further using the concepts of stress difference 

and average stress (Lisle and Orife, 2002). The stress difference parameter (D) is a single 

number that encapsulates the differences between orientation and relative magnitudes of two 

stress tensors. Its value ranges from 0 for identical tensors to 2 for tensors that are the inverse 
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of each other. From analysing random pairs of tensors, Lisle and Orife have shown that stress 

differences can be classified as follows: 

 

Tensors are Very Similar if D < 0.66 

Tensors are Similar if 0.66 < D <  1.01 

Tensors are Different if 1.01 < D < 1.71 

Tensors are Very Different if D >1.71 

 

The concept of an Average stress is also useful: this is the tensor produced from combining 

two or more separate tensors. 

 

4.2 Results 

Table 4.1 summarises the output from the inversions. 

 

Table 4.1. Results from inversion. Red – 1, yellow – 2, blue – 3 . Dev is the average angular deviation 

between the maximum resolved shear stress and the observed slip direction;  is the search increment 

used. All search used an increment of 0.05 for . N is the number of faults used in inversion. 

 

 

Dev º N

All Trend Plunge Trend Plunge Trend Plunge

TotalD3 135 10 253 69 42 18 0.45 9.6 1 18

TotalD4 37 14 248 74 129 8 0.70 25.7 2 222

AverageD4 37 16 131 13 259 69 0.37

D4b 58 6 323 42 155 48 0.30 22.6 2

TotalD5 149 17 56 73 239 17 0.95 7.6 1 20

Domains

WSZD3 134 10 254 70 41 17 0.6 9.5 1 10

MargiD4 212 54 91 21 349 28 0.9 14.9 2 11

MakoD4 23 37 267 30 150 38 0.5 24 1 13

SSZD4 282 2 13 27 187 63 0.8 26.3 1 56

GQD4 36 7 216 83 126 0 0.2 25 1 20

ScldD4 258 2 78 88 348 0 0.9 5.3 2 12

WSZD4 22 12 229 77 114 6 0.9 19.6 2 49

PredD4F 23 4 272 79 114 10 0.05 7.3 2 15

WatuD4 22 22 270 42 131 40 0.15 6.3 2 11

CosmoD4 25 24 181 75 294 6 0.65 19.1 2 33

CosmoD5 323 0 53 82 233 8 0.95 4.3 1 16

Groups

Group I 53 12 310 45 154 43 0.298

Group II 33 16 248 71 125 10 0.501

Cosmo 25 24 181 75 294 6 0.65 19.1 2 33

1 2 3
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Table 4.2 gives the right dihedra results. 

Table 4.2. Results from the right dihedra method of dynamic analysis. The 1 and 3 directions are 

independent and not necessarily perpendicular. Max and Min % faults show the proportions of faults 

compatible with the solution given for the 1 axis at the 1 and 3 positions, N is the number of faults 

analysed. 

 

 

The results of both the kinematic and dynamic analyses are summarised in stereoplots in Fig. 

4.1 and shown on a view of the mine in Fig. 4.2. 

 

E3/Sigma1 E1/Sigma3 Max Min N

Total Trend Plunge Trend Plunge % faults % faults

TotalD3 320 37 45 31 94 6 18

TotalD4 49 27 140 0 88 12 164

TotalD5 308 18 196 43 89 11 19

Ore bodies

Group I

MargisD4 72 29 142 13 86 29 7

MakoD4 33 67 219 13 78 11 9

SSZD4 72 51 308 4 89 14 128

GQD4 0 74 150 24 81 25 16

Group II

SummercloudD4 73 26 317 20 100 0 10

WSZD4 56 61 148 0 91 14 35

PredatorD4 231 15 130 25 100 0 11

WatuD4 55 20 135 0 100 0 8

Group III

CosmoD4N 38 36 141 18 100 0 33

CosmoD5 304 22 162 33 88 6 16
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Fig. 4.1. Lower hemisphere, equal area stereoplots of the results given in Tables 4.1 and 4.2. Great circles 

connect principal stresses with closest magnitudes. 
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Fig. 4.2a. Dynamic results (stress) on lower hemisphere, equal area stereoplots attached to ore bodies. 

 

Fig. 4. 2b. Kinematic results (strain) on lower hemisphere, equal area stereoplots attached to ore bodies. 



 51 

 

4.3 Stress through time 

 

D3. The Total stress field given by inversion for D3 has a horizontal, SE orientation for 1 

and a steeply plunging 2, giving a strike slip stress field.  values are intermediate, but it 

should be noted that the result is based on only 18 measurements. The right dihedra solution 

agrees with the azimuth for 1, but suggest a significant plunge. 

 

D4. D4 also has a strike slip Total stress field but with 1 gently plunging towards the NE: 

perpendicular to that of the D3 stress field. The  value has increased to 0.7. The right dihedra 

solution suggests more Easterly orientation for 1, with an appreciable plunge. 

 

D4b. A few D4b type veins were analysed separately to investigate if there was a significant 

change in stress during D4. S1 appears to plunge ENE, with a lower  value, though 

confidence in the significance of these results is lowered by the few data analysed. 

 

D5. The strike-slip stress field is maintained for the Total data set in D5, but 1 is now 

reorientated to a SE direction, very similar to the D3 orientation. The  value has increased to 

1. The right dihedra solution suggests a NW plunge for 1. 

 

Differences between the stress tensors are evaluated in Table 4.3. 

 

Table 4.3. Stress difference (D) between the D3, D4 and D5 tensors. Red – very different, Orange – 

different, Yellow – Similar. Criteria after Lisle and Orife (2002). 

 

Table 4.3 shows that stress tensors for D4 are very different from those of D3, and different 

from those of D5. D3 and D5 stress tensors are different. These results suggest profound 

changes in the stress field from D3 to D4 to D5. The  values increased overall. D4b is 

shown to be similar to D4, but the value of 0.97 for the stress difference is close to the 

boundary for different tensors, suggesting a significant change even during D4. 

 

4.4 Heterogeneity in D4 stress on the ore body scale 

It is also possible to analyse stress in individual ore bodies for D4, as summarised in Table 

4.2. There is a considerable variation between the ore bodies, with both normal and reverse 

stress fields in addition to strike-slip.  values also range from 0 to 1. To analyse the 

significance of these variations, the stress difference parameter has been calculated and is 

tabulated in Table 4.4. 

 

Timing TotalD4 Av. D4 D4b TotalD5

TotalD3 1.983 1.771 1.847 0.984

TotalD4 1.062 0.969 1.701

Av. D4 0.761 1.586

D4b 1.872
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Table 4.4. Stress difference (D) between D4 tensors for different ore bodies. Red – very different, Orange 

– different, Yellow – Similar, White – very similar. Criteria after Lisle and Orife (2002). 

Domains Av. D4 Margies Mako SSZ GQ Scloud WSz Pred Watu Cosmo 

TotalD4 1.062 1.417 0.814 1.553 0.577 1.218 0.526 0.855 0.804 0.547 

 Av.D4 1.61 0.966 0.969 0.603 1.57 1.272 0.637 0.63 1.01 

  Margies 1.76 1.696 1.48 0.815 1.534 1.649 1.808 1.568 

   Mako 1.046 0.908 1.327 1.041 1.038 0.6 0.977 

    SSZ 1.326 1.476 1.738 1.322 1.143 1.635 

     GQ 1.444 0.858 0.441 0.6 0.693 

      Scloud 1.475 1.71 1.634 1.515 

       WSz 0.884 0.898 0.41 

        Pred 0.534 0.745 

         Watu 0.718 

 

The stresses in the ore bodies range from very similar to different to the Total D4 stress field. 

Most ore bodies have different stresses from each other, and some of the ore bodies have very 

different stresses (e.g. Summercloud and Predator, Margies and Watu). This indicates stress 

heterogeneities throughout the mine on the scale of the individual ore bodies. These 

results can be seen in Fig. 4.1. 

 

4.5 Heterogeneity in D4 stress at the Ore Group scale 

Stresses for the Groups of ore bodies have been calculated by averaging the stresses in the ore 

bodies comprising the group (Table 4.5). The only results for Group III come from Cosmo 

lode. 

 

Table 4.5. Stress difference (D) between tensors for different ore groups. Red – very different, Orange – 

different, Yellow – Similar, White – very similar. Criteria after Lisle and Orife (2002). 

 

 

The results show that Groups I and II have similar D4 tensors, but they are different to the 

Cosmo lode. However, the magnitude of the difference is no greater than some of the 

differences within the Group I or II ore bodies, or than the difference between the groups and 

the Total stress tensor. These results, combined with those of Table 4.4, do not suggest a 

major consistent change in stress with depth. 

Groups Av. D4 GroupI GroupII Cosmo

TotalD4 1.062 1.234 1.194 0.547

Average D4 0.67 0.181 1.01

GroupI 0.722 1.148

GroupII 1.114
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5. Kinematic Analysis 
 

5.1 Data and Methods 

The aim of the kinematic analysis is to provide the principal strains, which can be used as 

velocity boundary conditions in numerical modelling, allowing the models to deform to 

significant strains under realistic boundary conditions. The kinematic analysis finds the P 

(shortening) and T (extension) axis for each fault in the data set, and then finds the unique P 

and T axes from their eigenvectors. The minimum eigenvector (E3) is the shortening axis, 

using the convention that extension is positive. Similar procedures were used for the 

kinematic analysis (made with Faultkin: http://www.geo.cornell.edu/geology/faculty/RWA/) 

as for the dynamic analyses, and the same data sets as for the right dihedra method was used. 

 

5.2 Results 

Table 5.1 gives the results of the kinematic analysis. 

Table 5.1. Results of Kinematic analysis. E3<E2<E1 are the minimum, intermediate and maximum 

eigenvectors respectively, coloured red, yellow and blue; N is the number of measurements.  

 

The kinematic results for the total data sets show a switch from SE sub-horizontal shortening 

in D3 to inclined NE shortening in D4 and back to sub-horizontal SE-NW shortening in D5. 

The D4 results for each ore body show a remarkable consistency: there is a gently SE-

plunging extension direction in all cases. There is less variation in these orientations than in 

the stress tensors. Furthermore, there is no obvious difference between any of the groups 

of ore bodies, and no distinction between ore bodies above or below the Sunrise shear 

zone.  These observations of kinematic coherence suggest that the deformation at 

Sunrise Dam gold mine is controlled by the extension direction, plunging gently SE. 

E3 N

Total Trend Plunge Trend Plunge Trend Plunge

TotalD3 130 6 253 79 39 9 18

TotalD4 47 40 265 44 154 20 164

TotalD5 297 12 56 64 202 22 19

Domains

MargisD4 62 36 276 49 165 18 7

MakoD4 171 36 262 1 353 54 9

SSZD4 169 22 268 22 37 58 35

GQD4 29 46 253 35 145 24 16

SummercloudD4 61 26 274 60 158 14 10

WSZD4 58 25 274 60 155 15 35

PredatorD4 232 1 336 87 142 3 11

WatuD4 54 13 269 74 146 9 8

CosmoD4 29 50 258 31 151 26 33

CosmoD5 296 15 61 65 200 19 16

Groups

I 53 32 264 25 160 25 67

II 56 17 256 72 148 6 62

Cosmo 29 50 258 31 151 26 33

E2 E1
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6. Numerical Modelling  
 

6.1 Introduction 

The structural evolution and deformation responsible for the main mineralisation periods at 

the Sunrise Dam gold mine have been described in Section 2 of this report. These can be 

broadly categorised into two major events, which are locally known as D3 and D4. During D3 

(NW-SE compression) reactivation of pre-existing structures such as the Sunrise shear zone 

(SSZ) resulted in NE-SW shear-hosted structures in the form of tension veins and brecciation 

which are host to moderate Au grades with a notable lack of coarse Au associated with shear 

failure. During D4 (NE-SW compression) reactivation of pre-existing structures was also 

important with precipitation of coarse Au (with sulphides and tellurides) in both steep and flat 

dipping sets of veins and brecciation (e.g. the Dolly lodes). An important distinction can be 

made between the deformation regime, active structures and mineralisation styles, and this 

can be tested by numerical simulations of these events.  

 

Following a previous pilot numerical study carried out at SDGM in 2005, it was realised that; 

a) two-dimensional studies would be limited in their representation of the geological 

processes involved in mineralisation, and that a full three-dimensional study would be 

required to fully investigate the important aspects of the deposit; and b) a continuum 

modelling approach was more suited than a discrete element approach (previously used) in 

testing the hypotheses and scenarios relevant to the geological questions posed in this study. 

Numerical modelling techniques been proven as a useful tool in simulating coupled 

deformation and fluid flow processes (e.g. McLellan et al., 2004), and in targeting 

mineralisation (e.g. Schaubs et al., 2006). The software package FLAC3D (Fast Lagrangian 

Analysis of Continua: Cundall & Board, 1988) is best suited for modelling coupled 

deformation and fluid flow in porous media. The main advantage of using FLAC3D is the 

non-associated plasticity flow rule incorporated in the Mohr-Coulomb constitutive model. 

This allows us to accurately simulate deformation induced dilatancy, which in turn 

focuses fluids, and hence, highlights areas of interest in any mineralising system. 

 

6.2 Aims & objectives 

The aims of this study were to compare the numerical results with the known deformational 

events (D3 and D4) responsible for the bulk of the mineralisation within the SDGM, and if 

strong correlations with failure and dilation to areas of known mineralisation are apparent, to 

use the findings in a predictive capacity to highlight areas (particularly at depth) that may be 

more suitable for focussing fluids and mineralisation given a particular ore genetic model. 

The main aim from this study was to deliver results that would increase exploration 

efficiency, reduce mining risk and overall generate additional high-grade underground 

resources. Based on the structural data from section 2, the structural hypothesis proposed was 

that these two deformational events had contrasting consequences during deformation, with 

the D3 event localising deformation within the major shear zones and the D4 event resulting in 

a more diffuse deformation, particularly tensile failure below the SSZ. 

 

The specific objectives of the numerical simulations in this project were; 

1. To test the structural hypothesis that the effects of the two main deformation events 

were characterised in different ways by applying a stress state (derived from the 

dynamic analysis results) to the numerical models. 
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2. To test the current structural hypothesis that the effects of the two main deformation 

events were characterised in different ways by applying a velocity boundary condition 

(derived from the kinematic results) to the numerical models. 

3. To explore the distribution of stress, strain and fluid pressure required for failure 

during the above procedures. 

4. To explore the distribution of dilation and failure with respect to the kinematic models 

and compare these results with known areas of mineralisation within the mine 

(particularly around the Dolly region to depth). 

5. To test the hypothesis that the Sunrise shear zone may have acted as a seal and 

contributed to failure below the shear zone 

6. To test several variations of fluid pressure gradients within all the models described 

above. 

 

6.3 Methodology and conceptual models 

6.3.1 Methods 

The approach to this project was firstly to ascertain what current data was available in terms 

of the known structure in 3D, and to fully evaluate this data in 3D using GOCAD v.2.08 

(Earth Decision Sciences). Following evaluation of the data, the construction of a simplified 

3D structural model was constructed in GOCAD, which included all the main structures and 

lithological units (given many limitations). The new structural surfaces were matched to 

existing DXF surfaces using many surface constraints. The ‘rubber-sheeting’ method was 

used to constrain surfaces and incorporate most of the inflections and variations in the 

existing DXF surfaces acquired from the SDGM and drilling data. Once surfaces were 

created, volumes were then produced to represent the main lithological components of the 

mine. Following volume creation a structured stratigraphic grid (SGRID) was produced 

which incorporated all the specific features of the model in hexahedral cells. The SGRID was 

then transferred into an XMML for Finite Element Mesh format (through pmd*CRC 

developed algorithms), which enabled the resultant mesh file to be imported into the 

numerical software FLAC3D. Once the mesh was available in FLAC3D, data files could then 

be written for the many numerical simulations to proceed. 

 

6.3.2 Developed algorithms 

Due to specific questions that were asked in the lead-up to this study, a specific algorithm was 

developed to allow the user to view the fluid pressure required for rock failure, particularly 

for the dynamic analysis models, as dilation and failure state in continuum modelling are only 

applicable to kinematic models. This therefore allows us to view what areas of the model 

would require least increases in fluid pressure to result in either shear or tensile failure. The 

algorithm was based on Mohr-Coulomb criteria with a tensile cut-off and solved the equations 

for both the shear (eqn.1) and tensile (eqn.2) conditions; 
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where 1 is the maximum principal stress, 3 is the minimum principal stress, Co  is the 

cohesion and To is the tensile strength and  is the friction angle. 

6.3.3 Conceptual models 

The conceptual models for testing several “what if” scenarios were based on the geometrical 

model created in GOCAD (Fig. 1). The conceptual ideas were as follows; 

 

Model 1 - Test the effect of paleostress on the model for the D3 deformational event. 

 

Model 2 - Test the effect of paleostress on the model for the D4 deformational event. 

 

Model 3 - Test the effect of velocity boundary conditions using the results of the kinematic  

      analysis on the model for the D3 event. 

 

Model 4 - Test the effect of velocity boundary conditions using the results of the kinematic  

      analysis on the model for the D4 event. 

 

Model 5 - Test the effect of reducing the permeability of the Sunrise shear zone (acting as a 

seal) during the kinematic analysis on the model for a D4 deformational event. 

 

Different fluid pressure gradients were also applied to explore the effect of fluid pressure on 

stress, strain and failure within the models. The variations in fluid pressure applied were 

varied from hydrostatic to 0.5 x lithostatic, 0.8 x lithostatic and lithostatic values. 

 

 

 
 

 

Fig. 6.1. Geometrical model (2.65 km x 2.3 km x 1.6 km) and representation of the mine geology (looking 

north), based on current understanding of major rock packages and structures. Note that several of the 

volcanic units have been made transparent for clarity of the 3D structure (volcanic units are referred to as 

units 1 to 5 from the base up, from this point on). 

 

Boundary conditions applied to the model were commensurate with both the dynamic and 

kinematic conditions given previously in this report (see section 3.4.1). The plunge of the 

strain axes in the kinematic models is taken as 0, which differs from the results given section 

5. The variation in orientation was neglected at the time of the model runs because there was 

no suitable algorithm to deal with the plunging axes. However, nearing the end of the 
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numerical simulations, a preliminary trial and sensitivity analysis on some newly developed 

code for plunging strain axes data displayed no major differences between overall results, 

hence the approximation was deemed acceptable. The vertical stress gradient applied to the 

models was appropriate to a burial depth of around 6km, and material properties are listed in 

Table 6.1. 

Table 6.1. Rock properties for the numerical models 

Density Bulk modulus Shear modulus Cohesion Tensile 

strength

Friction 

angle

Dilation 

angle

Permeability

(kg/m
3
) (Pa) (Pa) (Pa) (Pa) (°) (°) (m

2
)

Geological units

Volcanics 2650 3.30e10 2.97e9 1.0e7 5.0e6 30 5 1.00e-16

Shear zones 2500 3.20e10 1.97e9 9.0e6 4.0e6 30 5 2.00e-16*

Porphyry 2650 4.30e10 2.97e9 1.0e7 7.0e6 30 5 1.00e-16

Bif 2650 3.30e10 2.97e9 1.0e7 5.0e6 30 5 1.00e-16

* permeability was reduced in the SSZ to 2.00e-18 in Model 5

Model

 
 

For both deformation events inversion of fault slip data was carried out to give the principal 

stress orientations and phi ( ) values (  = 2  3 / 1  3). Stress values (Table 6.2) were 

calculated from  =0.45 for D3 and 0.7 for D4. The magnitude of the differential stress was 

constrained by Mohr-coulomb failure criteria with a tensile cut-off, with the general stress 

magnitude formulation; 

sin1

)cos*(2

sin1

)sin1(3
1 +

+
=

Co
                                                 (3) 

where  is the friction angle 

Stress values in the x and y planes and shear stress were calculated by simple geometrical 

conversion formulae: 

sxx = 2 + /2 cos2                                                          (4) 

syy = 2 - /2 cos2                                                          (5) 

sxy = /2 sin2                                                               (6)     

where  is the angle between n and the applied stress. 

Table 6.2. Stress analysis input values for both D3 and D4 deformation events.  

1 2 3

D3 3.16E+07 1.26E+07 -3.00E+06

D4 3.16E+07 2.21E+07 -3.00E+06

 orientations ( °)

1 2 3 sxx syy sxy szz _1 _2 _3

HYDROSTATIC + 60MPa horizontal vertical horizontal

D3 9.16E+07 7.26E+07 5.70E+07 7.26E+07 7.26E+07 1.73E+07 7.26E+07 0° to 135 ° vertical 0° to 45 °

D4 9.16E+07 8.21E+07 5.70E+07 7.80E+07 8.63E+07 1.68E+07 8.22E+07 0° to 38 ° vertical 0° to 128 °

0.5 x HYDROSTATIC + 105MPa

D3 1.37E+08 1.18E+08 1.02E+08 1.18E+08 1.18E+08 1.73E+07 1.18E+08 0° to 135 ° vertical 0° to 45 °

D4 1.37E+08 1.27E+08 1.02E+08 1.23E+08 1.31E+08 1.68E+07 1.27E+08 0° to 38 ° vertical 0° to 128 °

LITHOSTATIC + 150MPa

D3 1.82E+08 1.63E+08 1.47E+08 1.63E+08 1.63E+08 1.73E+07 1.63E+08 0° to 135 ° vertical 0° to 45 °

D4 1.82E+08 1.72E+08 1.47E+08 1.68E+08 1.76E+08 1.68E+07 1.72E+08 0° to 38 ° vertical 0° to 128 °

All values are given in Pa.  
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6.4 Results 

6.4.1 Model 1: D3 stress effects 

A dynamic stress state was applied to the model in correspondence with values shown in 

Table 6.2 for the three different pore pressure regimes (hydrostatic, 0.5 x lithostatic and 

lithostatic: based on an average density of 1000 kg/m
3
 for fluids and 2500 kg/m

3
 for rock). In 

the hydrostatic models, plots of the fluid pressure required for failure (PfF) highlight that the 

major shear zones are more likely to fail in shear during D3 (Fig. 6.2a) and this pattern is also 

mimicked by highest values of minimum principal stress ( 3) in the shear zones (Fig. 6.2b). 

The lowest values of maximum principal stress ( 1) are evident within the shear zones (Fig. 

6.2c) and this suggests that this is most likely a result of shear failure and then a 

reduction of differential stress, with possibly stress transfer to the surrounding rocks 

post failure. When failure plots are examined in the hydrostatic model we can see a random 

distribution of shear failure has taken place (Fig. 6.2d), with all areas having failed in shear.   

a) PfF                                                                      b) 3 

        
 

c) 1                                                                       d) Failure                                                            

   

Fig. 6.2. Model 1: FLAC3D hydrostatic model plots looking NE displaying: a) PfF indicating lower 

pressures required for failure in the major shear zones; b) distribution of minimum principal stress 

indicating highest values in the shear zones; c) distribution of maximum principal stress indicating low 

values in the shear zones; and d) failure plot indicating failure in shear now (n) and shear failure in the 

past (p). Note: all figures from this point on are model scale (2.65 km x 2.3 km x 1.6 km) unless otherwise 

stated. 
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Similar distributions to the previous models are seen when testing these D3 stress models at 

0.5 x lithostatic fluid pressures. Lithostatic conditions again show similarities to previous 

models with lowest values of PfF and highest values of 3 being evident in the shear zones 

(Fig. 6.3a, b). However, there is a notable difference in the distribution of 1 when reaching 

lithostatic conditions. The highest values of 1 are now evident within the shear zones (Fig. 

6.3c) and this suggests that the shear zones have experienced compressional stress, which 

may indicate more shearing, and this is in contrast to the earlier hydrostatic models. We can 

also see that there is more pronounced shear and tensile failure within the shear zones (Fig. 

6.3d). 

 

 

a) PfF                                                                       b) 3 

        
 

c) 1                                                                       d) Failure                                                            

  
 

 

 

Fig. 6.3. Model 1: FLAC3D lithostatic model plots looking NE displaying: a) PfF indicating lower 

pressures required for failure in the major shear zones; b) distribution of minimum principal stress 

indicating highest values in the shear zones; c) distribution of maximum principal stress indicating highest 

values in the shear zones; and d) failure plot indicating failure in shear now (n) and shear failure in the 

past (p), tension now (n) and tension in the past (p). 
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6.4.2 Model 2: D4 stress effects 

A dynamic stress state was applied to the model in correspondence with values shown in 

Table 6.2 for the three different pore pressure regimes. In the hydrostatic models, plots of PfF 

highlight the major shear zones as more likely to fail in shear during D4 (Fig. 6.4a). However 

this pattern is not clearly reproduced (in contrast with the D3 model) when comparing values 

of 3 (Fig. 6.4b). The highest values of 1 are evident within, and surrounding, most of the 

shear zones (Fig. 6.4c), but this pattern is not as well defined as it was in the D3 models. 

When failure plots are examined in the hydrostatic model we can see that no failure has taken 

place (Fig. 6.4d). This is an important aspect of the main difference between the D3 and D4 

models, particularly at hydrostatic pore pressure conditions. 

 

 

a) PfF                                                                   b) 3 

        
 

c) 1                                                                     d) Failure                                                            

    
 

 

 

Fig. 6.4. Model 2: FLAC3D hydrostatic model plots looking NE displaying: a) PfF indicating lower 

pressures required for failure in the major shear zones; b) distribution of minimum principal stress 

indicating highest values in the shear zones; c) distribution of maximum principal stress indicating highest 

values in and around the shear zones; and d) failure plot indicating no failure has taken place. 
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Similar distributions to the previous models are seen when testing these D4 stress models at 

0.5 x lithostatic fluid pressures. Lithostatic conditions again show similarities to previous 

models with lowest values of PfF and highest values of 3 being evident in the shear zones 

(Fig. 6.5a, b). The highest values of 1 are evident within the shear zones (Fig. 6.5c) showing 

that the shear zones have experienced more compressional stress at lithostatic conditions. 

There is more pronounced shear and tensile failure within the shear zones (Fig. 6.5d). 

 

 

 

a) PfF                                                                     b) 3 

        
 

c) 1                                                                      d) Failure                                                            

  
 

 

 

Fig. 6.5. Model 2: FLAC3D lithostatic model plots looking NE displaying: a) PfF indicating lower 

pressures required for failure in the major shear zones; b) distribution of minimum principal stress 

indicating highest values in the shear zones; c) distribution of maximum principal stress indicating highest 

values in the shear zones; and d) failure plot indicating failure in shear now (n) and shear failure in the 

past (p), tension now (n) and tension in the past (p). 
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6.4.3 Model 3: D3 velocity boundary condition 

A kinematic or velocity boundary condition was applied to the model in correspondence with 

values obtained from inversion of fault slip data (presented earlier in this report). The 

orientation of shortening for D3 was 0° to 135°. This was also carried out for three different 

pore pressure regimes (hydrostatic, 0.5 x lithostatic and lithostatic: based on an average 

density of 1000 kg/m
3
 for fluids and 2500 kg/m

3
 for rock). This report will concentrate on the 

effect of D3 deformation on the Sunrise shear zone as a good example of the relationship 

between deformation, shear strain, fluid pressures and dilation/contraction. In the hydrostatic 

models shear strain rate and shear strain increment display high values on the northwest 

portion of the Sunrise shear zone (Fig. 6.6a) and at early stages of deformation (3%) the only 

areas in the model that display dilation (Fig. 6.6b) correspond to these areas of high shear 

strain on the Sunrise shear zone. As the model progresses (up to 10% deformation) these 

shear zones and the rest of the model is in contraction (see Fig. 6.6c, d) and no further dilation 

is evident. 

 

 

a) shear strain (at 3%)                                         b) dilation (at 3%) 

 

 
 

c) shear strain (at 10%)                                       d) dilation (at 10%) 

 

     
 

 

Fig. 6.6. Model 3: FLAC3D hydrostatic model plots of the SSZ looking NE displaying: a) shear strain 

increment at 3% deformation; b) dilation (+ve values) at 3% deformation; c) shear strain increment at 

10% deformation; and d) no dilation (all -ve values) at 10% deformation. Note: dilation is indicated by 

+ve volume change values, and contraction by –ve volume change values and the separating line in the key 

indicates the transition between dilation and contraction e.g. Fig. 6.6 b. 
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When fluid pressure conditions are increased (0.5 x lithostatic to 0.8 x lithostatic) we start to 

see a change in the behaviour of dilation within the Sunrise shear zone during D3 

deformation. During early stages of deformation we can see areas of high shear strain (Fig. 

6.7a) and dilation (Fig. 6.7b) in a similar position on the Sunrise shear zone, which shows a 

slight migration up-dip and to the west as deformation progresses (Fig. 6.7c, d). 

However, contraction eventually dominates the Sunrise shear zone at latter stages of the 

deformation (8 to 10%), similar to previous models. 

 

 

a) shear strain (at 3%)                                         b) dilation (at 3%) 

 

 
 

c) shear strain (at 6%)                                       d) dilation (at 6%) 

 

     
 

 

 

Fig. 6.7. Model 3: FLAC3D model plots (0.8 x lithostatic) of the SSZ looking NE displaying: a) shear 

strain increment at 3% deformation; b) dilation (+ve values) at 3% deformation; c) shear strain 

increment at 6% deformation; and d) dilation (+ve values) at 6% deformation looking SE, note the 

dilation migration up-dip. 

 

At lithostatic conditions this change in the behaviour of dilation during D3 deformation 

continues, particularly with respect to the distribution of dilation on the SSZ at medium levels 

of total strain. During early stages of deformation we can see areas of high shear strain (Fig. 

6.8a) are focussed on the northwest side, similar to previous models. However, dilation (Fig. 

6.8b) is widespread throughout the Sunrise shear zone, with greatest +ve volume change in 

the northwest region. As deformation progresses this pattern remains similar to previous 



 64 

models, with both the distribution of cumulative shear strain (Fig. 6.8c) and dilation (Fig. 

6.8d) similar to previous models and is also seen to focus in two areas either side of the main 

inflection. However, as deformation progresses there is the notable change in the SSZ from 

being dilatant at all places to contractional at almost all places in late stages in the 

deformational history (10%). 

 

 

 

 

a) shear strain (at 3%)                                         b) dilation (at 3%) 

 

 
 

c) shear strain (at 6%)                                       d) dilation (at 6%) 

 

     
 

 

Fig. 6.8. Model 3: FLAC3D lithostatic model plots of the SSZ looking NE displaying: a) shear strain 

increment at 3% deformation; b) dilation (+ve values) at 3% deformation; c) shear strain increment at 

6% deformation; and d) dilation (+ve values) at 6% deformation looking SE, note the dilation migration 

up-dip. 

 

 

6.4.4 Model 4: D4 velocity boundary condition 

A kinematic or velocity boundary condition was applied to the model in correspondence with 

values obtained from inversion of fault slip data (presented earlier in this report). The 

orientation of shortening for D4 was 0° to 038°. This was also carried out for three different 

pore pressure regimes (hydrostatic, 0.5 x lithostatic and lithostatic: based on an average 
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density of 1000 kg/m
3
 for fluids and 2500 kg/m

3
 for rock). This report will concentrate on the 

effect of D4 deformation on the Dolly region and Carey shear zone as a good example of the 

relationship between deformation, fluid pressures and dilation/contraction in this area. At 

hydrostatic fluid pressures no dilation is evident within the model during D4 deformation, 

with highest values of shear strain concentrated in the NE region of both the Carey shear zone 

and the base volcanic unit 1 (see Fig. 6.9a, b). No tensile failure is evident within the model. 

However the majority of the model has failed in shear at early stages of the deformation e.g. 

Carey shear zone and the base volcanic unit 1 (Fig. 6.9c, d). 

 

a) shear strain (at 10%)                                      b) shear strain (at 10%) 

 

 
 

c) failure (at 3%)                                                d) failure (at 3%) 

 

     
 

 

Fig. 6.9. Model 4: FLAC3D hydrostatic model plots looking NE displaying: a) shear strain increments on 

the Carey shear zone at 10% deformation; b) shear strain increments on volcanic unit 1 beneath the 

Carey SZ at 10% deformation; c) failure plot on volcanic unit 1 at 3% deformation; and d) failure plot of 

the Carey SZ at 3% deformation. 

 

As pore pressure gradients are increased within the model we start to observe small localised 

areas of high pore pressure in the Carey shear zone which are situated around the base of the 

Dolly porphyry and the inflection in the Carey shear zone surface (Fig. 6.10a) and base 

volcanic unit 1 (Fig. 6.10b). These areas also relate to areas of failure in shear and tension 

(Fig. 6.10c, d). During the early stages of deformation pore pressure is increased due to the 

deformation, and this in turn results in the shown failure distribution e.g. Fig. 6.10c. 

 



 66 

 

 

 

 

a) pore pressure (at 3%)                                      b) pore pressure (at 3%) 

 

 
 

c) failure (at 3%)                                                d) failure (at 3%) 

 

     
 

 

 

Fig. 6.10. Model 4: FLAC3D hydrostatic model plots looking NE displaying: a) pore pressure on the 

Carey shear zone at 3% deformation; b) pore pressure on volcanic unit 1, beneath the Carey SZ at 3% 

deformation; c) failure plot on the Carey SZ at 3% deformation; and d) failure plot of the Carey SZ at 

3% deformation. 

 

 

Material failure due to the increased fluid pressures and deformation has a consequence on 

the end pore pressure values. It is evident that failure in and around the Dolly region results in 

an eventual drop in pore pressure back towards the background pressure gradient at later 

stages in the deformation (Fig. 6.11a). This also coincides with failure in the area, particularly 

failure in tension (Fig. 6.11b). 

 

 

 

 



 67 

 

 

 

a) pore pressure (at 10%)                                      b) failure (at 10%) 

 

 
  

Fig. 6.11. Model 4: FLAC3D hydrostatic model plots looking NE displaying: a) pore pressure on the 

Carey shear zone at 10% deformation; b) failure state on the Carey shear zone at 10% deformation. 

 

As we progress the models through to higher pressure gradients we clearly see a wider 

distribution of tensile failure in the deeper volcanic units and the Carey shear zone, and in and 

around the Dolly region. Lithostatic pore pressure conditions results in a more enhanced 

distribution of low and high areas of pore pressure on the base volcanic unit 1 around 

the base of the Dolly porphyry (Fig. 6.12a). This also coincides with the failure 

distribution around the Dolly porphyry and within the base volcanic unit 1 (Fig. 6.12b). 

 

 

a) pore pressure (at 3%)                                      b) failure (at 3%) 

 

  
 

 

Fig. 6.12. Model 4: FLAC3D lithostatic model plots looking NE displaying: a) pore pressure on the base 

volcanic unit 1 at 3% deformation; b) failure state on the base volcanic unit 1 and the Dolly porphyry at 

3% deformation. 

 

 

The distribution of dilation and failure around the Dolly Porphyry, the Carey shear 

zone and the deep volcanic units has a very good correlation with the main areas of 



 68 

mineralisation. As a result of high fluid pressure gradients we can see that dilation is centred 

around the Dolly porphyry on the Carey SZ (Fig. 6.13a) and evident as a similar distribution 

in the deep volcanic unit 1 (Fig. 6.13b) and this dilation remains evident at 10% deformation 

(Figs. 6.13c, d). 

 

a) dilation (at 3%)                                                   b) dilation (at 3%) 

 

 
 

c) dilation (at 10%)                                               d) dilation (at 10%) 

 

       
 

 

Fig. 6.13. Model 4: FLAC3D lithostatic model plots displaying: a) looking NW, dilation on the Dolly 

porphyry and the Carey SZ at 3% deformation; b) looking NE, dilation on volcanic unit 1, beneath the 

Carey SZ at 3% deformation; c) looking NE, dilation on the Carey SZ at 10% deformation; and d) 

looking NE, dilation on volcanic unit 1, beneath the Carey SZ at 10% deformation. 

 

6.4.5 Model 5: D4 velocity boundary condition with low permeability SSZ 

The same kinematic or velocity boundary condition was applied to this model (as in Model 

4), with a lithostatic pore pressure regime. The major difference between this model and 

Model 4 is the lower permeability of the SSZ (2 orders of magnitude) in this model, used to 

test the scenario of the SSZ acting as a potential seal in the system. Dilation and failure is 

noted in the volcanic unit 2 (Fig. 6.14a), which spatially reflects the Dolly lodes e.g. Dolly 

HW, GQ, Hammerhead (see Fig. 6.14b) and is host to most of the known major coarse gold 

mineralisation. These dilational ‘lobes’ are concentrated on the NE and SW areas surrounding 

the Dolly porphyry and also coincide with areas of shear and tensile failure. The main effect 

of the Sunrise shear zone seal is that it elevates pore pressures higher in the system and 

gives a more profuse distribution of tensile failure below the Sunrise shear zone (c.f. Figs. 
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6.14c, d). The other interesting result from sealing the system is the higher level of tensile 

failure in the Dolly porphyry in comparison to Model 4 (c.f. Figs. 6.15a, b). 

 

 

 

a) vertical view from below (at 3%)             b) vertical view from below 

      
From below 

 

 

c) model 4 - failure (at 10%)                                 d) model 5 - failure (at 10%) 

 

 

         
 

 

 

Fig. 6.14. Model 5 and comparison with Model 4: FLAC3D lithostatic model plots displaying: a) looking 

vertical from bottom showing dilation on the volcanic unit 2 and failure on the Dolly porphyry; b) looking 

vertical from below, indicating the spatial relationship of the coarse gold high grade mineralisation 

(yellow, red orange and light blue colours) around the Dolly porphyry; c) looking NE, failure on the 

volcanic unit 2 at 10% deformation for Model 4; and d) looking NE, failure on volcanic unit 2 for Model 5 

at 10% deformation. 
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a) model 4 - failure (at 10%)                                      b) model 5 - failure (at 10%) 

 

                                    

Fig. 6.15. Comparison between Model 4 and 5: FLAC3D lithostatic model plots looking NE displaying: a) 

model 4 failure state of the Dolly porphyry at 10% deformation; b) model 5 failure state on the base 

volcanic unit 1 and the Dolly porphyry at 10% deformation. Note the increase in higher level tensile 

failure in Model 5. Scale is approximately (0.8 km x 0.75 km x 0.07 km). 

 

 

The distribution of volumetric change or dilation below the Sunrise shear zone is generally 

greater and more profuse, whereas above the Sunrise shear zone the distribution of dilation 

appears to be closely related to the shear zones themselves (Fig. 6.16a), and this can also be 

observed by the distribution of tensile failure (Fig. 6.16b). 

 

 

a) dilation (at 3%)                                           b) failure (at 3%) 

 

                           
 

Fig. 6.16. Model 5: FLAC3D lithostatic model plots cross sections looking north displaying: a) distribution 

of dilation at 3% deformation, where the dilation above the Sunrise shear zone (grey band; same position 

in b) is closely associated with the shear zones, and more profuse below the Sunrise shear zone; and b) 

failure state at 3% deformation, where there is a distinct association of tensile failure with the shear zones 

above the Sunrise shear zone, and failure is more profuse below the Sunrise shear zone, ultimately around 

the Dolly area. 
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6.5 Discussion and Conclusions 

The Sunrise Dam deposit has undergone several deformational events; however, the two main 

events most responsible for mineralisation are D3 and D4. The numerical models undertaken 

were used as a tool for understanding, and to some lesser degree, validating these proposed 

deformational regimes and their effect on the likelihood of mineralisation of a simplified 

lithological model, which incorporated the major lithologies and structural aspects of the 

deposit. It is clear from the results that the deformational events and the proposed stress and 

kinematic data lead to favourable conditions that would explain the deformational history and 

potential mineralisation of the deposit. However, these events alone do not appear to be 

enough to explain the broad scale distribution and location of high grade mineralisation 

within the mine sequence. 

 

It is evident from the results that fluid pressure is an important aspect of failure and 

dilation in the deposit. The stress analysis models indicated that the major shear zones are 

most likely to fail during an imposed stress regime, and that increasing fluid pressures 

towards lithostatic gradients produces more pronounced shear and tensile failure, with the 

shear zones experiencing more compressional stress compared to un-sheared rock.  

 

During D3 deformation (shortening 0° to 135°) we see that fluid pressure gradients have a 

strong influence not only in the distribution of dilation but also on the longevity of dilation 

through a deformation cycle. During D4 deformation (shortening 0° to 038°) we see the 

importance of failure and dilation in relation to pore pressure distribution. Increased fluid 

pressure gradients result in increased dilation and failure in the deposit, and most 

importantly sealing the system by reducing the permeability of the Sunrise shear zone 

allows a greater build up of pressure resulting in increased failure (tensile) higher in the 

system, and dilation into the upper volcanic units.  

 

The most interesting of these results are the close spatial relationship of the ‘dilational lobes’ 

(e.g. Fig. 6.14) that are produced in and around the Dolly porphyry, the Carey shear zone and 

the base volcanic unit 1 below, to the known distribution of high grade coarse gold 

mineralisation. The interesting feature is the distribution of the dilation on the NE and 

SW areas surrounding the Dolly porphyry, which also coincide with areas of shear and 

tensile failure in this area. The competency contrast between the shear zones, volcanic rocks 

and the porphyry body has a strong influence on the distribution of stress and strain within the 

mine sequence, and hence these relationships may provide some target criteria for future 

exploration in the region. Another interesting result to consider is the difference between the 

shear related distribution of dilation and failure above the Sunrise shear zone and the more 

profuse distribution of dilation and failure below the Sunrise shear zone. This may help 

explain the difference in the distribution of mineralisation above and below the Sunrise shear 

zone (c.f. Watu, Western shear zone and the Dolly and Cosmo lodes). 

 

A concept tested in these models was to reduce the permeability of the Sunrise shear zone, in 

effect making it a barrier or seal. This resulted in overpressure, dilation and failure below the 

Sunrise shear zone, particularly tensile failure, and enhanced the results from the previous 

lithostatic pressure gradient model. The distribution of dilation and failure however, was not 

restricted to just below the Sunrise shear zone. We have clear evidence that there has been 

likely failure and dilation deeper in the system e.g. at the base of the Dolly porphyry and 

below the Carey shear zone. If similar processes to the Sunrise shear zone seal model were 
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invoked for the Carey shear zone, then it is most likely that dilation and failure would be 

enhanced in particular areas below the Dolly porphyry and Carey SZ as a result of 

increased fluid pressure and these areas appear to be in an approximate vertical trend 

below the current development.  

 

The two different modelling approaches (imposed stress versus kinematic boundary 

conditions) both yield very interesting results, and it is currently difficult to ascertain which 

modelling procedure is best, or if there are more advantages in using either technique. From 

these results however, it would appear that the kinematic models delivered more useful 

information for this study, particularly in relation to observing the reaction of the system to a 

continual deformation event and in highlighting areas of dilation and failure. More research 

and sensitivity analysis would be useful in comparing these two techniques. 

 

 

6.6 Summary and Recommendations 

Areas that show a strong potential for deformation induced dilatancy and failure within 

the Sunrise Dam deposit may have a higher likelihood of hosting high grade 

mineralisation. If the conceptual model of overpressure and sealing of the system is correct 

then areas that have a similar potential may include other shallow to moderately dipping shear 

zones e.g. the Carey shear zone, which could be the cap on another high grade system below. 

The competency contrasts between rock types and shear zones may also provide suitable 

dilational sites that could be targeted in the future. Recommendations for further work in this 

area would be to continue testing conceptual models as new structural data becomes 

available. Numerical modelling also has the potential to test different conceptual ideas on; a) 

new areas and b) larger scales (district to regional scales), which may prove very useful in 

targeting larger scale structures that may host further mineralisation in the region. 
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7. Fluid Inclusions 
 

7.1 Introduction 

The aims of the fluid inclusion analysis are to make a reconnaissance investigation of the 

fluids responsible for mineralization, and to investigate the possible link between porphyries 

and mineralization. Fluid inclusions associated with porphyries may be distinct from regional 

metamorphic fluids, and may show distinct spatial relationships with the porphyry intrusions. 

The only previous detailed studies of fluid inclusions did not have access to underground 

exposures, which not only allow samples to be placed in structural context, but also offer 

access to a great vertical extent of the deposit.  

 

7.2 Previous work 

Previous studies of fluid inclusions from the Sunrise Dam deposit are presented in Brown et 

al., (2001), Brown (2002), Brown et al. (2002a and b) and Brown et al. (2003). Samples were 

selected from drill core in both the Western lode (equivalent to the Western shear zone; 

CD372-526m, CD373-470m and CD350-106m) and the Sunrise shear zone (CD056-275m 

and CD056-280m). Brown identified three types of fluid inclusions present in samples from 

both ore zones. Type 1 CO2-rich inclusions generally contain liquid and gas phases at room 

temperature. Type 2 CO2–H2O inclusions contain three phases: an outer H2O-rich liquid and 

an inner two-phase liquid and vapour CO2-component. The CO2-to-H2O volume ratio is ~0.4 

at the CO2 homogenisation temperature. Type 3 H2O-rich inclusions contain a liquid and gas 

phase at room temperature, with a vapour volume of 5–10%. These inclusions were further 

subdivided into Type 3a (low salinity) and Type 3b (high salinity). Type 1 (CO2-rich) 

inclusions have average melting temperatures of -56.5 ºC close to pure CO2 and homogenize 

to a liquid CO2 phase at 26.5 ºC on average in the Sunrise shear zone and at 21ºC in the 

Western lodes. Type 2 inclusions from both ore zones comprise both CO2 and H2O, and may 

also include trace amounts of CH4. According to Brown the majority of Type 2 inclusions 

homogenise to vapour (or decrepitate), although some homogenise to liquid. Brown states 

that homogenisation and decrepitation temperatures provide a minimum constraint on the 

temperature of fluid-inclusion entrapment. Type 2 inclusions from veins in the Sunrise shear 

zone have an average total homogenization temperature of 300 ºC, whereas inclusions in the 

Western Lodes homogenize at approximately 320ºC. Type 3a inclusions from both ore zones 

have salinities of about 6 wt% NaCl equivalent and average homogenization temperatures of 

281 ºC. Type 3b inclusions from the Sunrise shear zone and Western lodes have an average 

salinity of 20 and 16 wt% NaCl equiv. respectively. Average homogenization temperatures 

for Type3a inclusions are 280 ºC and for Type 3b inclusions are 140ºC. 

 

Brown et al. (2003) states that few inclusions were identified with unambiguous timing 

relationships to ore and there is no photographic evidence presented relating to the timing 

relationships between the different inclusion types. However, Brown contends that types 1, 2 

and 3a were trapped coevally and that the similar homogenization temperatures and variable 

phase ratios support entrapment during phase separation at pressures of 80 to 130MPa, 

equivalent to approximately 4km based upon transient hydrostatic pressure conditions with a 

pressure gradient of 3.3km/100MPa. No isochores (pressure-temperature trajectories) are 

presented to support this statement. 
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7.3 Sample selection and description 

Approximately 50 samples were collected and cut for polished thin sections from two field 

visits (May and November). The thin sections were examined for fluid inclusions in order to 

select the best samples for microthermometry and also obtain a broad sample distribution 

relating to different lodes and fluid inclusion host types (e.g., vein versus phenocrysts). Table 

7.1 summarises the sample for which mineral petrography and fluid inclusion 

microthermometry have been carried out and classifies them according to the lode they 

represent and assigns them to the Groups defined in Section 3. Only Group 4 (Dolly bulk 

lodes) have not had microthermometry carried out due to the initial sample suite (May field 

work) not containing useable fluid inclusions. Later sampling in November has found samples 

with fluid inclusions but due to time constraints fluid inclusion sections have not yet been 

processed for these samples. 

 

Table 7.1. Summary of samples selected for petrography and microthermometry and timing and 

abundance relationships of fluid inclusions. 

 
Sample 

No. 

Gro

up 

Ore Body 

/Porphyry  

Location Sample Description Fluid Inclusion 

Host 

Fluid Inclusion Types 

G15_4
0 

 I Margie's Main pit, 
east wall 

Sericite-quartz schist, very 
strong fabric, typical of 
Margies Shear Zone 

Quartz 
phenocrysts with 
trails sub-
perpendicular to 
foliation/shear 
parallel vein 

CO2-H2O & CO2 
mostly in different 
trails - uncertain 
timing - mutually 
crosscutting? 

G15_7 I Sunrise 
shear zone 

Main pit, 
NE 
corner 
SSZ 

Strongly foliated Sunrise 
Dam Shear Zone with 
chlorite-quartz-pyrite-
sericite alteration. 

Deformed quartz 
veins cut by 
foliation 

CO2 >> CO2-
H2O~perpendicular to 
parallel to foliation in 
deformed quartz 
lenses, CO2-H2O 
inclusions in cores of 
deformed quartz 
(early cf. to CO2 inc.) 

G15_2
2 

I Porphyry 
within 
Carey 
Shear 

CD784, 
1163.5 m 

Grey porphyry with quartz 
and feldspar phenocrysts 
and narrow quartz pyrite 
veins and quartz-
arsenopyrite veins. 
Faulted, silicified contacts. 
1163-1164m, 2 g/t. 

Quartz 
phenocrysts with 
trails 
~perpendicular 
to foliation/shear 
parallel vein 

CO2-H2O > CO2; 
local variation in 
ratios 

G15_9
N 

II Near 
Summerclo
ud vein 

West 
side of pit  

Laminated quartz vein in 
dextral normal late fault  

Laminated 
quartz veins 

Very fine growth 
zones fluid inclusions 
too small. Clear 
quartz patches trails 
CO2 > CO2-H2O 

G15_1
5 

III Cosmo UG 
Cosmo 
1927 

Drive 

Cosmo ore body - Altered 
andesite with low angle 
vein (D4) on margin, 

cutting earlier quartz-
carbonate veining in 
stockwork of ore body.  

Quartz 
fragments in 
carbonate rich 

veins 

Primary (?) 
decrepitated 
inclusions in quartz. 

Secondary incl. CO2 
> CO2-H2O 

G15_5 N/A Unamed 
porphyry 
below SSZ 

Main pit, 
east wall 

Quartz-magnetite-
Kfeldspar-chalcopyrite 
veins & alteration in 
dolerite (away from 
porphyry contact). 

Quartz vein 
(primary) & 
secondary trails 
in quartz-
carbonate 
alteration 

CO2 >> CO2-H2O 
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G15_5

0 

N/A Thresher 072W2, 

758.5 - 
760.3 

Intensely altered andesite, 

with diffuse breccias and 
breccia veins inside a 
shear zone with strongly 
foliated intervals. 2 m with 
grades up to 14 g/t. Visible 
gold in breccia vein at 
centre: sample shows 
visible gold. 

Quartz 

phenocrysts with 
trails both 
~perpendicular 
to and parallel  
to foliation/shear 
vein 

CO2 > CO2-H2O 

mostly in different 
trails - CO2 in later 
trails than CO2-H2O. 

 

 

7.3.1 Group I Samples 

Sample G15_40 was collected from the Margie’s lode and is typical of the moderately West 

to NW dipping ore body and is characterised by sericite-carbonate-quartz-pyrite-chlorite 

alteration in highly strained volcanic rocks. Fluid inclusions were found in quartz phenocrysts 

within the altered volcanic rocks. 

 

Sample G15_7 was collected from the Sunrise shear zone and is strongly foliated, altered and 

veined (Fig. 7.1A). Alteration consists of sericite-quartz-pyrite±chlorite±Fe-Mg carbonate in 

the light cream bands and chlorite-ankerite/dolomite-pyrite±sericite±quartz in the dark green 

bands. Deformed veins consist of quartz-ankerite and fluid inclusions were found in the 

quartz. 

 

Sample G15_22 was collected from drill core (CD784, 1163.5 m; 1163-1164m = 2 g/t Au) 

within a grey quartz-feldspar porphyry unit within the Carey shear zone. The porphyry 

contained narrow quartz-pyrite and quartz-arsenopyrite veins within quartz-sericite-carbonate 

(calcite and ankerite)-albite-pyrite alteration. Fluid inclusions were best preserved in quartz 

phenocrysts. 

 

7.3.2 Group II Sample 

Sample G15_9 was collected in the Summercloud lode from one of the gently NW dipping 

flat laminated veins (Fig. 7.1B). Wall rock alteration comprises quartz-ankerite-sericite with 

locally common large apatite grains. The laminated veins contain bands of sulphide (pyrite-

tennantite-tetrahedrite) and quartz-ankerite. Fluid inclusions were found within the quartz 

bands. 

 

7.3.4 Group III Sample 

Sample G15_15 was collected from the Cosmo lode from a shallow dipping D4 vein (Fig. 

7.1C). The vein consists of quartz and ankerite, and many of the quartz grains appear to be 

breccia fragments within the carbonate. Alteration adjacent to the vein consists of sericite-

quartz-pyrite-ankerite±arsenopyrite±apatite. Fluid inclusions were best preserved in the 

quartz grains. 

 

7.3.5 Porphyry Samples 

Sample G15_5 was collected from distinct alteration within and adjacent to a porphyry unit 

below the Sunrise shear zone within the open pit (Fig. 7.1D). Red rock alteration consists of 

sericite-quartz±K-feldspar±albite with a variety of opaque minerals in veins and alteration 

including pyrite, magnetite, chalcopyrite, molybdenite and trace Bi-Te-S, Ag-Te and rare Au 
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which suggests a metallogenically distinct, but minor mineralization phase associated with the 

porphyries (cf. Brown, 2002). Fluid inclusion were found in the quartz-sulphide veins and 

alteration. 

 

Sample G15_50 was collected from drill core (072W2, 758.5 - 760.3 in a 2 m with grades up 

to 14 g/t Au) from the Thresher prospect. Intensely altered andesite contained diffuse breccias 

and breccia veins inside a shear zone. Fluid inclusions were preserved in quartz phenocrysts 

within the andesite. 

 

 
 

Fig. 7.1. A. Strongly foliated, altered and veined Sunrise shear zone (sample G15_7). B. Gently NW 

dipping flat laminated veins in the Summercloud lode (G15_9). C. Fluid inclusion section slide Cosmo lode 

vein consisting of quartz and ankerite, and many of the quartz grains appear to be breccia fragments 

within the carbonate (sample G15_15). D. Distinct red rock alteration within and adjacent to a porphyry 

unit below the Sunrise shear zone within the open pit.  

 

7.4 Fluid inclusion classification and paragenesis 

 

The four fluid inclusion types identified by Brown (2002) were also found in this study, 

however, Type 3a H2O-rich inclusions (low salinity) were rare in the samples studied here 

and Type 3b H2O-rich inclusions were in late cross cutting secondary trails and interpreted to 

be unrelated to the main gold-related hydrothermal system and therefore not studied in any 

detail (see Brown, 2002 for data relating to these inclusions). The main inclusion types 

investigated in this study are CO2 inclusions (Type 1 of Brown, 2002) and CO2-H2O 

inclusions (Type 2 of Brown, 2002). CO2 inclusions appeared to be mostly pure CO2, 

however, some H2O may occur in a meniscus around the rim of the CO2 phase and be 
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masked by the edge of the fluid inclusion. In some instances (e.g., irregular inclusions), a 

small H2O component could be observed and although these inclusions have been classified 

as CO2 inclusions they may contain up to 25 to 30 mol % H2O due to this optical interference 

(Shmulovich et al., 1994). Table 7.1 summarises the host setting, abundance and timing of the 

fluid inclusions. 

 

7.4.1 Fluid inclusion paragenesis in Group I orebodies 

Samples collected from Group I orebodies (Margie’s, Sunrise shear zone and Carey shear 

zone; Table 7.1) contained both CO2 and CO2-H2O inclusions of variable abundance. In the 

sample from Margie’s, fluid inclusions occurred in quartz phenocrysts in trails that typically 

contained either CO2 or CO2-H2O, but rarely both inclusions in a single trail. The CO2 phase 

consistently occupied ~40 to 50 vol. % of the fluid inclusion. Nonetheless the exact timing 

relationships between the two inclusion types was difficult to resolve and it is possible that 

they were mutually crosscutting. In the sample from the Sunrise shear zone the timing 

relationships were clearer. The fluid inclusions were contained within deformed quartz veins 

and the CO2-H2O inclusions occurred primarily in the cores of quartz grains and were cut by 

trails that contained CO2 inclusions both parallel and perpendicular to the foliation (Fig. 7.2). 

The CO2-H2O inclusions contained ~ 15 to 40 vol. % CO2. CO2 inclusions in this sample are 

more abundant than CO2-H2O inclusions. In the Carey shear zone sample, CO2-H2O 

inclusions are more abundant than CO2 inclusions and they occur in trails within quartz 

phenocrysts. The CO2-H2O inclusions contained mostly ~ 25 to 50 vol. % CO2.The limited 

occurrence of CO2 inclusions did not permit confident assessment of the timing relationships 

between the two inclusion types. 

 

7.4.2 Fluid inclusion paragenesis in Group II orebodies 

The laminated quartz vein from the Summercloud lode contained abundant fluid inclusions in 

trails parallel to the lamination, and these inclusions were dominantly CO2 inclusions with 

localized CO2-H2O inclusions that had variable CO2 contents between ~ 20 and 80 vol. % 

(Fig. 7.3). 

 

7.4.3 Fluid inclusion paragenesis in Group III orebodies 

The quartz-carbonate breccia vein in the Cosmo orebody contained dominantly CO2 

inclusions in secondary trails within quartz with localized CO2-H2O inclusions that had 

variable CO2 contents between ~ 20 and 70 vol. % (Fig. 7.3). 

 

7.4.4 Fluid inclusion paragenesis in porphyry samples 

Sample G15_5 from the porphyry unit below the Sunrise shear zone within the open pit 

contained dominantly CO2 inclusions in secondary trails within the alteration and in quartz-

sulphide veins.  Locally CO2 inclusions occurred in possible primary clusters within the 

quartz. 

 

Quartz phenocrysts in the andesite from the Thresher prospect contained both CO2 and CO2-

H2O inclusions in different trails (Fig. 7.4). Cathode luminescence images of the phenocrysts 

revealed distinct generations of fractures that contained the trails. The earliest fractures and 

trails appear to be parallel to the foliation whereas the later fractures and trails appear to 
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truncate and crosscut the foliation parallel fractures. The early fractures contain CO2-H2O 

inclusions whereas the later fractures contain the CO2 inclusions.   

 

 
 

 

Fig. 7.2. A. Fluid inclusion section from Sunrise shear zone illustrating the deformed nature eof the quartz 

veins (G15_7). B. Fluid inclusions are located in deformed quartz veins which contains early clusters of 

CO2-H2O inclusions (C) that are cut by trails of CO2 inclusions. 
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Fig. 7.3. A & B.  Sample G15_9 laminated quartz vein from the Summercloud lode containing abundant 

fluid inclusions in trails parallel to the lamination. C & D. The fluid inclusions are dominantly type 1 CO2 

inclusions. E. Sample G15_15 Cosmo vein containing dominantly CO2 inclusions in secondary trails (F). 
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Fig. 7.4. A. Quarz phenocryst in intensely altered andesite from the Thresher prospect. B. Cathode 

luminescence image of the phenocrysts showing primary (igneous) quartz growth zones and later quartz 

fractures that contain fluid inclusions. The foliation orientation is marked by solid white lines either side 

of the phenocryst) and within the phenocryst early broadly foliation parallel fractures are truncated by 

foliation perpendicular fractures (dashed lines). The early fractures contain CO2-H2O (C) inclusions and 

the later fractures contain CO2 inclusions (D). 

 

7.5 Fluid inclusion microthermometry 

Table 7.2 summarises the microthermometric characteristics of fluid inclusions analysed in 

this study and includes a summary of Brown’s data. Full microthermometric and pressure-

temperature-compositional (P-T-X) data from the current study are presented in the Fluid 

Inclusion Appendix. CO2 melting in both the CO2 and CO2-H2O inclusions recorded in this 

study have lower CO2 melting temperatures than those recorded by Brown (2002) by ~ -1 ºC. 

This maybe due to stage calibration differences between different laboratories or may be a 

real variation suggesting that there may be additional minor volatile components in the 

inclusions analysed here (e.g. methane). CO2 homogenization temperatures are generally 

higher for the CO2-H2O inclusions than the CO2 inclusions but both homogenize via CO2 

vapour disappearance into the liquid CO2 phase. Total homogenization temperatures for 

CO2-H2O inclusions occur via either CO2 disappearance into the H2O phase or H2O into the 

CO2 phase depending on phase ratios (Fluid Inclusion Appendix - Microthermometry).  
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Table 7.2. Summary of fluid inclusion microthermometry (average for each inclusion from the different 

lodes). TmCO2 – average CO2 melting temperature; ThTot – average total homogenization temperature. 

 
Sample 
No. 

Ore body or 
Porphyry (Type) 

Fluid 
Inclusion 

Type 

Tm 
CO2 
(C) 

Th 
CO2 
(C) 

Th 
Tot 
(C) 

Bulk 
Density 
(g/cm

3
) 

Salinity 
(wt % 
NaCl) 

Press(k
bars) @  
300C 

CO2-H2O -57.2 31.7 296 0.79 3.8 2.2 G15_40 
  

Margie's (I) 
  CO2 -57.0 23.9   0.72   1.2 

CO2-H2O -57.5 28.7 327 0.87 4.3 2.7 G15_9 
  

Near 
Summercloud 
vein (II) 
  

CO2 -57.7 27.6   0.66   1.0 

G15_7 Sunrise Shear 
zone (I) 

CO2 -57.2 29.2   0.66   0.9 

G15_5 Unamed porphyry 
below SSZ (N/A) 

CO2 -57.4 27.2   0.67   1.0 

CO2-H2O -58.5 29.1 390 0.75 3.1 1.9 G15_15 
  

Cosmo (III) 
  

CO2 -57.7 28.2   0.65   0.9 

CO2-H2O -57.1 30.9 312 0.86 5.5 2.7 G15_50 
  

Thresher (N/A) 
  CO2 -56.9 23.7   0.72   1.2 

CO2-H2O -56.6 28.6 256 0.86 5.6 2.7 G15_22 
  

Porphyry near 
Carey Shear (I) 
  CO2 -57.1 26.4   0.77   1.3 

CO2-H2O -56.5  300 0.86 8.0 2.2 Sunrise Shear 
zone (I) 
  CO2 -56.5    0.67   1.0 

CO2-H2O -56.5  321 0.77 8.9 2.6 Western Lodes 
 (II) CO2 -56.5    0.74   1.0 

H2O-NaCl 
(Low sal.) 

   281   6.6 0.3 Sunrise Shear 
zone (I) 
  H2O-NaCl 

(High sal.) 
   142   19.9   

H2O-NaCl 
(Low sal.) 

   286   6.2 0.3 

Brown 
2002 
  
  
  
  
  

Western Lodes 
 (II) 

H2O-NaCl 
(High sal.) 

   136   16.1   

 

Average total homogenization temperatures for CO2-H2O inclusions vary from 256 ºC in the 

Carey shear zone up to 390 ºC in the Cosmo lode with the majority of other lodes falling in 

the range between ~300 and 350 ºC consistent with Brown (2002). The salinity of the CO2-

H2O inclusions measured in this study ranges between ~3 and 5.5 wt % NaCl equiv., lower 

than average salinity obtained by Brown (2002; 8 to 9 wt % NaCl equiv.) 

 

 

7.6 P-T-X estimates 

Fluid inclusion isochores (P-T trajectories) were calculated for all CO2 and CO2-H2O 

inclusions studied and fluid compositions were estimated using Flincor (Brown and 

Hagemann, 1995). Results can be found in Fluid Inclusion Appendix – PTX data. Data from 

Brown (2002) was also entered and isochores were calculated and the range of this data 

compared was with that of the current study (Fig. 7.5). The upper group of isochores are 

calculated from the CO2-H2O inclusions and show distinctly steeper P-T gradients compared 
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to the CO2 inclusions. The calculated average pressure at 350 ºC is 300 MPa for this data 

set (blue line). Isochores calculated from the CO2 inclusions form a more restricted data 

set range with lower P-T gradients and have an average pressure of 130 MPa at 350 ºC. 

There is no overlap in the isochore data for the two fluid inclusion types calculated from this 

study, however, some of Brown’s data from the two different fluid inclusion types do 

coincide. 

 

Fig. 7.5. Fluid inclusion isochores calculated for CO2 and CO2-H2O inclusions from this study (range of 

data from Brown (2002) shown by the arrows). The average isochore for CO2 inclusions is shown in 

yellow and for CO2-H2O inclusion is shown in blue. The CO2 inclusions have fluid pressure values of 

approximately 0.4 CO2-H2O inclusions at 300 to 350 ºC. 

 

 

7.7 Fluid process implications and P-T-X modelling  

Several lines of evidence suggest that the interpretation by Brown (2002) for coeval 

entrapment of type 1, 2 and 3a inclusions may not be entirely correct, although phase 

separation is considered an important process in the formation of the Sunrise Dam gold 

deposit. The CO2 inclusions in several cases appear to postdate the CO2-H2O inclusions 

particularly in features that have experienced a protracted fluid history (e.g., quartz 

phenocrysts and deformed quartz veins; Figs. 7.2 and 7.4). Furthermore, CO2 inclusions are 

also the dominant type in many of the brittle fault related features that formed in D4 such as 

the laminated veins, stockworks and breccias. In addition the fluid inclusion P-T trajectories 

calculated in this study do not overlap between the two inclusion types. This therefore does 

Brown (2002) 
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not support coeval entrapment since the P-T conditions during entrapment should coincide. 

Brown (2002) suggests that the higher P-T conditions may reflect heterogeneous entrapment 

of CO2 and H2O fluids which is certainly a possibility, however, several of the CO2-H2O 

inclusion populations analysed in this study have very consistent phase ratios suggesting 

entrapment in the one phase field rather than under two phase conditions (i.e., 

unmixing/phase separation). Further issues with this model arise when considering the 

position of the CO2-H2O-NaCl solvus (boundary between the two phase field and one phase 

field) with respect to phase separation resulting from failure induced decompression as 

suggested by Brown (2002) and the abundance of CO2 rich fluids in the system (see below). 

 

There are therefore several alternative hypotheses for the observations: 

 

1) The CO2-H2O inclusions represent an early fluid phase trapped in the one phase field that 

unmixed resulting in variable CO2-H2O ratios within this population of inclusions, and then 

which subsequently underwent P-T changes in order to produce a late CO2 rich fluid (see 

below). 

 

2) The CO2 inclusions represent a separate fluid (mantle/magmatic?) unrelated to the CO2-

H2O inclusions. This hypothesis cannot be ruled out but would need to be tested through fluid 

source analytical techniques such as noble gases. 

 

3) The CO2 inclusions are the product of post-entrapment processes such as selective 

leaching of H2O (Bakker and Jansen, 1990; Hollister, 1990). This, however, seems unlikely 

since the CO2 inclusions appear to postdate the CO2-H2O inclusions and therefore the earlier 

inclusions would likely be subjected to post-entrapment processes. Furthermore, the 

consistency of the isochores for the CO2 inclusions does not support post-entrapment 

modification. 

 

The alternative scenario outlined in (1) is now further investigated. In this model an average 

composition for the early CO2-H2O-NaCl fluid inclusions is taken to represent the fluid 

trapped in the one phase field along the average P-T trajectories shown in Fig. 7.5 (~ XCO2 = 

0.11, XH2O = 0.87 and XNaCl = 0.02; see Fluid Inclusion Appendix – PTX data for detailed 

compositions). The majority of fluid inclusion homogenization temperatures recorded in this 

study for CO2-H2O inclusions range between ~300 and 350 ºC and at this temperature would 

have been trapped at ~ 250 to 300 MPa. Figure 7.6a shows the location of the CO2-

H2O±NaCl solvus for various compositions based on published estimates (Gehrig, 1980; 

Duan et al., 1995; Schmidt and Bodnar, 2000) and in Fig. 7.6b a broad solvus is drawn to 

represent the approximate location of the solvus for the average CO2-H2O fluid inclusion 

composition. The average isochores for CO2-H2O and CO2 inclusions are also located on the 

diagram. If the hypothesis stating that the CO2-H2O fluid was trapped in the one phase 

field (consistent with the location of the solvus in Fig. 7.6b) then a temperature decrease 

combined with a pressure drop is required to produce phase separation. A pressure drop 

alone would have to drop below the average recorded pressures for CO2 inclusions and in fact 

produce only limited volumes of CO2-rich fluid (~ 2 %; Fig. 7.6b). The temperature decrease 

could be achieved through following an average geothermal gradient path of 30 ºC/km and 

entering the two phase field without requiring major failure (Fig. 7.6c). Higher geothermal 

gradients on the order of 40 to 50ºC/km as suggested by Goscombe (2006) would likely 

promote this model further due to the greater shift in temperature per kilometre (i.e. intersect 

the solvus at a steeper angle). This would occur at lower pressures but still well above the 

average pressure recorded for CO2 inclusions, and within the range of CO2-H2O inclusions. 
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Phase separation under ambient P-T and stress conditions may in fact be an important 

factor in the onset of failure through possible volume expansion of fluid and changing 

physical wetting characteristics. Subsequent failure induced pressure drop will then result in 

the production of significant volumes of CO2-rich fluids formed through decompression of 

the phase separated fluid (based on PTX modelling using Duan et al., 1995; 

http://geotherm.ucsd.edu/geofluids/run_geofluids1.cgi). 

 

This model is broadly consistent with fluid overpressuring models for mesothermal gold 

deposits as proposed by Sibson (cf. Fig. 7.6d; Sibson et al., 1988; Sibson, 2003) and 

consistent with models of failure induced by fluid overpressure described in Section 6. The 

models require fluid pressures to approach or exceed lithostatic conditions. High fluid 

pressures are recorded in the CO2-H2O inclusions whereas the CO2 inclusions record much 

lower pressures (~ 0.4 of the CO2-H2O pressures). This variation is the approximate 

difference between lithostatic and hydrostatic pressure conditions (Fig. 7.6d). Therefore the 

pressure variation between the two inclusions types may reflect the two end member 

fluid conditions moving from early high fluid pressures around lithostatic to near 

hydrostatic conditions accompanying failure and production of the later CO2 dominant 

fluid in the brittle stockwork veins, breccias and faults. Sibson’s models also require 

cyclic build-up of fluid pressure through resealing of the system following failure and 

subsequent mineral precipitation. This is still achievable through the model presented here, 

the main difference being that the initial failure may have been induced by phase separation. 

One issue, however, is whether the subsequent build-up to lithostatic pressures occurs under 

conditions where the fluid exists in the two-phase or one phase field. Again due to the nature 

of the solvus the easiest way to re-enter the one phase field is through an increase in 

temperature. It is possible that conditions re-enter the one phase field since failure is thrust 

driven therefore deeper, hotter crust will likely be uplifted. Another possible driver for 

temperature fluctuations could be through local intrusive activity that is also likely to coincide 

with failure. Despite suggestions that the Sunrise Dam deposit has some similarities with 

epithermal deposits, the fluid inclusion data do not support such a link. 
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Fig. 7.6. A. Location of the CO2-H2O-NaCl solvus for fluid compositions commonly found in orogenic 

gold deposits (from Gehrig, 1980; Duan et al. 1995; Schmidt and Bodnar, 2000). B. Thick dashed line 

represents the position of the solus for the average CO2-H2O fluid inclusion composition at Sunrise Dam, 

and diagram illustrates how pressure decrease alone is unlikely to produce the characteristics of the CO2 

fluid inclusions. C. An alternative model for P-T-X path of the Sunrise Dam fluids involving phase 

separation prior to major failure, and production of CO2-dominant fluid through subsequent fluid 

pressure drops from near lithostatic conditions to approaching hydrostatic conditions (cf. Sibson, 2003; 

D). 
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8. The Geochemistry of Alteration and Ore lodes at the 

Sunrise Dam Gold Mine 
 

8.1 3D Spatial Modelling of Geochemistry 

8.1.1 Introduction 

The software package Leapfrog (www.leapfrog3d.com, Zaparo) was used to model the 

spatial distribution of gold and arsenic and relate these patterns to the major structures and ore 

lodes as provided in wireframes from the mine model.  Data was provided from Sunrise Dam 

in July 2006 and February 2007 and included: Drillhole data (collar, survey, assay, geology, 

structure and mineralogy) in datashed format, major wireframes of structures (e.g. sunrise 

shear), ore lodes (e.g. Cosmo flats) and the pit shell/stope models. The two drilling datasets 

contain 916457 (May-06) and 990442 (Feburary-07) assay point data.   

 

The aim of this model was to explore the broad spatial relationships of the geochemistry 

(Au/As) and the spatial relationships of the ore lodes. 

 

All leapfrog data in this section are plotted within the mine grid (N = 045
o
 True) to be 

consistent with the mine production datasets (wireframes and drilling), although key 

interpreted orientation data is given in both true grid and mine grid: the latter are in brackets.  

Logging and assay data was exported from datashed and wireframes where imported directly 

(.00t) or converted in FracSIS (datamine) to DXF files. 

 

The best way to view this dataset is via the Leapfrog program directly and for this reason the 

accompanying DVD contains the final SDGM leapfrog project.  An interactive presentation 

of this data will be made as part of the final reporting on-site. 

8.1.2 Statistical treatment and assay shells 

Based on the drilling data from July 2006 gold iso-surfaces where created in leapfrog using 

the standard isotropic fit as had been done before (Miller and Nugus, 2006).  While the high 

nugget value of the ore (i.e. grade is very inconsistent over extremely small distances) meant 

that much of the data was not captured correctly using this method it was good enough to 

distinguish large scale distribution and trends.  The same process was attempted using the 

drilling data provided by AGA/SDGM in February 2007 and the program continually failed to 

converge during the RBF fitting procedure.  Several different options where trialled without 

success. 

 

It is likely that the new drilling dataset contains many drill holes that overlap or cross closely 

to previous drilling.  In this case with data that is extremely nuggety such as the gold two 

values can potentially be located within short distance of each other but contain very different 

grade values (i.e. 10 vs 100 g/t).  Arsenic contains similar problems to gold for the new 

datasets. 

 

In order to reduce the quantity of data points to isosurface drilling data was isolated from the 

Cosmo lodes (using a domaining method).  Despite reducing the data to 36415 points it was 

still not possible to generate a valid gold isosurface, although it was possible to isosurface the 

arsenic. 
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In a second approach to this problem the Leapfrog Drillhole Compositing Utility was used to 

generate 5 meter composite assays for all drill holes in the database (that is the individual 

samples where averaged over 5 meter intervals).  This data could be used to successfully 

generate gold/arsenic shells. 

 

8.1.3 3D Grade Distribution and Structures 

By plotting the point data for 5 m composite samples (at > 1 g/t and > 5 g/t cut-off) major 

trends in the mineralization can be ascertained relative to the production wireframes. Figure 

8.1 shows the 5 m composite date for the Western shear zone and Watu ore lodes (5 g/t (blue) 

to > 20g/t (red)). 

 

Fig. 8.1. 5 m composite Au grade data for the Western Shear Zone (WSZ) and Watu ore lodes.  Blue is <5 

g/t and red > 20 g/t.  Plan view, with Sunrise shear zone (SSZ; transparent purple) and Dolly porphyry 

(green) 
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The Cosmo ore body 

For this example more detailed work has been completed with the Cosmo ore body data as a 

proof of concept about the usefulness of integrating the 3D spatial drilling data and structural 

observations. 

Fig. 8.2. Au assay data points (non-composite) for the Cosmo sub-domain showing key orientations in 

grade data. 

 

Using the Leapfrog sub-domain feature the Cosmo mine wire frames have been used to help 

construct a rectangular sub-domain.  The single point assay data has been extracted for this 

sub-domain and is plotted in plan view in Fig. 8.2. The dominant orientations obvious in this 

figure are approximately 025
o
 strike (340

o
 mine grid), with dips ~70

o
 SSE.  To quantify this 

observational interpretation the data was processed using constrained 3D variography 

(GoCad) and the best fit variogram was orientated 205
o
 (160

o
) and 70

o
 dip.  The spherical 

variogram parameters for this orientation include a range of 2000 and sill of 70 with a low 

nugget.  The good fit of data is likely to do with the well constrained orientation from the 

Leapfrog visualisation and the small limited extent dataset that exists within the sub-domain 

(includes 37500 points).  This orientation matches well with the observed auriferous veins 

measured underground (see this report) with the dominant plane striking 022
 o

 (157
o
) and 70

o 

dip. 

Cosmo sub -domain and 

assay point data (1 to > 

20 g/t Au)

Best fit variogram = 

strike 160 o and 70 o dip
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This exercise shows that the 3D spatial visualisation at the macro-scale, the geostatistics and 

the measurements at the vein scale all tie together to give the same grade orientations for the 

Cosmo lodes.  A combination of these techniques are very powerful in helping to constrain 

ore body geometries, grade controls, mine design and reserve calculations. 

 

8.2 3D PIMA Data 

8.2.1 Introduction to PIMA data and gold deposits 

PIMA (Portable Inferred Mass Analyser) has been used extensively in the Yilgarn, and 

recently has been used to help identify transitions in the chemical-fluid architecture that is 

related to gold mineralization (i.e. St Ives, Walshe & co-workers, MERIWA 358).  In 

particular the PIMA data can be used to infer the transition of sericite chemistry from 

Paragonite (2190nm), Muscovite (2200nm) and Phengite (2220nm).  Previous data 

(pmd*CRC & MERIWA, and others) indicates that the paragonite forms from acid fluids that 

form in the ambient reservoirs while phengite forms within the oxidised domains associated 

with neutral-alkaline, magmatic fluids (often associated with magnetite alteration).  In the St 

Ives and Kanowna Belle gold camps gold mineralization is often found at the gradient 

between low and high wavelength micas.  Other PIMA characteristics that can be used with 

PIMA that are of relevance to Yilgarn gold systems include XMg of chlorite and carbonate. 

 

PIMA spectra have been recorded and processed for all samples collected in this study, and 

there is also a large historical dataset from the mine area (3700 samples over 4 projects, refer 

to data for project names). The historical dataset has been compiled, processed and 

georeferenced and then added to the Leapfrog model.  The following section discusses some 

of the key features observed in the PIMA data from 3 areas of the mine (Sunrise shear zone, 

Western shear zone, and the Carey shear). 

8.2.2 The Carey shear zone 

PIMA data from the Sunrise Dam Deeps project was collected from 2 deep holes that were 

drilled through the Carey shear zone (CD827 & CD678W2). Figure 8.3 shows a view looking 

north of the mica PIMA wavelengths (low, blue to high, red).  The data shows a shift between 

low wavelengths above and high wavelengths below the Carey shear zone.  This shift to high 

wavelength micas below the Carey shear (and associated with some gold grades) is 

accompanied with intermediate- Mg-chlorite and logged chlorite-carbonate alteration.  This 

association is similar to the alteration observed proximal to porphyry intrusive bodies in 

the St Ives district. 

8.2.3 The Western shear zone 

A series of drill holes have been analysed through the Western shear zone orebody, above the 

Sunrise shear zone.  There is a range in mica wavelengths observed with a tendency for 

paragonite in the footwall, muscovite around the faults and a zone of high wavelength 

phengitic micas in the hangingwall (Fig.8.4).  The phengite zone, although defined in only a 

few drill holes, might actually form in a shallow, sunrise parallel, structure instead of steep 

Western shear zone parallel structures. 
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Fig. 8.3. AlOH wavelength as calculated from PIMA spectra for the Carey shear zone. Red = 2220 nm and 

blue = 2190 nm. 

 

 
 

Fig. 8.4. AlOH wavelengths for PIMA spectra in the Western shear zone (red wireframes) above the 

Sunrise shear zone (transparent purple). 
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8.2.4 Sunrise shear zone 

A series of transects through and along the Sunrise shear zone (Jenkins, 2003) show that the 

Sunrise shear zone is dominated by moderate-low wavelength micas with little shifts in the 

wavelength (Fig. 8.5).  Jenkins (2003) suggested that rather than shifts in wavelength the gold 

zones in the Sunrise shear zone where actually marked by a localised reduction of the 

intensity of the sericite. 

 

 

Fig. 8.5. View of PIMA data (wAlOH) through-out the Sunrise Shear Zone. 

8.4 Geochemistry of Alteration and Ore Bodies 

8.4.1 Mass Balance of Characterisation of Alteration and Ore Zones 

Whole Rock Geochemistry 

A total of 33 whole rock analyses were collected at Sunrise Dam in the G15 (22) and Y4/F6 

(11) projects.  The G15 samples have been analysed at Genalysis Perth using a 

comprehensive 57 element suite (including majors, traces, some REE’s and volatiles).  This 

data have been used to look at the whole rock classification, immobile element suites and 

alteration within the SDGM.  Individual samples have been analysed using the isocon method 

to characterise specific alteration and mass balances and this is presented in the following 

section. 

 

Plotting the Al2O3 vs TiO2 for the sample dataset shows that in the most part all samples of 

ore and associated alteration have a consistent Al/Ti, which indicates a consistent bulk 

composition (Fig.8.6a).  This is probably related to the fact the host rock sequence in most of 

Sunrise Dam are related to the 2715 Ma intermediate volcanic dome complex (intrusives, 

lavas, conglomerates, pyroclastics and sediments) and the overall bulk compositions are the 

same.  The porphyries however do have different Al/Ti showing that they have a different  
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geochemical providence.  Another common immobile element, Zr, is plotted against Al2O3 in  

Fig. 8.6B, and while this shows broadly the same consistent ratio there is more scatter.   
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Fig. 8.6. A) Al2O3 vs TiO2 and B) Al2O3 vs Zr for SGDM porphyry, lodes and wallrock samples in the G15 

project (circles, triangles)  and Y4 project (squares). 

 

The immobile elements can be used to ratio other elements in order to distinguish actual 

changes as opposed to relative changes related to dilution in the sample.  The shift in Al/Ti 

towards 0/0 (Fig. 8.6a) will represent progressive dilution by a component (i.e. mass/volume 

change). 
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Key alteration factors 

The constant Al/Ti but spread of data along the line towards 0,0 indicates a process that 

causes dilution of the immobile components.  Typically the diluting components include the 

volatile phases such as SO4 (sulphide/sulphate), CO2 (carbonate) and bulk LOI (indicated 

hydration that can be caused by phases such as sericite).  Carbonate is a commonly observed 

alteration product in the mine and so Fig.8.7a is a plot of Al2O3 vs CO2 to look for dilution by 

carbonate in the samples.  It can be seen that there is a strong trend to increased CO2 with 

diluted Al2O3 and this indicates that most samples are affected to vary degrees by carbonate 

alteration.  If this was calcite alone there would be a trend to the pure calcite composition at 

CO2 = 43 wt% (Al = 0). However the actual trend is shifted down from this.  Other diluting 

components might be interacting in the samples to cause the shift from the pure calcite trend, 

or else the carbonate alteration is dominated by other carbonate phases (e.g. dolomite).  Fig. 

8.7b is a plot of Al2O3 vs LOI (including the extra dataset).  Comparison between Figs. 8.7a 

and b shows that the bulk of the LOI is accounted for with CO2,  and other volatile species are 

minimal.  The carbonate alteration can account for some of the low-Si porphyry data and is 

explained further in a later section. 

 

Fig. 8.7. Plots of Al2O3 (as an immobile component) and A) CO2 (G15 data only) and B) LOI (loss on 

ignition, G15 & Y4). 
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The important aspect of this data is the strong mine-wide carbonate alteration which is 

observed and known about in other deposits in the EGF (i.e. MERIWA/Y4 work). 

 

The isocon method 

The isocon method is a visual approach to representing mass balances between two 

geochemical samples.  In effect the ratio of the geochemical components in two samples are 

plotted such that we can visually estimate which components have been enriched or depleted 

between the samples, and an estimate can be made of the mass increases or decreases that 

occurred during alteration (i.e. dilation or dissolution).  For a detailed explanation of the 

isocon method, including a worked example from Sunrise Dam, see the CPD short course 

material.  Isocon analysis of spatially constrained whole rock geochemistry samples can help 

to distinguish the key components that characterise the mineralization and alteration event, 

maybe helping to distinguish mineralised from un-mineralised structures or domains.  

Information and geochemical models developed at the mine-scale can also be used in 

exploration within the tenements and/or district. 

 

When an isocon diagram is plotted the visual best fit line through the immobile elements is 

called the isocon, and this is used to indicate whether mass has been lost or gained overall in 

the alteration process.  The slope of the isocon is the mass factor (Fm, ratio of altered to 

unaltered rock mass), where Fm > 1 indicates dilation and Fm < 1 indicates dissolution if 

comparing the altered and unaltered equivalents of the same lithology.  Figure 8.8 is an 

example of the key features of an isocon diagram showing the isocon drawn through Al, Ti, 

Zr and Y (the common immobile elements).  In this example the Fm value is 0.96 which 

means that the rock has a total mass loss value of 4% (Fm < 1, dissolution).  During the 

alteration Si is gained while Na and K are lost relative the fresh rock.  Also plotted on the 

diagram is the example for a theoretical quartz vein where the isocon lies along the Y-axis 

(assuming this is the altered rock) and the Si plots close to the X-axis.  The exact position 

depends on the amount of Si in the fresh rock. 
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Fig. 8.8.  Example of an isocon plot showing the scaled geochemical data and the fitted isocon plotted 

through the immobile elements (Al,Ti,Y and Zr).  See text for explanation of different features of these 

plots. 
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Fig. 8.9. Cartoon to illustrate overprinting alteration related to a vein and the possible geochemical 

samples (A, B and C) that might be analysed with the isocon method. 

 

Another aspect of the mass balance analysis to consider is the nature of the rocks that you are 

ratioing on the isocon plot.  Figure 8.9 shows a cartoon of an observed alteration system.  The 

breccia (A) is in the middle of an alteration halo (B) developed in fresh rock (C).  In this 

example it should be possible to analyse the system by comparing A/C and B/C.  However, in 

complex natural systems, especially systems with multiple hydrothermal events, it might 

prove that alteration B is an early event developed in C.  In this case B/C is a temporally 

separate event from A/C.  Also A develops as an alteration and brecciation of a pre-existing 

alteration halo, B, and so A/C will give results that are a combination of the total mass change 

over two hydrothermal events.  If we were to assume that A is a breccia vein, B is the 

alteration and C the fresh rock, by only analysing A and B without the precursor, C, it is 

difficult to distinguish between mass loss and gains as an element plotting in the lower half of 

an isocon of A vs B might be relatively enriched in A by addition directly or by mass loss 

from B.  We are required to have independent evidence to distinguish these processes. 

 

The isocon method has been applied to the G15 geochemical data in two ways: a) comparing 

between different ore body types (Groups I, II, III) to characterise the similarities and 

differences, and b) comparing the ore lodes and wallrock geochemistry to characterise some 

key alteration mass balances.  This information will help us to better define the chemical 

architecture as well as the types and nature of fluids responsible for alteration and 

mineralisation. 

 

In the following descriptive sections the sub-titles indicate whether the analysis is ratios of 

vein, alteration halo or fresh rock. 
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Group I ore bodies - Sunrise shear zone D3-laminated veins (breccia vein & footwall) 

 

 

Fig. 8.10. Isocon plot for the SSZ D3 breccia veins associated with the laminated quartz veins (see photo). 

Using two whole rock geochemical samples from the pmd*CRC Y4/F6 project dataset 

(analysis at JCU, 2005) an analysis was completed for “fresh” wallrock (pre-D3 altered) and 

D3 breccia vein associated with laminated veins in the SSZ ore body. The isocon (Fig. 8.10) 

plotted through Al, Ti and Zr shows significant mass gain in the breccia body with Fm = 1.18 

and a distinctive lack of elements plotting in the losses domain.  This indicates that the 

alteration associated with these veins/breccias is purely mass additive with little wall rock 

exchange taking place.  The main components added into the breccia vein include extreme 

Au, Ag, Pb, Te, moderate Sr, CaO, Rb, Sb, Cd and minor Ba, LOI, Na2O, La, Yb, and Ni.    
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Group II ore bodies - Summercloud breccia (vein & alteration halo) 

Two whole rock geochemical samples G15-35, 37 represent the altered wallrock and 

Summercloud breccia vein (this is a vein/halo example).  The isocon is shown in Fig. 8.11, 

and is based on Al, Ti and Y.  The dominant enrichment in the breccia vein includes As, Au, 

Mo, Ni, Sb, Pb, Bi, Te and Ba, and some SiO2.  The altered wallrock sample is enriched in 

CO2
 
 and Na, P, Sr and many of the REE’s.  Overall there is a 7% mass gain in the breccia 

relative to the wallrock, which is to be expected in dilatant structures.  SO4 is slightly 

enriched in the vein while CO2 is enriched in the wallrock, which probably explains the 

conservative LOI (Loss on ignition, or total volatile content).  The enrichment of SiO2 in the 

vein is a consequence of the quartz precipitation. 

 

Fig. 8.11. Isocon plot for the Summercloud vein versus wallrock samples. 

 

Overall the vein has a Au-As association with Bi-Te-Pb, while the wallrock alteration is 

dominated by carbonate-albite associated species such as Na, CO2, Sr and REE’s. 

Comparison of ore bodies 

There is not a suitable enough range of samples in this study to carry out vein-alteration-fresh 

rock analyses on all ore body groups (I, II, III and porphyry).  However, isocons have been 

used as a visual method to establish relative enrichments between samples from different ore 

body types within the Sunrise Dam sequence.  The problems and cautions outlines in Fig. 8.9 

should be considered when reading this section.  In particular there is no guarantee that the 

host rock is the same each case although the consistent Al/Ti ratios in the mine sequence at 

least indicate that this is less of a problem than in some geological settings. 
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The following results should be viewed as indicative of broad patterns only and should only 

be used in conjunction with follow up detailed alteration paragenesis and geochemistry. 

WSZ (I) & Cosmo (III) 

The steep dipping western shear zone lodes where compared with the Cosmo lodes, which 

also form an overall steep plunging geometry but with internal NE-SW striking Au vein sets.    

The isocon (Fig. 8.12) shows significant scatter as would be expected when the samples are 

not proximal to each other. The isocon as fitted through A;, Ti and Y has an approximate Fm 

value of 1.30 indicating 30% mass change between the samples (either mass gain in the 

Cosmo or mass loss in the Western shear zone).  Because of the scatter there is less 

confidence in interpreting the elements nearest to the isocon. Au, Mo, W and Na are relatively 

enriched in the WSZ while As, Bi, Sb, Ni, SO4 (Zn,Fe) are relatively enriched in the Cosmo.  

It should be reiterated though that the distinction between enrichment and depletion in the two 

samples can not be made because of the nature of this isocon plot. 

Fig. 8.12 Isocon comparison between the Cosmo and Western Shear Zone samples.  

 

 

WSZ (II) & Summercloud (II) 

Figure 8.13 is a comparative isocon plot between a two steep structures above the SSZ but 

with different orientations (and styles).  The WSZ trends NE while Summercloud trends more 

NNE (see structural descriptions in Chapter 1).  It can be seen from the plot that there is again 

a significant mass change component to the isocon (Fm = 0.78) and that almost none of the 

elements are enriched in the Summercloud samples relative to the WSZ, except SO4 and Zn.  

The WSZ enriched domain includes many of the carbonate related elements (Sr, CO2, Ca) and 

Au, Bi, Pb, As. 
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Fig. 8.13. Isocon comparison plot of the Summercloud and Western Shear Zone samples .  These are both 

steep ore bodies above the Sunrise Shear Zone. 

 

Porphyry hosted ore - Target 9 porphyry 

The Target 9 porphyry sampled from drill hole (SLD061, 330-341m) contains a symmetrical 

zonation of pink – green – grey from the margins to core of the porphyry (Fig. 8.14).  The 

core zone contains quartz vein-hosted gold (6.3 m@35.4 g/t).  Isocon comparison between the 

grey, core zone and the pink edge zone is presented in Fig. 8.15 with the isocon plotted 

through Al, Ti, Zr and Y.  This is an isocon plotted for two alteration zones (refer to 

introduction and examples) and hence the element patterns presented here are relative 

between the alteration.  The Au-rich, grey, core zone in the porphyry is enriched in As, Au, 

Te, SO4, Pb, Rb and W, K.  This element suite is similar to that enriched in the Summercloud 

ore body described above.  The pink coloured edge of the porphyry is enriched in Na, CO2, 

Ca, Mn, Sr and Fe, Mo.  These elements are all (except Mo) distinctive in their association 

with carbonate minerals and are also similar in part to the wallrock alteration described in the 

Summercloud system. 
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Fig. 8.14. Photo of the Target 9 porphyry core showing the pink edge zone and transition into the grey 

core zone with quartz veins and visible gold in vein cutting porphyry (see inset). 

Fig. 8.15. Isocon plot for the pink edge versus gold-rich, grey core zone of the Target 9 porphyry.  This is a 

good example of Na-CO2 wallrock alteration and Au-Te-As-Pb-SO4 gold zone alterations.  The PIMA 

spectra show a transition from higher to lower AlOH wavelengths across this zone. 
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8.3 Porphyry Geochemistry and Alteration 

8.3.1 Classification 

A total of 8 porphyry samples from intrusive within the mine sequence have been samples 

and analysed.  In order to help evaluate the linkages between the porphyries and the 

mineralization it is important to evaluate how these rocks fit with the regional Laverton and 

Eastern Goldfields data.  Using the classification criteria of Champion & Cassidy (2001) the 

SRDG porphyry data is plotted on a K2O vs Ce plot (green dots, Fig. 8.16).  It is found that 

the SDGM data fit very well in the High-Ca, low-LILE group, in particular the data have a 

strong affinity to the Beasley Well supersuite (grey dots in white squares Fig. 8.16), apart 

from some apparent K enrichment within the Target 9 porphyry data.  These rocks have been 

dated in the Laverton district at 2672±2 Ma (L. Black, AGSO, see Champion & Cassidy, 

2001), and this is consistent with the dates by Brown (2002) of 2674±3 for a porphyry 
within the SDGM. 

Fig. 8.16. Regional and SDGM porphyry (green) data on a granite classification diagram as defined by 

Champion & Cassidy (2002).  SDGM porphyries plot in the High-Ca, Low-LILE box and are the most 

similar to Beasley Well clan porphyries.  This matches with the 2674 Ma age dates for these rocks. 

 

8.3.2 Alteration of porphyries within the mine 

Using the observation from Fig. 8.7 that carbonate is a key alteration product within the mine 

site samples, Fig. 8.17 is a plot of the SDGM porphyry data with the regional Laverton data 

as SiO2 vs LOI (see relationship of LOI to CO2 described above).  

 

It can be seen that the SRD porphyries, some of the regional Beasley Clan and other High-Ca 

rocks follow the same carbonate (LOI) trend as within the mine.  While the argument can be 

made that the alteration is associated with the intrusion of these rocks, it is more likely that 
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the High-Ca (Beasley clan) having been intruded into the crust at ~2674 Ma have been 

subject to alteration from fluids associated with later intrusions, especially the syenite and/or 

low-Ca suite (2665-2655 Ma).  The progressive flowing of CO2-rich fluids and the carbonate 

alteration is similar to that observed proximal and associated with the Wallaby syenite.  

Although there is little evidence yet to conclusively source the CO2 responsible for the 

carbonate alteration, but there is a strong association of CO2 enrichment in the mine sequence 

and the presence of ubiquitous CO2-rich inclusions in almost all samples (see fluid inclusion 

chapter). 

 

Fig. 8.17. Regional porphyry data for the Laverton district (from Dave Champion, GA) showing the 

carbonate alteration vector with respect to LOI and SiO2.  SDGM porphyries appear to be among the 

most altered but there is also regional data that is similar in appearance. 

 

One of the important aspects of understanding this whole-rock data is that the apparent low 

SiO2 values for the porphyries in the mine are probably an artefact because of dilution and 

mass changes associated with the carbonation.  By projecting the data along the CO2 trend to 

a lower LOI/CO2 content (as might be expected for these rocks at the time of initial 

crystallisation) the apparent SiO2 value changes from as low as 65 wt% to between 75-80 

wt%.  This latter value is more akin to the bulk of the High-Ca suite. 
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9. The Role of Porphyries 
 

The presence of numerous bodies of felsic porphyry throughout Sunrise Dam has occasioned 

speculation about a genetic association between porphyries and gold mineralization (e.g. 

Brown et al., 2002). This section reviews previous evidence, and presents new data under 

three categories: Spatial Associations, Geochronology and Structure/ Alteration/ 

Mineralization Observations. 

 

9.1 Spatial Associations 

Within the Cleo and Sunrise shear zones (Group I ore bodies), porphyry bodies are observed 

sub-parallel to the shear zone margins, and the major Dolly porphyry is a sub-vertical feature 

vertically below the Western shear zone (Group II) under the Sunrise shear zone that merges 

into parallelism with the shear zone from below (Fig. 9.1). The two major lodes beneath the 

Sunrise shear zone, the Dolly and the Cosmo (Group III), are located respectively in the 

hangingwall and footwall of the Dolly porphyry. There is therefore a clear spatial association 

between porphyries and mineralization in Groups I, II and III ore bodies, and the Group IV 

ore body is within the Dolly porphyry itself. To the North of the major ore bodies, a porphyry 

with a distinctive zoned alteration pattern (red->grey-green->grey from outside to centre) is 

associated with mineralization at Target 9 (e.g. drill core SLD 061, 324-330 m).  

 

 
 

Fig. 9.1. Dolly porphyry in blue merging with Sunrise shear zone in gold.  
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9.2 Geochronology 

The following dating was carried out by Brown et al. (2002) in order to constrain the timing 

of gold mineralization and porphyries at Sunrise Dam. Fuchsite formed in the Sunrise shear 

zone according to Brown yielded an imprecise isochron age of 2667 ± 19 Ma. Pre-

mineralization rhyodacite porphyry dikes, which according to Brown postdate shear zone 

formation, contain zircons that crystallized at 2674 ± 3 Ma, which constrained the initial 

formation of the Sunrise shear zone to pre-2670 Ma. A molybdenite sample from a generation 

of quartz veins which crosscut the dikes yields an age of 2663 ± 11 Ma, statistically 

indistinguishable from the age of the dikes. Both dikes and molybdenite-bearing veins are 

crosscut by high-grade Western lodes ore, containing synore xenotime and monazite grains 

that constrain ore formation to 2654 ± 8 Ma. Brown therefore suggested that porphyry 

emplacement was significantly older than the Western lode mineralization (~10 Ma). These 

dates are summarised on Fig. 9.2 from Brown et al. (2002) 

 

 

Fig. 9.2. Summary of geochronology at Sunrise Dam from Brown et al. (2002). 

 

 

Mueller (2002) re-evaluated this data and noted that the U-Pb zircon analyses are from four 

separate dikes in drill holes CD-319 (716 m), CD-162 (297 m), SDD-303 (237 m), and SDD-

243 (225 m) and that if the mean of the concordant zircons is calculated separately for each 

individual porphyry sample, the ages are 2674±5, 2675±6, 2669±5, and 2677±6 Ma, 

respectively. This can be interpreted as suggesting that they intruded over a period of 10 

million years, from about 2667 to 2677 Ma. Mueller also notes that the xenotime dates are 

suspect. Two analyses appear to have drilled through the xenotime and give particularly 

young, probably biased 207Pb/206Pb ages of 2608±62 and 2617±104 Ma (2 sigma). In 

contrast, two spot analyses with the lowest analytical error yield 207Pb/206Pb ages of 

2662±18 and 2665±16 Ma, respectively. Brown et al. (2002) use all the Pb-Pb ratios (n=11) 

to calculate a weighted mean 207Pb/206Pb age of 2654±8 Ma. Mueller (2002) also reports 

another age of molybdenite from drill hole SDD-659 (114.8 m) that records an age of 2673±9 

Ma (run CT-196, AIRIE report to Placer Dome).  

 

Given Mueller’s re-evaluation of the age data it seems unlikely that Brown’s interpretation of 

the Western lode mineralization occurring substantially (~10Ma) later than the emplacement 
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of the porphyries holds true. Within the resolution of the age data presented the porphyries 

and mineralization occur broadly synchronous consistent with the structural timing suggested 

here. 

 

9.3 Structure/Alteration/Mineralization Observations 

The timing of some porphyry bodies can be constrained by direct structural observations. 

Figure 9.3 shows a patch of porphyry within the Sunrise shear zone, which has discordant 

margins to the sheared host rock, yet also has the S3/S4 fabric in the shear zone. This suggests 

a timing that is pre-syn D3. The same conclusion can be reached for the Dolly porphyry on 

that basis of its curvature into the Sunrise shear zone, given that it is deformed in the shear 

zone and cut by S3 fabrics rather than having such a primary intrusive geometry.  

 

 
 

Fig. 9.3. Patch of red porphyry within the Sunrise shear zone, North wall of pit, Station P5,  25-04-07. The 

shear fabric clearly cuts across the margin of the porphyry, although it is less intense within the porphyry, 

probably due to a lower proportion of mica.  

 

Some porphyries are associated with a distinctive red alteration (Fig. 9.4), which has some 

minor cpy-moly-Bi-Te±Au mineralization as described in section 8, but this does not appear 

to be economically significant. It may correspond to the molybdenite-bearing veins described 

and dated by Brown et al. (2002). This red alteration appears to postdate an earlier sericite 

alteration (Fig. 9.4). These observations suggest that at least some porphyries intruded after 

some sericite alteration, which is associated with gold mineralization. 
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Fig. 9.4. Red alteration associated with porphyry surrounds rounded clasts of sericitic alteration, 

suggesting that porphyry-associated alteration postdates some sericite alteration. Western wall of pit, 27-

04-07, station P4. 

In summary, the evidence from structural and alteration patterns shows that apparently similar 

felsic porphyries intruded before and during gold mineralization in D3 and possibly up to D4. 

 

9.4 Conclusions 

There are compelling spatial and temporal links between porphyry intrusion and 

mineralization. However, the fluid inclusion evidence does not suggest a localization of 

distinctive fluids associated with economically significant Au around the porphyries, and 

the alteration associated with mineralization (sericite/chlorite) is not related to the porphyries. 

Moreover, alteration that is due to the porphyries is not economically significant. 

 

There are at least three different explanations for this paradox. Firstly, the vertical 

coincidence of the Western shear zone over the Dolly porphyry suggests that both of them are 

localised on early structures, which could have provided hydrothermal fluid and magma 

pathways. Secondly, in view of the obvious solid state deformation of the porphyries, it is 

likely that they had a mechanical effect in localising deformation. This is suggested by the 

proximity of the Dolly and Cosmo lodes to the Dolly porphyry, and it is supported by the 

modelling results, which show deformation induced dilatancy in the positions of these lodes 

(section 6).  

 

A further intriguing aspect of the role of porphyries could be that their emplacement may 

have affected the thermal conditions in the system and may have played a role in one phase 

versus two phase conditions.  
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10. Conclusions and New Concepts for the Genesis of the 

Sunrise Dam Gold Deposit 
 

This report presents data on ore body geometry and structures, a deformation and 

mineralization history, dynamic and kinematic analyses, numerical modelling of deformation 

and fluid flow, and analysis of fluid systematics, geochemistry and alteration at Sunrise Dam 

gold mine. These complementary investigations contribute to a new understanding of the 

genesis of the deposit. The new concepts have important implications for mining the 

remaining resource at Sunrise Dam, as well as for regional exploration. We regard the results 

as hypotheses from an initial investigation, which require further testing to become robust 

geological models. 

 

10.1 Ore Body Geometry and Structures 

Ore bodies at Sunrise Dam can be divided into three groups: 

• Group I.  Ore bodies within gently-moderately NW dipping shear zones (Cleo 

shear zone, Margies/Placer/Ulu, Mako, Sunrise, Midway/GQ, Carey).  

• Group II.  Ore bodies within steeply dipping shear zones (Summercloud, Western 

Shear Zone, Predator, Watu).  

• Group III.  Ore bodies comprising steeply dipping stockwork zones (Dolly Lodes, 

Cosmo).  

• The Dolly porphyry lode consists of narrow quartz-sulphide veins in the Dolly 

porphyry, constituting a fourth type of ore body 

 

These three groups are arranged in a three dimensional architecture consisting of gently-

moderately NW dipping shear zones (Group I) separating steeply dipping shear zones (Group 

II, open pit) and stockwork zones (Group III, underground) around the Dolly porphyry. A 

critical feature of the architecture is the vertical alignment of ore bodies, geochemical 

anomalies and structures below and above the Sunrise shear zone. Group II ore bodies overlie 

Group III ore bodies and the Dolly porphyry. There is therefore no significant displacement of 

Group II and III ore bodies by Group I ore bodies. 

 

Group I ore bodies comprise mineralised shear zones with strong penetrative fabrics. Groups 

II and III ore bodies both contain veins in two dominant orientations: dipping gently-

moderately NW, and steeply W. Group II ore bodies are narrow and more discrete structures, 

with a far higher concentration of structures in a single orientation, than Group III ore bodies. 

 

10.2 Structural and Mineralization History 

Multiple episodes of deformation occurred at Sunrise Dam from the late Archean into the 

early Proterozoic. Many structures were created in the D1/D2 phases of deformation and have 

been repeatedly reactivated. Gold mineralization was associated with D1, D3 and D4 events, 

respectively forming generally low, moderate and high grade ore. 
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10.3 Dynamic and Kinematic Analysis 

Dynamic and kinematic analyses could be carried out for D3, D4, and D5 events, which were 

all strike slip stress fields with 2 steeply plunging. D3 and D5 were very similar in 

orientation with SE compression and NE tension; in D4 the compression and tension 

directions swapped. From D3 to D5 there is an increase in the similarity of the magnitudes of 

1 and 2, so that they are almost identical by D5. D4 stresses varied through the mine on the 

scale of individual ore bodies. However, the strains were much more uniform, consisting of a 

horizontal NNW extension and a vertical or ENE shortening. There is no systematic 

difference in stress with depth, and strains are consistent throughout the mine. This kinematic 

coherence allows some conclusions about ore bodies to be extrapolated from one part of the 

mine to others. 

 

Both steep and gently dipping structures were simultaneously reactivated in both events under 

high pore fluid pressures and relatively low differential stresses. 

 

10.4 Deformation and Fluid Flow 

Numerical models suggest that high pore fluid pressures are a pre-requisite for significant 

deformation at Sunrise Dam. High pore fluid pressures and deformation can be achieved if the 

Sunrise shear zone is relatively impermeable i.e. it acted as a seal. The models suggest that 

failure occurs in the positions of all ore bodies in both the main mineralising deformation 

events, D3 and D4. Areas of dilation and shear are focussed to the NE and SW of the Dolly 

porphyry, corresponding to the positions of the Group III ore bodies, and around the 

intersection of the porphyry with the Carey shear zone. The models predict tensile failure in 

the Dolly porphyry itself. The shear zones are also the locus of deformation and failure. 

 

10.5 Fluids, mineralization and alteration 

Two types of fluid inclusion are commonly found in ore bodies in the Sunrise Dam deposit, 

containing respectively mainly CO2 and a mixture of CO2 and water.  Average pressures 

calculated for CO2 inclusions at 350ºC are 130 MPa, significantly less than mixed inclusions 

(300 MPa at 350ºC). Textural evidence suggests that the CO2 inclusions may have been 

trapped later than the mixed inclusions. The CO2 fluids may have formed by phase separation 

from a mixed fluid parent, or they may represent a regional fluid phase.  

 

The Sunrise Dam hydrothermal system is driven by the interaction between vertical flow 

systems, dominated by broad carbonate alteration, and shallow dipping shear zones that acted 

as mechanical-hydrological seals.  There are multiple phases of mineralisation, but critically 

these appear to be broadly similar except the transition to more base metal, Te-rich 

mineralogy with time. The exact deposition process for the gold is still unknown, but large 

changes in pressure when the seals become breached likely had an influence. One possibility 

is phase separation, possibly initiated by exhumation at lithostatic conditions, followed by 

failure, which resulted in fluid pressures approaching hydrostatic conditions.  

 

Alternatively, fluid mixing can be considered. The broad zones of carbonate alteration, and 

the associated Na enrichment and high XCO2 fluids reported in the fluid inclusions (XCO2 > 

0.90), are consistent with a Na-CO2-(H2O) fluid discussed elsewhere in Yilgarn gold systems 

and suggested by Cleverley et al. (2006) for Sunrise Dam. There is a strong correlation 

between zones of Na-carbonate alteration, the passage of the Na-CO2 fluid and the more 
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prospective regions in the mine.  The ultimate source of this fluid is unknown.  It may have 

been derived by in-situ phase separation of a metamorphic water-salt rich parent fluid (as 

modelled in section 8), or it may have evolved from deep-seated syenite and/or mafic series 

intrusives (as suggested from evidence at places such as Wallaby and Kanowna Belle).  The 

location of the genetically Au-related intrusives at Sunrise Dam would most likely be deeper 

in the system close to the projected surface of the granitic dome (see GA regional 3D model, 

Y4 project).  Recent reactive transport models suggest that hydrothermal systems related to 

gold deposition can be driven by magmatic fluid and heat sources even when the magma is 

>10 km beneath the system.  The evidence for strong phengite and Mg-intermediate chlorite 

alteration beneath the Carey shear zone, similar to alteration developed proximal to 

porphyries in the St Ives Au camp, may indicate that that fertile porphyries (syenite/mafics) 

maybe intercepted in the deepest drilling. 

 

While the Na-CO2 fluid is an important part of the gold deposition process there is likely a 

requirement for a second fluid that mixes to drive most deposition.  Evidence in Cleverley et 

al. (2006) suggests that there is mineralogical evidence for a late evolved brine (with the 

sulfosalt, Te-rich assemblages), although no fluid inclusions where observed of this nature.  

Gradients in the mica chemistry (paragonite-phengite) are typically associated with gold-

bearing faults in other deposits, and there is clearly evidence of this process within some 

lodes at Sunrise Dam.  These gradients are probably driven by fluid mixing, but the nature 

and source of the second fluid is far from clear. 

 

10.6 Role of Porphyries 

Felsic porphyries are a distinctive feature at many scales throughout the Sunrise Dam deposit. 

The largest, most coherent porphyry, the Dolly, contains low-medium grade mineralization 

and has the underground Cosmo and Dolly lodes adjacent to it. The intrusions predate or are 

contemporaneous with D3 and D4 deformation and mineralization. There are thus close 

spatial and temporal associations between mineralization and porphyries.  

 

However, there is no direct link between fluid systems associated with porphyry intrusion and 

the major economic gold mineralization. The vertical coincidence of the Western shear zone 

over the Dolly porphyry suggests that both of them are localised on early structures, which 

could have provided hydrothermal fluid and magma pathways. The porphyries had a 

mechanical effect in localising deformation, as suggested by the modelling results, which 

show deformation-induced dilatancy in the positions of these lodes. A further possibility is 

that porphyry emplacement may have affected the thermal conditions in the system, and may 

have played a role in one versus two phase conditions. 

 

10.7 New Concepts for the genesis of the Sunrise Dam Gold Deposit 

We propose that the following factors were critical in the generation of the Sunrise Dam Gold 

Deposit: 

 

1. A deformation history of many distinct events with different stress and strain fields, 

which repeatedly reactivated early-formed structures. 

2. Dominant strike slip deformation conditions in the major mineralising events, which 

allowed vertical fluid flow on steeply dipping structures (Group II and III ore bodies) 

that were reactivated. 
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3. The existence of moderately-gently dipping structures (Group I ore bodies) that 

separated the vertical structures and allowed the development of high pore fluid 

pressures. 

4. Mechanical contrasts caused by porphyry intrusions and possibly heterogeneous host 

rock properties and contacts 

 

Fluid flow from depth most probably occurred along vertical structures (Fig. 10.1), which 

localised the intrusion of the Dolly porphyry. During D3, sinistral-reverse shear in Group I 

structures allowed fluid flow from the vertical source and mineralised the Sunrise shear zone, 

Cleo and possibly Carey shear zones.  

 

During D4, fluid pressures built up due to sealing in the Sunrise shear zone. This created the 

diffuse, stockwork style of mineralization in the Cosmo and Dolly Group III ore bodies, 

which were localised in the NE and SW quadrants of the Dolly porphyry by higher shear 

strains and resulting deformation-induced dilatancy. High pore fluid pressures allowed 

simultaneous movement on both gently and steeply dipping structures in these ore bodies. 

Episodic breaching of the Sunrise shear allowed more focused fluid flow into the Group II ore 

bodies, forming a more discrete style of mineralization compared to the stockworks, but with 

the same structural elements. Dextral strike-slip movement occurred on steeply dipping and 

gently-moderately dipping veins simultaneously, in a bulk strain field of N to NNW extension 

and NE to vertical shortening. Ore bodies were not significantly displaced because strains 

may have been relatively low.  

 

In the later stages of D4, the maximum principal stress rotated slightly and flat laminated 

veins, with locally high grades, became prominent. 

 

One uncertainty is the extent of down-dip fluid source. Fig. 10.2 suggests an additional fluid 

source that may have fed into the Sunrise shear zone, and an additional fluid focussing effect 

at the junctions of the Dolly and Sunrise shear zone. 
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Fig. 10.1. Fluid flow along vertical structures is ponded beneath gently-moderately dipping structures 

such as the Sunrise shear zone and other Group I ore bodies. The build-up of high pore fluid pressures 

created the stockwork style of mineralization in the Dolly and Cosmo lodes (Group II). Episodic rupture 

of these seals allows focussed fluid flow to create the more discrete ore bodies of Group III. 
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Fig. 10.2. Additional fluid sources may have fed Group I structures from down-dip. Fluid focussing at the 

junctions of steep structures with the footwalls of the Group I structures is suggested by numerical 

modelling . 
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11. Recommendations 

11.1 Mine-Scale targets 

• The Dolly porphyry has concentrated deformation around its NE and SW quadrants, 

which can be regarded as potential targets adjacent to the porphyry over its whole 

depth extent. Dolly and Cosmo lodes are in these positions, and may be analogous to 

each other. 

 

• The intersection of the Dolly porphyry with the Carey shear is a favoured site of 

dilation. 

 

• The Carey shear zone is a Group I structure of sufficient thickness to represent a 

resource similar to the Sunrise shear zone. 

 

• Cosmo/Dolly style lodes may be anticipated below the Carey shear, in positions 

approximately vertically below the Cosmo and Dolly lodes. The existence of vertical 

structures and possibly porphyries below the Carey shear is a prediction of 

vertical fluid flow hypothesised in this model. The existence of these needs to be 

tested by deep drilling. 

 

• Targets consisting of parts of the major lodes that have been separated by  post-

mineralization faults need to be investigated. One example is the Dolly 

mineralization, offset by late faulting to the south of the present lode. 

 

• Priority targets may exist at porphyry contacts and where strong dextral strike-slip 

kinematic indicators are observed with sericite alteration.  

 

11.2 Resource Models 

The stockwork character of the Group III ore bodies needs to be recognised as a major factor 

in resource evaluation and mining planning. A possible refinement of the enveloping shapes 

of these types of ore bodies could be achieved by analysing the shapes of the dilational areas 

from the numerical models. The match between the variography and the structural analysis 

for Cosmo is encouraging and could be extended to other ore bodies.  

 

It is recommended that a proper domain specific geostatistical approach is made using 

composited assay data before modelling in Leapfrog.  In this way variogram data can be used 

to constrain the shell generation during plotting.  AGA/SDGM has been in contact with 

Zaparo about using their expertise in modelling this data.  Alternatively the sub-domain data 

can be exported to GoCad for use in indicator and normal Kriging. 

 

Once variography data is generated for ore-bodies then this data can be used to constrain the 

Leapfrog modelling of Au and As iso-surfaces. 

 

11.3 Regional Exploration 

Reactivation and the existence of vertical permeability interrupted by gently-moderately 

dipping structures are key structural elements at Sunrise Dam. These need to be investigated 
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on a regional scale. It was not within the purview of the G15 project to analyse the structural 

setting of the deposit at a larger scale, but this is obviously the next important step for 

regional exploration, which may lead to an understanding of what created the structural 

complexity at Sunrise Dam. The use of regional geophysical data sets and the results of the 

Y4 project will be critical. 

 

The Porphyries appear to be a key factor in mineralization; a comprehensive porphyry data 

base is needed on a regional scale, that can be analysed by the tools used in this study: fluid 

systematics, geochemistry and alteration studies. 

 

Based on results at St Ives and in recent geophysical forward modelling of reactive transport 

results (Cleverley and Chopping, projects F6/A3), detailed gravity (<50m spacing) would 

probably help to detect vertical orientated carbonate pipes.  This coupled with the structural 

understanding, and simulations, as well as the spectral mineral mapping can be integrated to 

help with mine- and camp-scale and targeting. 

 

11.4 Future Research 

 

The fluid flow and mineralization models proposed need testing by further research. 

 

1) Additional structural analysis of new underground exposures. The structural database 

needs to be upgraded with all new observations made since this report has been completed. 

 

2) More detailed analysis of D4b structures. The dynamic analysis suggests that D4b is a 

different stress field from D4. Identification of additional D4b structures and their 

investigation may generate predictive capacity for these very high grade structures. 

 

3) Advanced Numerical Models. A limitation of the existing numerical models is that the 

kinematics of the D3 and D4 events were not precisely implemented. There are a number of 

technical difficulties in doing this but these can be overcome with further work. The results of 

the kinematic and dynamic analyses indicate that kinematic controls on the deformation are 

paramount; hence this additional modelling is likely to produce more accurate predictions. 

These models are very sensitive to the geometry of the shear zones and porphyries. The 

rudimentary state of knowledge of the Carey shear zone and the Dolly porphyry at depth are 

limitations on the results that could be overcome with more accurate models, which may also 

generate additional targets. 

 

4) Fluid systematics studies. The fluid inclusion study to date has highlighted some key 

processes in the genesis of the Sunrise Dam deposit that can be related to fluid overpressuring 

and failure. Further work is required to rigorously test the possible models and would include: 

• Wider sampling and analysis of fluid inclusions from other lodes and structures 

particularly in the Dolly region. 

• More detailed evaluation of the structural timing and paragenesis of fluid inclusion 

trails. 

• Detailed analysis of fluid inclusion chemistry using microanalytical techniques (some 

samples for initial PIXE work has commenced in collaboration with Joel Brugger). 

• Further modelling of PTX conditions to constrain fluid and structural history and 

integrate further with the numerical modelling studies. 

• Noble gas studies to assess the potential sources of CO2. 
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5) Alteration and Geochemical studies. 

• Detailed vein and alteration paragenesis based on mapping and petrology within key 

ore bodies.  This would help to unravel the complex overprinting relationships that 

exist in the deposit.  This type of work would be based on the style of mapping and 

alteration studies that have been undertaken in porphyry-epithermal systems, in 

particular the vertical zonation within the SDGM needs to be elucidated with some 

focused detailed work.  This will help in defining the level of current observation 

relative to a vertical zoned hydrothermal system (similar to prospectivity work in 

epithermal systems).  This type of work would probably be best suited to a masters or 

PhD level project, ideally as an embedded researcher based between the site/company 

offices and a research organisation. 

• Some focused alteration paragenesis work is required based on the new structural 

framework (and regional deformation framework).  This would include collecting 

samples for detailed isocon work within the different lode styles and structural 

localities.  The current G15 sample suite does not include the correct type of sampling 

for doing this style of work, hence an extension of this project would require better 

constrained sampling in the mine/drill core dataset.   

• There is a need to get previous geochemical datasets into a 3D database format to help 

with the interpretation of the spatial relationships;  Leapfrog is an easy format but this 

needs to be exported back to the primary mine format.  There might be a requirement 

for mine-based personnel to be involved with the archiving and conversion of all pre-

existing datasets into 3D spatial format.  This would be of critical importance in the 

understanding of the current ore-body, future tenement exploration and process 

understanding.  It would be good to work with the GA/Y4 project group about this 

type of data management. 

• Using the regional datasets for the granite chemistry, investigate the locations of the 

High-Ca suite samples with the highest LOI (CO2) values.  These may indicate that 

they form part of a carbonate-dominant hydrothermal system (such as SDGM). 

• From this work it would seem that there is a broad carbonate alteration event with 

enriched Na, CO2, Ca, Mn, Sr and this contains discrete structures (especially when 

above key shear zones) that are enriched in Au, As, Te, Pb ± Mo, Ni.  These element 

associations can be looked for in the regional and tenement datasets where available 

(i.e. Golden Delicious prospect). 

 

6) Regional structural and tectonic studies. The setting of Sunrise Dam in a regional context 

needs to be understood through regional structural studies and geophysical datasets. Existing 

prospects should be analysed through autocorrelation and related to structure. 
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12. CPD Courses Delivered  
 

A total of courses were delivered at AngloGold Ashanti’s mine exploration offices. Each 

course lasted approximately one hour (they were held at midday) and was attended by 5 to 20 

AngloGold staff. Informal feedback suggested that the courses were of interest, and they 

stimulated some discussion.  

 

Title Lecturer Date 2006 

Intrusion-related Gold deposits Tim Baker April 

Fluid Inclusion Analysis Tim Baker April 

Strike-slip tectonics Tom Blenkinsop April 

Fault slip analysis Tom Blenkinsop April 

Stress and Strain Tom Blenkinsop April 

Principles of Numerical Modelling John McLellan April 

Applications of Numerical Modelling John McLellan April 

Introduction to Structural Geology Tom Blenkinsop November 

Veins Tom Blenkinsop November 

Fluids and Alteration James Cleverely November 

 

 

 

13. Software developed in this project 
 

1. FLAC fish function for determining the pore fluid pressure required for failure at any 

point in the 3D FLAC model 

2. Spreadsheet for : 

1. Calculating angles between measured lineations and planes 

2. Correcting lineations to lie within planes by assuming that lineations have correct 

plunges 

3. Calculating corrected pitches 
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