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Introduction and aims 
The Economic Geology Research Centre (EGRU) at JCU, with support from Evolution 

Mining, has been working on the development of a mineralisation/exploration model for the 
high-sulphidation Au-Ag-Cu-base metal deposit at Mt Carlton. The deposit has been strongly 
influenced by structures, and accurate structural data is, therefore, important in developing the 
correct exploration concepts. The structural data is also of use for geotechnical purposes and 
pit design. 

In 2015, JCU intended to collect structural data from the V2 and A39 pits with the use of 
post-graduate students. For various reasons that work did not get completed and Prof. Paul 
Dirks has taken on the task to collect the structural data instead.  Between October 2015 and 
September 2016 Prof. Paul Dirks mapped the main structures as exposed in the V2 and A39 
pits as well as surface outcrop in the nearby Herbert Creek East prospect. Note that as a result 
of on-going mining operations, the outcrop patterns in V2 pit, as presented in this report, have 
changed. However the main conclusions regarding the geological history of the pit remain 
unchanged. 

The aims of the work presented in this report are as follows: 

1. To map* the main structures (and associated deformation features) in the pits including:  
- the low-angle shear zones that have dismembered the stratigraphy;  
- E-W-trending, strike-slip faults;  
- the dykes; 
- the vein and breccia systems associated with mineralisation. 

  
* note that detailed maps of the pits exist, and are kept up to date for the V2 pit, but such maps do not 

clearly show the large-scale through-going structures (except for the dykes).  

 
2. To identify and describe the critical deformation features associated with each 

deformation phase so that these structures can be more easily identified in the field and 
in drill core. 

 
3. To establish the relative timing of the structural events, including the timing of 

mineralisation/alteration relative to deformation and sedimentation. 
  

4. Establish the kinematics on the faults including:  
- displacement directions based on mineral lineations on the shear zones / faults;  
- displacement sense based on shear sense indicators, block rotations and displaced 

markers; 
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- amount of displacement across the fault zones. In the absence of marker beds, this 
is difficult to achieve, because of the brittle nature of the faults (i.e. there is no 
intrinsic relationship between fault width and displacement). 

 
5. Link the structures in A39 and V2 pits to build a larger-scale structural framework that 

can be used in the development of a regional exploration model. 
 

The outputs of this work include: 

1. An updated deformation scheme for the deposit;  
2. An updated pit map for V2 and A39 pits, which serves as a basis for all geological 

models developed for the Mt Carlton deposit (and nearby mineral occurrences); 
3. Overview maps of A39 and V2 that show the principle through-going structures 

affecting both pits and the deposit, which will be of use in the construction of long 
sections; 

4. Observations on the geometry and origin of the mineralisation which help explain the 
different mineralisation styles in A39 and V2 pits, and which are important in 
understanding the regional distribution of the ore; 

5. Suggestions for long sections through the pits. 
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2.  MAIN CONCLUSIONS 

2.1  Exploration 

2.1.1  Stratigraphy 
1. Mineralization  formed early during rifting and occurred concomitant with deposition of 

volcano-sedimentary units in graben and half-graben systems that affect the porphyritic 
rhyodacite (i.e. mineralization is syn-D1) 

2. The main lithostratigraphic units identified in V2, can largely also be found in A39, but the 
tectonic dismemberment of stratigraphic units appears more extreme within a major shear 
system that transects the SW corner of A39. 

3. Units mapped as rhyodacite affected by advanced argillic alteration can be subdivided into 
at least three major lithological entities: 1. porphyritic rhyodacite; 2. flow-banded 
rhyodacite; 3. A volcanoclastic-sedimentary sequence that includes laminated mudstone, 
siltstone, quartz sandstone and grit (with coal fragments and localised coal seams), and 
various volcanoclastic units (agglomerate, tuff, fragmental tuff) many of which are quartz-
bearing.  

4. The volcanoclastic-sedimentary sequence affected by advanced argillic alteration has 
generally been logged and mapped as Upper Rhyodacite, but appears to comprise a wide 
range of lithologies with varied lithogeochemistry (i.e. compositions range from basalt to 
rhyolite). 

5. Within areas previously mapped as Lower and Upper Rhyodacite, layering in flow-banded 
rhyodacite appears conformable with the overlying sedimentary units. Note that this 
relationship is not obvious due to the intensity of advanced argillic alteration, but it can be 
clearly seen along the lower benches in the E and S face of A39, and is also clearly exposed 
along the SW slopes of Telstra Hill and in the upper benches in the NW corner of V2 pit.  

6. The basement granites in Herbert Creek, west of the camp, intrude into a basal andesite 
unit, which has the same appearance as Z andesite. 

2.1.2  Mineralisation and Alteration 
1. The mineralization in A39 occurs largely within the volcano-sedimentary package 

overlying the porphyritic rhyodacite units, with some mineralization extending into the 
rhyodacite. In V2, mineralization is concentrated in the porphyritic rhyodacite, with some 
mineralization occurring in the volcano-sedimentary package in the W part of the pit. 
Mineralisation in Herbert Creek East occurs in andesite above the Lower Rhyodacite unit. 

2. The stratigraphic units and mineralized zone exposed in A39 are continuous with similar 
units in the sump area in the west of V2 pit. There does not appear to be a major structure 
between the two pits, although D1 and D2 shear zones with estimated maximum 
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displacements of up to several 10’s of meters have affected the continuity of the sequence 
in this area somewhat. 

3. Mineralisation was contemporaneous with sedimentation, and it appears that the area 
between V2 and A39 represents the top of the mineralizing system, where hydrothermal 
fluids were venting into a (presumably shallow) lake system, possibly bounded by early 
(D1) normal faults. 

4. Fracture systems rich in base metals underlie the vent systems in the sedimentary cover to 
the rhyodacite. In V2 pit, going east, one moves deeper into the stratigraphy, and hence 
deeper into the mineralizing system (with resulting metal and alteration zonation). In A39 
pit, mineralization occurs along the interface of the porphyritic rhyodacite and the overlying 
sedimentary units with the axis of mineralization (SW plunging) broadly occurring along 
the intersection line between SW dipping primary layering and NE trending steep feeder 
fractures.  

5. The mineralized fractures in A39 exposed in the rhyodacite underlying the main ore zone 
are consistent in orientation with the mineralised fracture systems in V2; i.e. there has been 
no differential block rotation of rhyodacite blocks with advanced argillic alteration between 
V2 and A39 pits.  

6. Mineralised fractures in V2 and A39 pits consist of fracture stock works with an overall 
NE trend on 50 m scale that formed in E-W extension. On a larger scale these NE trending 
fracture zones appear to lie within an E-W trending structural envelope. 

7. Mineralization formed during a D1 rifting event. D1 faulting resulted in irregular 
topography above the lower rhyodacite units (that were rifted). The graben structure had 
complex geometries and formed as full and half-grabens in response to extension (in both 
E-W and N-S directions) along D1 faults with a variety of different strike orientations 
(including E-W and NE trending D1 structures). Mineralized fluids may have used D1 faults 
during their ascent. 

8. Argillic alteration observed in tectono-stratigraphic units overlying the porphyritic (i.e. 
quartz-eye) rhyodacite unit (with advanced argillic alteration) in V2 is probably not related 
to mineralization, but rather represents regional alteration. 

2.1.3  Structure 
1. In both A39 and V2 pits primary layering dips generally moderately (25-45 degrees) W to 

SW as a result of block rotation above variably oriented shear zones (of both D1 and D2 
origin; but mostly D2). The average orientation of layering in A39 and V2 pits is 230/40 
and horizontal, respectively.  

2. Differential rotation of bedding planes above D2 shear zones has resulted in apparent 
folding during D2 around a shallowly S-plunging axis with an estimated orientation of 
180/25. 
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3. The mineralized zones are faulted and displaced as a result of later extensional deformation 
events (mainly E-W directed, top to the E faulting during D2). 

4. D1 and D2 structures and mineralization formed in an E-W extensional stress field, as part 
of a progressive series of events leading to the opening of the proto-Bowen basin allowing 
accommodation space for the Lizzie Creek volcanics. These events occurred between 286-
276Ma. 

5. During D2 extensional deformation, the movement direction across the first-order 
extensional detachment faults is top (or hanging wall) to the E in both the V2 and A39 pits. 
This means that some of the W-dipping shear zones that formed along the top of the 
Advanced Argillic Alteration zones record top-to-the-E thrust movements in A39 pit, 
whereas in V2 pit, these same shear zones record top-to-the-E normal movement.  

6. The ore bodies in A39 and V2 pits were probably affected by both a westward rotational 
movement above a basal detachment, and a translational movement (i.e. top to the E) above 
the detachment as a result of extension. The amount of translational movement is hard to 
assess. If the movement directions as shown in V2 and A39 pits, translate to a similar 
kinematic framework at a larger scale, then the root zones to the mineralization are expected 
to be to the west of the current V2 pit. 

7. For exploration purposes, displacement vectors linked to post-mineralisation deformation 
must be applied in combination with vectors obtained from alteration and metal zonation 
studies. 

2.2  Pit Design 
1. The first-order D2 extensional deformation zones divide V2 pit into 5 tectono-stratigraphic 

units, each characterized by its own lithologies, alteration, bedding orientations and 
structural trends. They are truncated by a 6th domain which is a late volcanic vent.  

2. These 6 domains can be used as the principle design domains in developing the pit in future. 
3. It would be useful to systematically collect geological data for each of the domains 

including: 2nd and 3rd order structures; associated joint sets, bedding plane orientations, 
rock-strength data etc. 

 2.3  Reserve Estimation 
1. High-grade mineralized zones appear to be related to breccia pockets (at <10m scale) along 

the intersections of mineralized fracture zones. Mineralized fractures occur in a range of 
orientations (NNE, NE, NW and E trending), and therefore high-grade ore zones occur in 
a range of orientations as well. Drilling is likely to miss some mineralized fractures and 
high-grade pockets resulting in an under-estimate of the extent and grade of high-grade ore 
zones. 

2. This will not affect the low-grade envelope associated with disseminated sulphide 
mineralization.   
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3. A SUMMARY OF THE DEFORMATION SEQUENCE AT 
MT CARLTON 
Based on the mapping of A39 and V2 pits, a sequence of deformation events was developed 

from overprinting structures and is summarized in the simple deformation scheme presented 
below.  

Many of the overprinting structures are similar in appearance (i.e. they are mostly brittle to 
brittle-ductile structures associated with low-grade alteration), and can only be differentiated 
with confidence if they overprint one-another (e.g. faults that contain two separate lineations 
with a radically different movement sense, or dykes cutting through shear zones). It can be hard 
to allocate a fault plane or joint seen in isolation to any particular deformation event, based on 
its gross-appearance alone. It is, therefore, important to follow structures along strike until a 
critical overprinting relationship can be observed.  

In this study we have taken the approach to map in large-scale structures first and use these 
structures to develop a geometric framework. In this context, large-scale structures (or first-
order structures) are structures that can be traced across the entire pit.  

Once a framework of first-order structures is in place, it is easier to link individual structures 
along benches to this framework, and assess their relative timing of formation. Thus, a 
deformation scheme has been developed. Following the summary of the deformation scheme, 
we will present critical overprinting relationships in support of the deformation sequence, and 
illustrate the nature of the most important structures, so that they can be more easily recognised 
in the field and perhaps in drill core. 

Deformation Sequence: 
D1:  High-angle normal faulting in response to both E-W and N-S extension. 

- Growth faulting, and (half-)graben formation with localised sediment fill. 
- Au-base metal mineralisation is early syn-rifting, with mineralisation possibly 

developing along rift faults. In the bottom of A39 pit, mineralisation occurs in 
spatial association with a 20 m scale D1 rift structure truncated by a D2 shear zone; 
elsewhere (e.g. in W face of V2), D1 structures appear to off-set mineralisation.  

- Growth-faulting characterises the volcano-sedimentary sequence, and 
sedimentation is syn-rifting. Sedimentation of finely laminated mud and sand 
occurred during mineralisation, with vents (fumaroles?) opening in shallow lakes. 
Sedimentation continued after mineralisation.  

 
D2:  Normal faulting along low-angle (i.e. partly layer-parallel) detachment faults and high-

angle antithetic normal faults, in response to E-W extension. 
- D2 faults truncate and displace the ore bodies and break up the stratigraphy. 



8 
 

- No syn-deformational sedimentation has been observed in association with D2 
structures. 

- Deformation occurred within a similar E-W extensional stress-field as D1 
(mineralisation), but probably at greater depth. 

 
D3:  High-angle normal faulting in response to N-S extension 

- Partial reactivation of D1 and D2 faults 
- Judging from the gross-distribution of lithological units (basement granite to the N; 

thickening volcano-sedimentary pile to the S with deepening of basement), the 
overall sense of movement related to these faults is probably S-down, resulting in 
an overall shallow, southerly tilt of the layering. 

- Mafic dykes are emplaced at various stages during D3 (no dykes have been observed 
that are clearly displaced by D3 shears, but some dykes contain L3 lineations). Many 
dykes appear to intrude older (D1 and D2) faults, and “steps” in stratigraphy can be 
observed when crossing dykes. 

 
D4:  Strike-slip faulting along dyke margins 

- Predominantly dextral displacement along clay-rich margins of dykes, but sinistral 
movements have also been observed (probably reflecting a long, multi-staged 
history) 

- Relatively small displacements (<20m) 
- Shears characterised by 1-5cm wide, grey, clay zones 

 
D5:   Emplacement of WNW trending dykes 

 
Notes: 

- No compressional structures have been observed. 
- D1 was preceded by the deposition of a lower, porphyritic andesite unit and the 

lower, porphyritic rhyodacite unit.  
- The granitic basement intruded a basal andesite unit that looks like the basal 

andesite unit encountered in drill core. This differs from the accepted view that the 
Z andesite was deposited on top of the basement, however, the basement granite 
may be a complex mix of older and younger intrusive units. 

- The deposits around Mt Carlton occur along the N margin of a large caldera 
structure that formed around the same time.  
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4. GEOLOGIC SETTING OF THE MT CARLTON DEPOSIT 

4.1 Regional Geology 
The Bowen Basin is a NE-trending intracontinental basin in eastern Queensland. It formed 

as part of the New England Orogen during the Early Permian to Middle Triassic, and shows 
evidence for a complex and polyphase tectonic evolution (Donchak et al., 2013, and references 
therein). Backarc rifting in the Bowen Basin was initiated in the Early Permian, resulting in a 
series of isolated graben and half graben basins infilled with volcanic and sedimentary rocks 
(Hutton et al., 1999; Esterle et al., 2002; Korsch et al., 2009). The Lizzie Creek Volcanic Group 
formed during this stage. Sediments belonging to this group form the principal host of 
mineralization in the northern Bowen Basin. Thermal relaxation took over as the dominant 
mechanism of subsidence in the Middle Permian. This led to widespread transgression and 
deposition of marine, coastal plain and carbonate sedimentary units (e.g. the Back Creek Group 
and Tiverton Formation; Malone et al., 1969; Esterle et al., 2002; Allen & Fielding, 2007; 
Korsch & Totterdell, 2009). The thermal relaxation stage was abruptly terminated in the Late 
Permian, when progressively inland-stepping orogenic fronts formed during the ~265-235 Ma 
Hunter-Bowen Orogeny (Donchak et al., 2013, and references therein). This caused foreland 
loading, tectonic inversion and the development of a foreland basin. The foreland basin stage 
involved voluminous deposition of terrestrial sediments (e.g. the Blackwater Group) and coal 
measures until the Bowen Basin closed in the Middle Triassic (Fielding et al., 1990; Fergusson, 
1991; Holcombe et al., 1997; Esterle et al., 2002). 

4.2 Stratigraphy and Deformation Sequence at Mt Carlton 
The basement in the northern Bowen Basin consists of fine- to medium-grained, I-type 

granitoids belonging to the Urannah Batholith (297-294 Ma; Corral et al., 2017) that also 
outcrop along the eastern margin of the basin. At Mt Carlton, the granite basement (Unit 1) is 
overlain by a volcano-sedimentary sequence belonging to the Early Permian Lizzie Creek 
Volcanic Group (288-276 Ma; Corral et al., 2017). From bottom to top, the Lizzie Creek 
sequence comprises: fine-grained porphyritic andesite; massive and locally flow banded 
porphyritic rhyodacite; well-bedded fragmental rhyodacite lapilli tuffs with interbedded 
lacustrine sediment; massively bedded dacite tuff; fragmental to agglomeritic dacite; 
fragmental to agglomeritic andesite and minor andesite lava; water-laid sediments with local 
coal seams; and a trachytic dacite unit forming the top of the sequence. Mineralization at Mt 
Carlton is hosted partly in the massive rhyodacite porphyry and partly in the overlying volcano-
lacustrine sediments.  

The Mt Carlton deposit has experienced five stages of extensional deformation. 
Hydrothermal alteration and subsequent epithermal mineralization occurred during a stage of 
rifting with associated high-angle normal faulting in response to both E-W and N-S extension 
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(D1). Mineralization was controlled by steep normal faults and fracture networks related to the 
rifting, and occurred partly contemporaneously with volcanism and deposition of volcanic 
sediments into local graben and half graben basins. Continued E-W extension after 
mineralization provided rapid burial of the Mt Carlton deposit beneath a volcano-sedimentary 
cover. It also caused the development of a series of low-angle (and locally layer-parallel) 
detachment faults, which have rotated and displaced the stratigraphy and the ore zones at Mt 
Carlton (D2). High-angle normal faulting in response to N-S extension and emplacement of E-
W trending basaltic dykes into the normal faults (D3) was followed by dominantly dextral 
strike-slip faulting along the dyke margins (D4). A final stage involving emplacement of 
WNW-trending basaltic dykes (D5) completes the deformation sequence at Mt Carlton. 

4.3 Mineral Paragenesis 

Stage 1: Hydrothermal alteration 
The volcano-sedimentary host rocks at Mt Carlton are extensively hydrothermally altered. 

Stage 1A of the paragenetic sequence comprises a suite of magmatic-hydrothermal alteration 
assemblages that are zoned outward, away from fluid conduits as follows: silicic (vuggy + 
massive + hydrothermal breccia)  quartz-alunite  quartz-dickite-kaolinite. This alteration 
halo envelops mineralization in massive rhyodacite porphyry and overlying volcano-lacustrine 
sediments. Within the silicic cores, Stage 1A alteration is crosscut by a slightly younger stage 
of magmatic-steam alunite occurring in veins and as void fill (Stage 1B). Stage 1A alteration 
in the granite basement comprises chlorite and illite occurring in veinlets and as replacements 
of pre-existing phenocrysts of feldspar, biotite and hornblende.  

Stage 2 & 3: Hydrothermal mineralization and void fill  
Proximal Au-Cu mineralization in the V2 pit occurs in networks of steep veins, fractures and 

hydrothermal breccia bodies in the rhyodacite porphyry. Three major ore zones (Eastern, 
Western and Link) are aligned in an en echelon fashion along an E-W trending corridor. The 
Eastern and Link ore zones terminate in the V2 pit, whereas the Western ore zone continues 
along ~600 meters strike length to the SW into the A39 pit. From proximal to distal, the 
Western ore zone shows a metal zonation of: Au-Cu  Cu-Zn-Pb-Ag  Ag-Pb-(Cu)  Ag. 
Distal Ag mineralization in the A39 pit occurs in the volcano-lacustrine sediments, in a 
stratiform position parallel to primary sedimentary layering.  

Mineralization at Mt Carlton developed in three stages (Stages 2A-C). The initial Stage 2A 
mineralization is the most voluminous event, and comprises a high-sulfidation mineral 
assemblage dominated by enargite with additional pyrite, luzonite, fahlores of variable 
tennantite-tetrahedrite-goldfieldite compositions, electrum, chalcopyrite, bornite, sphalerite, 
galena, argyrodite, pearceite-polybasite group minerals, a yet uncharacterized analogue to 
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aguilarite and cervelleite [Ag4TeSe], and barite. Stage 2A mineralization is associated with 
silicic alteration of the wall rocks. 

Stage 2A mineralization is crosscut by a younger intermediate-sulfidation mineral 
assemblage dominated by sphalerite (Stage 2B) with variable amounts of galena, pyrite, 
electrum, fahlores of variable tennantite-tetrahedrite-goldfieldite compositions, chalcopyrite, 
bornite and barite. 

Stage 2C is a minor event that overprints Stage 2B mineralization. The mineral assemblage 
is of intermediate-sulfidation state and is dominated by tennantite that forms anhedral masses 
with variable amounts of luzonite, chalcopyrite, galena, electrum, aggregates of intergrown 
hessite and petzite, and barite. A late stage of dickite and pyrite (Stage 3) is prevalent at Mt 
Carlton and occurs in veins and as void fill overprinting Stage 2 mineralization.  

Stage 4 & 5: Syn-tectonic alteration and supergene oxidation  
Pervasive illite-montmorillonite ± red hematite alteration with local syn-tectonic gypsum 

veins developed regionally during D2 (Stage 4). A final episode of supergene alteration at Mt 
Carlton affected the upper ~50 m of the deposit and resulted in the local development of 
secondary covellite, chalcocite and malachite on Cu-bearing minerals such as enargite, luzonite 
and bornite, particularly along fractures within the minerals (Stage 5). 
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5. THE MAIN LITHOLOGICAL DOMAINS IN  
A39 AND V2 PITS 
A series of shallowly E dipping, low-angle normal faults of D2 origin divide the volcano-

sedimentary package exposed in the A39 and V2 pits into at least 7 distinct domains (which 
locally incorporate earlier D1 faults), each with characteristic lithologies, alteration patterns, 
internal structure (antithetic faults, joint sets, bedding planes) and orientation of primary 
layering (Figure 1). All domains are affected by both E and W dipping normal faults and 
associated joint patterns, which connect the bounding shear zones along the upper and lower 
contacts of each domain. In V2 pit these tectono-sedimentary domains have been truncated by 
a later volcanic vent with associated alteration and marginal fracture patterns, named domain 
6 (Figure 1). 

 

 

Figure 1.  Major shear zone bounded lithological domains in the A39 and V2 pits (September2016). 
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From stratigraphic base to top the 7 domains are: 

1. Rocks displaying silicic, advanced argillic alteration including: 
- Domain 1a: porphyritic rhyodacite, both massive and flow-banded (Figures 4A, B). 

These rocks are silicic and locally mineralised. Mineralised zones are highly 
fractured. 

- Domain 1b: a volcano-sedimentary sequence that includes laminated mudstone, 
siltstone, quartz sandstone and grit (Figures 3A, B; with coal fragments and 
localized coal seams), and various volcanoclastic units (agglomerates, tuffs, 
fragmental tuffs) many of which are quartz bearing. Because of intense alteration 
and mineralization this unit has been variably identified as part of the Upper 
Rhyodacites (in A39) or Lower Rhyodacites (in V2). 

 
2. Domain 2 rocks comprise layered volcanoclastic units interbedded with sediment including 

carbonaceous shale, agglomerate and (rhyo-) dacitic fragmental tuff affected by argillic 
alteration (unit is also commonly mapped as part of the Upper Rhyodacite). In A39, the 
outcrop of rocks assigned to this domain is not readily accessible. An interesting fact is that 
the unit contained a complete tree trunk (1 m long, 40cm diameter) of silicified coal 
(Figures 3C, D; 4 C). Rocks in this domain may represent the less-altered (i.e. argillicly 
altered) equivalent of rocks in Domain 1b. 

 
3. Rocks in Domain 3 comprise a massive dacitic unit which contains large (<1.5m), rounded 

boulders of similar dacitic and andesitic material, as well as smaller angular fragments in a 
matrix with abundant porphyritic feldspar and lesser quartz eyes (which locally gets coarse-
grained with grain diameters up to 5mm; Figures 4E, F). It is locally interbedded with finer 
grained volcaniclastic units and some sediment. Rocks in Domain 3 are commonly mapped 
and logged as part of the Upper Rhyodacite. This unit can be foliated, and has undergone 
argillic alteration. In V2 Domain 3 includes dacitic to rhyodacitic fragmental tuffaceous 
units that are massively bedded and contain abundant flat lying gypsum veins in the N-wall 
above stage 1 and 2 mineralisation (Figures 4D). These volcaniclastic units and 
agglomerates are collectively referred to as Domain 3a. 

 
In A39 Domain 3 rocks have been expanded with a conglomerate-sandstone unit (which 
has the appearance of Domain 5 rocks; Figure 3F), but occurs out of place in terms of its 
stratigraphic position, and an andesitic/dacitic tuffaceous unit with numerous green and red, 
angular clasts (generally <2 cm in size) including elongated fragments with frayed ends 
reminiscent of glass shards (Figure 3E), making this a possible ignimbrite unit. These two 
relatively competent units have been grouped as Domain 3b. 
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4. Rocks in Domain 4 comprise fragmental to agglomeratic andesite (the V-andesite). This 
unit is generally highly sheared and altered and has a red colouration due to extensive 
haematite alteration. Anastomosing fault zones within the unit envelop less deformed 
domains as well as large boulders (Figures 3G, H; 4G, H). The rocks in this domain vary 
greatly in thickness as a result of intense shearing. 

 
5. Rocks in Domain 5 consist of well-bedded volcanoclastic and clastic sediments (including 

coal seams) and have been divided into two subdomains: 
- Domain 5a is restricted to V2 pit and consists of water-laid clastic sediments with 

few volcaniclastic beds. The unit contains coal seams and a distinct, polymict 
conglomerate bed rich in rounded granitic boulders, which acts as a marker horizon 
(Figure 2). 

- Domain 5b is restricted to the SW corner of A39 pit and consists of relatively 
quartz-poor, well-bedded volcanoclastic beds including fragmental tuffs, 
ignimbrite-like layers and ash falls of various grain size (Figures 3I, J; 4I, J).  

Rocks of Domain 5 in both A39 and V2 are cut by numerous secondary faults that: a) either 
cut the stratigraphy at a high angle and merge with the low-angle detachment at the base of 
the unit; or b) run parallel to bedding and merge with high-angle antithetic normal faults. 

Note that a lens of conglomerate-sandstone included in Domain 3b in A39 pit (Figure 3F), 
has the composition and appearance of Domain 5a sediments in V2 pit. However, this 
conglomerate occurs in the footwall of the main shear zone recognised in both pits, and can 
therefore not be correlated easily with sediment higher in the stratigraphic pile. 

6. Domain 6 comprises a volcanic vent exposed in V2 pit (Figures 4K, L). It is a highly altered 
(argillic) and jointed unit that includes at least two vent facies: a) a weakly layered (flat 
layering) boulder-rich tuffaceous unit; and b) a porphyritic rhyolite lava (very similar in 
appearance to the surrounding rhyodacite) with well-developed columnar jointing. The vent 
is surrounded by a ~5m wide heavily jointed and altered marginal zone, which affects the 
quality of the rock mass in the surrounding porphyritic rhyodacite. 

 
7. Domain 7 is restricted to the NW corner of A39 pit and consists of massive andesitic lava 

with some clasts that are mostly <8cm in diameter with characteristically diffuse clast 
boundaries (Figure 3K). Close to major shear zones, this unit can be highly fragmented 
(with jig-saw breccia development; Figure 3L) with extensive alteration around fractures 
giving it a spotted appearance.   

Apart from these 7 domains there are also the mafic dykes that affect the overall behaviour 
of the rock mass in the pits. 
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Figure 2. Stratigraphy of the upper sedimentary unit exposed in domain 5 (Figure 1). 
(Compiled by B. Pierna from drill core: HC16DD-1159, -1175, -1179, 1180, - 1182) 

 

Many of the units encountered in the various lithological domains show a discontinuous 
distribution for several reasons: 

• They were deposited in restricted fault bounded basins. This especially affects rocks in 
Domains 2 and 3 at the base of the sequence directly overlying the rhyodacite. 

• They are of volcanic origin, with deposition taking place over a potentially limited area.  
• D1 and especially D2 deformation have broken up the stratigraphy. 

 
The tectono-stratigraphic domains defined in Figure 1 are characterised by different 

alteration assemblages. The rocks in Domain 1 are dominated by porphyritic rhyodacite (with 
various textural variations ranging from massive, to flow-banded and tuffaceous) and include 
sediments. They are affected by advanced argillic alteration, with a high degree of silicification 
and localised sulphide mineralisation as the main characteristics. These rocks are competent 
and they form prominent hills of silicic rock where they are exposed on surface. 

In contrast, the rocks of Domains 2 to 7 (Figures 1, 3, 4) show a high degree of clay alteration, 
especially within the volcanic units (dacite and andesite), referred to as argillic alteration. It 
appears to be generally assumed that the argillic alteration in Domains 2-7 (Fig. 1) represents 
a distal signature of the same alteration that formed in association with the mineralisation event. 



16 
 

Outcrop in V2 suggests that the rocks in Domains 2-7 were, in part at least, deposited after the 
mineralisation events, and that the observed argillic alteration in these units, therefore, cannot 
be linked simply to mineralisation. 

It was noted that during the initial mapping units have been mapped and logged based on 
their alteration appearance; i.e. silicic units with quartz eyes have been mapped as Upper or 
Lower Rhyodacite irrespective of whether they formed as intrusive, volcanic or sedimentary 
rocks. Thus, altered units, especially those mapped as Upper Rhyodacite, comprise a large 
variety of rock types (a fact confirmed by the lithogeochemistry results). 

 

A. Domain 1b: laminated mudstone in mineralised 
breccia 

B. Domain 1b: silicified quartz-rich sediment with graded 
bedding 

C. Domain 2: volcanoclastic sediments (agglomerate 
containing tree trunk) 

D. Domain 2: volcanoclastic sediments, agglomerate 
from which tree trunk has been removed 

E. Domain 3a: andesitic tuff (possible ignimbrite) F. Domain 3b: sandstone with graded bedding 

Figure 3. Examples of lithological units in A39 pit that are characteristic for each tectono-stratigraphic domain 
identified in Figure 1. (Figure 3 continued on the following page.) 
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G. Domain 4: sheared andesitic agglomerate 
(haematitic) 

H. Domain 4: sheared fragmental andesite. 

I. Domain 5: well-bedded volcanoclastic sediments  J. Domain 5:as in I. Domain 5: well-bedded 
volcanoclastic sediments (close-up). Note large ‘bomb’ 
at the base of the volcanoclastic layer. 

K. Domain 7: massive andesite lava with rounded clasts 
that have diffuse boundaries  

L: Domain 6; fragmented and altered massive andesite 
lava  

Figure 3 continued: Examples of lithological units in A39 pit that are characteristic for each tectono-stratigraphic 
domain identified in Figure 1.  
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A. Domain 1a: porphyritic rhyodacite (Rd) B. Domain 1a: porphyritic rhyodacite (mineralised) 
 

C. Domain 2: volcaniclastic sediments (graded tuff beds) D. Domain 3a: massive dacitic/andesitic unit with 
abundant gypsum veins 
 

E. Domain 3a: dacitic agglomerate  F. Domain 3a: dacitic agglomerate  
 
 
Figure 4.  Examples of lithological units in the V2 pit that are characteristic for each tectono-stratigraphic domain identified 
in Figure 1.   (Figure 4 continues on the following page.) 
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G. Domain 4: sheared fragmental andesite (V-andesite) H. Domain 4: sheared fragmental andesite with rounded 
boulders (V-andesite) 
 

I. Domain 5: clastic sediments  J. Domain 5: clastic sediments (polymict conglomerate) 
 

K. Domain 6; porphyrytic rhyodacite lava (right) and weakly 
layered boulder  unit (left in vent  

L. Domain 6; porphyrytic rhyodacite lava with columnar 
jointing 
 

 
Figure 4. (continued from previous page)  Examples of lithological units in the V2 pit that are characteristic for each 
tectono-stratigraphic domain identified in Figure 1.  
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6. D1 DEFORMATION EVENTS: NORMAL FAULTING,  
SEDIMENTATION AND MINERALISATION 
The main observations and conclusions are as follows:  

1. Basement granite intruded into a lower andesite unit, exposed along Herbert Creek, W 
of the camp. This andesite unit looks like the Lower Andesite (or Z Andesite) in outcrop. 
However, note that the Z Andesite has been interpreted to be younger than the basement 
granite.  

2. The basal granite and basal andesite are laterally extensive and appear to pre-date D1 
events observed in A39 and V2 pits. 

3. High-angle normal faulting involving growth faults, graben and half-graben structures 
occurred during deposition of the volcanic-sedimentary rocks that characterise Domains 
1b-7 in Figure 1. Based on the few D1 shears preserved in A39 and V2 pits (e.g. Figures 
5-8), D1 rifting probably occurred along a block like pattern in response to both E-W 
(the principle extension direction) and N-S extension. 

4. NW, NE and E-W trending D1 normal faults have been observed in the pits (Figures 5-
8), creating a topography of discontinuous graben-like structures atop the Lower 
Rhyodacite unit. These graben structures were infilled with sediments and 
volcanoclastics. 

5. Mineralisation occurred in various discrete zones within the pits along roughly NNE to 
NE trends (trend of high-grade ore) within a roughly E-W to ENE trending corridor 
(envelope to low-grade mineralisation). The fracture patterns in rhyodacite, associated 
with mineralisation in A39, are indistinguishable in terms of average orientation and 
kinematics, when compared to the fracture patterns associated with mineralisation in V2 
pit.  

6. Mineralisation is associated with a network of normal faults indicative of E-W extension 
with σ1 vertical.  

7. In A39, mineralisation is concentrated in a sedimentary sequence overlying the 
porphyritic rhyodacite and is strongly enriched in Ag, Zn and Pb, with lesser Au and Cu. 
This sedimentary sequence contains coal fragments and coal seams (now strongly 
sheared as a result of D2) and extends into the W part of V2 pit. 

8. The principle NE trending structures along which mineralisation formed, may also 
represent the root zones to high-angle normal faults that accommodated rifting and 
sedimentation near surface (Figure 6). In V2 high-grade gold mineralisation occurs 
along NE trending, steeply NW dipping structures. In A39 and the W parts of V2 (upper 
parts of cut 3 and sump and clay pit areas, Figures 6, 8) mineralisation is concentrated 
along the interface between flow-banded rhyodacite and overlying sediments. 
Mineralisation plunges to the SW along the bedding surface and approximately parallels 
the intersection line between the W to SW dipping bedding planes and the steeply NE 
trending mineralised fracture systems in the rhyodacite. 
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9. Mineralisation in A39 is associated with a number of features that suggest that, at times, 
mineralised zones were exposed on surface, and sediment was accumulating within the 
fractures and vents where mineralisation formed. These features include: 1). pyrite 
grains and fragments embedded in graded sandstone within the mineralised zones; 2). 
spherulitic pyrite grains possibly indicative of rapid growth and fluid mixing (i.e. 
outflow of hydrothermal fluids in lake water); 3). infill of mineralised fractures with 
sand and finely laminated muds, which were subsequently invaded by chert and pyrite 
alteration; 4). extensive brecciation of sedimentary and rhyodacitic units. 

10. Thus, the area between A39 and V2 (the area around the sump in V2) has been 
interpreted as the top of the mineralisation system, which was active during D1, and 
occurred contemporaneous with rifting and sedimentation. Vents below which the 
mineralisation accumulated occurred in shallow lakes, which had developed along rifts, 
with nearby volcanoes supplying detrital material. 

 

A. 

B. 

B
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Figure 5.  (558662-7757954 Sept 2016 for A., Oct 2014 for B.).  
A. W-wall of A39 pit. Box shows the position of Figure 5B. in the mineralised lower benches of the pit.  
B. Graben structures in Ag-rich mineralised sediment of Domain 1b. Fractures dip 135/41 (main fracture 
and 056/38). This graben structure has been truncated by a D2 thrust fault that bounds to top of the 
mineralised zone (as shown in Figure 18). 

 

 

B 

Figure 6.  (55920-7758250 Oct 2014). Half-graben structure visible in the west wall above Stage 1. This 
structure was bounded to the SE by a NNE trending steeply W dipping fracture zone, which is mineralised and 
coincides/merges with the mineralised fracture system exposed in Stage 1. The graben is infilled with 
fragmental andesite, and agglomaritic dacite with argillic alteration. These units were still visible (in May 2016) 
along the SW wall above Stage 3 (as shown in Figure 8).This outcrop illustrates that sedimentation and argillic 
alteration occurred after mineralisation as part of progressive D1 events, with mineralisation occurring early 
during D1, and further graben development and sedimentation occurring after that.. 
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A 

Figure 7.  Faulted contact in NW 
corner of V2 pit (5588923 – 7758301, 
May 2016). 
 
Massive porphyritic rhyodacite (with 
dispersed angular fragments up to 1 cm 
in size) that is silicic with advanced 
argillic alteration is juxtaposed across 
an E-W trending, normal fault (S = 
183/70), with a strongly foliated dacitic 
unit that is clay-rich as a result of 
argillic alteration. 
 
The dacitic unit contains large angular 
blocks of layered volcaniclastic 
(dacitic) tuff with graded bedding. 
These blocks only occur near the 
margin of the fault zone. The matrix 
dacite is strongly foliated. 
 
A shallowly S-dipping, shear, truncates 
the normal fault at the top. This shear 
continues into the dacitic unit (and 
forms the upper contact with the 
mineralised rhyodacite). 
 
Interpretation: 
1. The steep normal fault represents an 
early (D1) normal fault that was active 
during deposition of the dacite. The 
blocks, slumped off the side of the fault 
and dropped into the dacitic unit, 
which filled up local basins created due 
to rifting. 
2. The D1 fault is truncated by a low 
angle (D2) normal fault which 
continues into the dacitic unit where it 
also forms a fabric. 
3. The dacitic unit was deposited on top 
of the mineralised rhyodacite 
 

B 

C 
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A 

Figure. 8.  (Figure 8 B is included on the following page). 
A. WSW section of V2 pit above stage 3 mineralisation (30/5/2016 - viewed from viewing area looking SW). NE trending D1 normal faults with NW-block down, movement sense 
displace the mineralised zone. However, the amount of displacement varies within the stratigraphy overlying the mineralised zones (as shown in B on the following page.) suggesting 
that mineralisation, sedimentation and rifting were contemporaneous. Note the dome-shaped mineralised zone in the central upper bench, seemingly positioned above the main 
mineralisation in cut 3. This dome of silicic alteration overprints the volcano-sedimentary sequence in the area and probably formed later than the main mineralised zone that appeared 
to have been rifted before sediments were laid on top (as explained in Figure 8B). Drill holes RH16DD1216 and RH16DD1218 go through these mineralised zones. They show strongly 
brecciated ore zones described in more detail below, underlain by veins rich in sphalerite and galena. These base metal veins commonly have sheared margins and are shown as thick 
purple lines. 

 

B
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B 

Figure. 8.  (Figure 8 A is included on the previous page). 
B. Illustration showing the geology in the inset as it appeared in May 2016. 
Mineralised porphyritic rhyodacite (blue) is faulted and overlain by a silicic, massive silicified unit that is not mineralised. The contact is generally sharp, with no shear along the 
contact. The faults that offset mineralisation, generally do not continue in the overlying unit, but appear part of the mineralised fracture system.  
 
Interpretation 1: The un-mineralised silicified unit could be a strongly altered volcanic unit that was deposited on top of mineralisation, as the mineralised zones were being rifted during 
D1. As sedimentation continued, later episodes of mineralisation continued (e.g. giving rise to the domal feature above B.) 
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7. D2 DEFORMATION EVENTS:  LOW ANGLE NORMAL  
FAULTING, DISPLACEMENT OF MINERALISATION 
The main observations and conclusions are as follows:  

1. D2 structures are characterised by an anastomosing network of faults that facilitate a top-
to-the-E sense of movement. As a general rule, first order D2 faults in V2 dip E at low 
to intermediate angles and record a top-to-the E normal sense of movement across 
shallowly E plunging lineations, commonly with a sinistral component of slip. In A39 
the main D2 structures either dip in a S direction with a shallow E-W lineation and record 
a sinistral-normal sense of movement, or they dip more westerly (SW to W) with a more 
steeply pitching lineation recording thrust movements, commonly with a sinistral 
component as well. The thrusts form the bounding surface in the hanging wall of the ore 
body.  Second order D2 faults in A39 and V2 dip E or W at an intermediate to high angle, 
record a normal sense of movement and merge with low-angle shears to form an 
anastomosing pattern of shears.   

2. Fault kinematics on D2 shear zones are indicative of E-W extension with σ1 steeply 
plunging to vertical. 

3. The network of D2 shears envelops large blocks of intact rock (i.e. many lithological 
contacts are D2 shear zones). These blocks are commonly (back-) rotated across the D2 
shear zones as top-to-the E, sinistral motion occurred. As a result of this back rotation 
bedding planes in A39 (where visible) mostly dip 20-40 degrees W, although SE dips 
also occur reflecting fold-like geometries around a shallowly S plunging axis. A W dip 
for layering is also common in V2 pit, but the variability of orientations is greater.  

4. This W dip of layering in A39, and the conformable nature of the contact between Lower 
Rhyodacite and overlying sediments (Domains 1a and 1b in figure 1) explains why the 
depth of the rhyodacite as encountered in drill core changes to greater depths across A39 
pit going from E to W. No normal fault or off the dome sliding is required to explain 
this structure in cross section. 

5. The main D2 fault structure in A39 pit is a 20-50m wide fracture zone, largely positioned 
within andesitic volcaniclastic units and agglomerate. In the SW corner of A39 pit, this 
zone is associated with a mega-breccia in which 2-50m large blocks of variable 
lithologies occur as displaced fragments within a highly foliated, strained clay-rich 
matrix of sheared andesitic material. Haematite staining is common in this shear zone, 
giving the zone a reddish appearance in places. Massive andesite lava blocks 
incorporated within this shear zone, or occurring near the margins of the shear zone are 
extensively fractured, commonly involving two near-orthogonal fracture sets, one 
trending N-S the other E-W, with fluid infiltration and alteration common along the 
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fractures. Breccia formation and fracturing in A39 is most intense where several large 
D2 shear zones converge. 

6. The width of major D2 shear zones can vary greatly along strike from less than 20 cm to 
>15m for what appears to be the same zone. Where shears are ‘lubricated’ by ductile 
lithologies such as coal seams, they appear to be narrower. 

7. D2 shear zones are associated with abundant clay alteration and may develop S-C like 
structures providing shear sense indicators. Many of these shear zones have been 
reactivated along more discrete, slickensided striated fractures, probably during later 
events. 

8. Off sets along the major D2 detachment faults are likely to be large (>100 m). 
9. D2 fault zones truncate and off-set mineralisation; in A39 this is clearly demonstrated 

with a W dipping thrust that developed along a coal seam, with carbonaceous material 
smeared along the thrust plane. This thrust forms the upper contact of mineralisation. 

10. D2 fault zones truncate most lithological units in the area; e.g. along Herbert Creek, 
below Telstra Hill, the lower contact of flow-banded rhyodacite assigned to Lower 
Rhodacite in which flow banding dips 30-40 degrees W, comes within 5m of basement 
granite (the exact contact is not exposed). The lower andesite appears absent in this area, 
and drill core suggests the presence of a major shear zone along the contact; i.e. the 
lower contact of the Lower Rhyodacite in this area is probably a major D2 structure that 
facilitated large-scale block rotation of the rhyodacite unit in its hanging wall. 

11. D2 faults are common in drill core and the architecture of the volcano-sedimentary pile 
will be determined by the geometry of these shear zones. 

D2 fault zones in V2 pit 
Figure 9 presents a range of D2 fault zones in V2 pit that vary in character depending on size 

and host lithology. As a general rule shallowly E-dipping, low-angle, 1st order fault zones tend 
to parallel primary layering in the footwall lithologies and truncate bedding in hanging wall 
lithologies, with rotation of fault blocks in the hanging wall. These shears can be up to 0.5-1 m 
in width with damage zones (e.g. Figure 9D) and drag folding (e.g. Figure 9A) extending for 
up to 10m in the adjacent lithological domains.  

2nd order D2 faults accommodate displacements of the order of 10-40m and act as connecting 
fault surfaces between 1st order faults. Their orientation is variable but they generally dip at 
moderate to steep angles (both to the E and W). They typically intersect bedding at high angles 
and are 5-15 cm in width. They are characterised by a damage zone of parallel fractures that 
are interconnected and a central highly sheared seam, mostly only several cm-wide, in which 
cataclasite (in silicic, competent lithologies) or an S-C type fabric (in clay-rich, altered volcanic 
lithologies) has developed. Narrow carbonate veins commonly occur along these faults.   

Connecting the 2nd order faults, are 3rd order faults that typically occur in orientations near-
parallel to primary layering. Off-sets along such faults are relatively small (<10m), and damage 
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zones are narrow (<3 cm). In many places 2nd and 3rd order faults are narrow and can be hard 
to spot. 

 

A. 559193-7758029 Oct 2014: D2 shear zone below 
sedimentary unit in S wall of the V2 pit (boundary 
domains 4 & 5 in Fig. 1). Note, large-scale drag fold 
above the shear zone, indicative of normal movement. 

B. 559420-7758092 May 2016: D2 shear zone in 
sedimentary unit in SW corner of the V2 pit (the fault is 
antithetic [2nd order] to main shear along the boundary 
domains 4 & 5 in Fig. 1). Note, carbonaceous material 
has been dragged along this fracture zone, which is 8-15 
cm wide and decorated by thin carbonate veins 
 

C. 559193-7758029 Sept 2015: clay-rich D2 shear zone 
below sedimentary unit in S wall of pit (boundary 
domains 4 & 5 in Fig. 1). Note: S-C fabric indicative of 
normal movement. 

D. 559255-7758102 Oct 2014: upper andesite, below 
sheared contact with sediments (boundary domains 4 & 
5 in Fig. 1). Large boulders (and low strain domains) in 
andesite are enveloped by a network of D2 shears. 
 

E. 559132-7758038 May 2016: upper andesite, below 
sheared contact with sediments (boundary domains 4 & 
5 in Fig. 1). Large boulders (and low strain domains) in 
andesite are enveloped by a network of D2 shears. 

F. 559251-7758395 May 2016: upper andesite, below 
sheared contact with sediments (boundary domains 4 & 
5 in Fig. 1). Large boulders (and low strain domains) in 
andesite are enveloped by a network of D2 shears. 
 

Figure 9.  Examples of D2 shear zones in V2 pit.  (Figure 9 continued on following pages.) 
 



29 
 

I. 559291-7758266 May 2016:10-15 cm wide, clay-rich 
D2 shear zone below andesitic unit (boundary domains 3b 
& 4 in Fig. 1). Preserves S-C fabric indicative of normal 
movement. 

J. 559286-7758241Oct 2014:10-15 cm wide, clay-rich 
D2 shear zone below andesitic unit (boundary domains 3b 
& 4 in Fig. 1). Note S-C fabric indicative of normal 
movement. 
 

K. 559006-7758100 May 2016: 20 cm wide, D2 shear 
zone in clay-rich, foliated agglomeratic dacite along 
boundary of domains 1 & 3a in Fig. 1 in W-wall of V2 
pit.  Note S-C fabric indicative of normal movement. 

L. 559325-7758085 May 2016: 0.6 m wide, D2 shear 
zone/cataclasite zone within porphyritic rhyodacite. This 
shear consists of a series of narrow, brittle fractures that 
anastomose, and a 5-10 cm wide cataclasite zone down 
the core of the fault. This D2 fracture  truncates 
mineralised D1 fractures. 
 

M. 559325-7758085 May 2016: close-up of L.  N. 559228-7758205 May 2016: 5 cm wide, D2 shear 
zone/cataclasite zone along boundary of domains 1 & 2b 
in Fig. 1. The shear zone above the hammer truncates a 
mineralised D1 fracture. 
 

Figure 9. Examples of D2 shear zones in V2 pit.   
(continued from previous page and continues on following page.) 
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O. 559040-7758400 May 2016: low-angle D2 fracture 
zones within porphyritic rhyodacite. This shear is 
characterised by a 5-10 cm wide cataclasite zone down 
the core of the fault This fracture is truncated by the vent 
(Domain 6). 

P. 558931-7758285 May 2016: intersection of two D2 
fracture zones within porphyritic rhyodacite. This shear 
consists of a series of narrow, brittle fractures that 
anastomose, and a 5 cm wide cataclasite zone down the 
core of the fault. The D2 fractures truncate and off set 
mineralised D1 fractures. 
 

Q. 2m wide, D2 shear zone along the contact between 
basement gneiss and lower andesite in drill core from V2 
pit (core: HC08DD022-375.3-377m) 
 

R. Close-up of D2 shear zone along the contact between 
basement gneiss and lower andesite. (core: HC08DD022-
376.5m) 

Figure 9. (continued from previous pages.)  Examples of D2 shear zones in V2 pit. 
 

Distribution of D2 shear zones in V2 Pit 
As a general rule 1st order D2 faults in V2 pit dip E, at low to intermediate angles, and record 

a top-to-the E sense of movement across shallowly E-plunging lineations. 2nd order D2 faults 
dip E or W at an intermediate to high angle (Figures 10-15), record a normal sense of 
movement, and merge with the low-angle shears at their base. They do so in an interactive 
manner, i.e. normally the low-angle shear zones form the dominant continuous structures and 
the high-angle shears merge with them, but in places shear zone intersection areas record more 
complex interactions whereby the low-angle fault zones are truncated fully or in part by the 
high-angle fault zones, which merge with them through complex fracture arrays near 
intersection points. 3rd order D2 structures typically occur parallel to layering or at low angles 
to layering and connect second order structures. Thus, 1st, 2nd and 3rd order structures form an 
anastomosing pattern of connected faults that divide the rock mass in separate domains as 
shown in Figure 1.  

Figures 10-15, provide views of the various pit walls in the V2 pit that illustrate the 
distribution of the D2 shear zones. 
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Figure 10. N-face above stage 1 and 2 mineralisation on 22 May 2016. All units above the porphyritic rhyolite have experienced argillic alteration. Mineralisation in the 
porphyritic rhyodacite occurs in veins and breccia zones, and as disseminated mineralisation along a stockwork of fractures. The mineralisation is truncated by an E-dipping, 
low-angle detachment along the top of the porphyritic rhyodacite. A series of shallowly east dipping, low-angle normal faults divide the overlying volcano-sedimentary package 
into at least 4 distinct units. From bottom to top these are:  a) layered volcanoclastic sediments including carbonaceous shale (in grey; Domain 2a in Figure 1) and ( rhyo-) dacitic 
tuff at the base, andesitic to dacitic tuff (with characteristic gypsum veins; Domain 2b in Figure 1) and various fragmental units; b) a massive, coarse-grained dacitic unit with 
large, rounded boulders (as well as smaller fragments; Domain 3b in Figure 1) ;  c) a fragmental to agglomeritic andesite  (V-andesite; Domain 4 in Figure 1);  
d) water-laid, clastic sediments (including coal seams) interleaved with some volcanoclastic beds (Domain 5 in Figure 1). 
Figure 10 continues on the following page. 
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Figure. 10. (continued from previous page.)  The dominant structures affecting the volcano-sedimentary pile are characterised by D2, E-dipping, low-angle faults recording a 
normal, top-E movement sense, and antithetic, more steeply W-dipping normal faults. Large-scale (>50m scale) block rotation of fault bounded blocks occurs above the low-
angle detachment faults. The D2 fault zones are cut by a network of mafic dykes, which locally intrude parallel to the faults.   
Interpretations: 

1. The volcanoclastic sediments (yellow) occur as a wedge between bounding low-angle shears. These sediments only occur along the N-side of the pit, and may represent 
a localised basin fill that formed during D1 rifting.  

2. Mineralisation is truncated by the low-angle shears and, therefore, pre-dates D2, E-W extension.  
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Figure 11. View of the N wall of the V2 pit in October 2014, showing the low-angle E-dipping structures, now (May 2016) partly obscured due to slope collapse as shown in 
Figure 10. 
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Figure 12. View of the upper N wall of the pit in on 26 May 2016. See Figure 10 for a detailed explanaition of the various units and structure. 
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Figure 13.  South face of V2 pit as seen from viewing point (5589125-7758450) on 25 May 2016.  Figure 13 continues on the following page. 
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Figure 13. (continued from previous page) South face of V2 pit as seen from viewing point (5589125-7758450) on 25 May 2016. A series of shallowly east dipping, low-angle 
normal faults divide the volcano-sedimentary package into at least 4 distinct units. From bottom to top these are: a) porphyritic rhyodacite, which is highly silicic (advanced 
argillic alteration) and mineralised (Domain 1 in Fig. 1); b. a massive, coarse-grained dacitic unit (orange) with large, rounded boulders (as well as smaller fragments) (Domain 
3a in Fig. 1); c) a fragmental to agglomaritic andesite  (V-andesite; purple; Domain 4 in Fig. 1); d) water-laid, clastic sediments( including coal seams) interleaved with some 
volcanoclastic beds (Domain 5 in Fig. 1). The polymict conglomerate unit (Fig. 2) is shown as a marker horizon (in yellow) to illustrate the offsets across the 2nd order faults. 
Along the S face, the thick package of layered volcanoclastic sediments underlying the dacitic agglomerate (see Fig. 1) is absent (except for a thin layer to the E-side of the pit 
above cut 3. 
 
The dominant structures affecting the volcano-sedimentary pile are characterised by D2, E-dipping, low-angle shears recording a normal, top-E movement sense, and antithetic, 
more steeply E and W dipping normal faults. Large-scale (>50m scale) off-sets and block rotation of fault bounded blocks occurs above the low-angle detachment faults. The 
upper andesite unit is strongly foliated and sheared throughout and forms a major detachment zone that accommodated a large displacement (note: this shear zone, is locally 
near-horizontal to E-dipping in orientation, making it a thrust in places).The D2 shear zones are cut by a network of mafic dykes, which locally intrude parallel to the fault zones. 

   
Interpretations: 

1. The stratigraphy is strongly attenuated.  Displacements of the conglomerate layer across the high-angle antithetic faults is of the order of 10-50m. Displacement across 
the low-angle detachment along the lower andesite unit, is probably much larger (probably 100’s of meters at least) 

2. Mineralisation is truncated by the low-angle shears and, therefore, pre-dates D2, E-W extension. 
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Figure 14.  East face of V2 pit as seen from 5589100-7758155 on 23 May 2016. See Figure 13 for explanation. 
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Figure 15.  NW face of V2 pit as seen from 5589100-7758155 on 23 May 2016. Mineralised rhyodacite is cut by D2 faults, which displace 
the mineralisation. A vent cuts through the D2 faults and is associated with intense marginal jointing (blue). Two vent facies occur: rhyodacitic 
lava with hexagonal cooling joints (Fig. 4L), and a weakly layered boulder agglomerate. The rhyodacite is cut by a late E-W fracture zone (in 
purple) consisting of a 5m wide zone of closely spaced joints. 
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The various D2 fault zones traced across the pit walls of V2 pit as shown in Figures 10 to 15 
are mapped on top of the March 2016 version of the geological map of V2, together with the 
orientation of L2 mineral lineations/striations measured on D2 fault surfaces (Figure 16).   

 

 

Figure 16.  Distribution of major D2 shear zones and L2 lineations in the V2 pit (May 2016). 
 

Orientation and kinematic analysis for D2 fault planes from V2 pit 
An orientation and stress analysis was performed for D2 fault planes across the V2 pit (Figure 

17). The methodology used is described in the methodology section at the end of this report. 
Results of the kinematic analyses for the D2 fault planes are presented in Figure 17. 

The palaeo-stress analysis combines D2 low angle (shallowly E-dipping, 1st order) normal 
faults and their (generally moderately W-dipping, 2nd order) high angle conjugates (Figure 
17A). As a result of the interconnectivity of D2 fracture zones, related fracture surfaces can be 
readily identified for stress analysis; i.e. a homogenous dataset has been identified and 
measured. D2, shear planes were selected from places where low-angle normal faults and their 
conjugates can be seen to off-set lithological contacts. A number of the D2 fracture zones 
contain two near-orthogonal lineations; usually one trending E-W and one trending N-S. They 
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are similar in appearance, although within wider damage zones associated with D2 shear zones, 
the E-W lineations appear to be more penetrative across the crush zones, whereas the N-S 
lineations are confined to single fracture planes. In some instances it can also be observed that 
the E-W lineation predates dyke emplacement whereas the N-S lineations occur in dykes that 
have intruded along D2 shear zones.  

 

A B 

 
Figure 17.  Palaeo-stress analysis for D2 faults measured in the V2 pit (N = 55).   
A. Plot of fault planes and lineations; arrows point in direction of movement of the hanging wall. The fault 
plane solution is shown in the back ground (compression dihedron in white; tension dihedron in grey).  
B. Fault plane solution (Bingham matrix solution) for the measured D2 faults. P axes are shown in blue, T axes 
in red. The Bingham solution shows E-W extension; a near-vertical σ1, and a moderately concentrated 
distribution of especially the P, but also the T axes, i.e. the area was affected by plane strain with more distinct 
(larger) principle stress values for σ1 and σ3 than during D1. Bingham solution: 
 
   Axis   Eigenvalue    Trend     Plunge 
   1.        0.3089           263.2,     11.8 
   2.        0.0243           353.7,     02.1 
   3.        0.3332           093.6,     78.0 
 

 

The palaeo-stress analysis of the D2 faults indicates several important points: 

- D2 faulting occurred in an E-W extensional stress field with a near horizontal σ3 and a 
near-vertical σ1. 

- The palaeo-stress field calculated for D2 (Fig. 17) is near-identical to the palaeo-stress 
field calculated for the syn-D1, mineralised fracture zones (see below). The only 
difference is the degree of spread of P and T axes, which suggests that during D2, the 
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principle stress axes, σ1 and σ3, were larger and better defined than during D1, possibly 
reflecting a greater depth of deformation during D2. 

- D1 and D2 events are probably part of the same progressive E-W extensional episode. 

 

D2 fault zones in A39 pit 
Figure 18 presents a range of D2 fault zones in A39 pit that vary in character depending on 

size and host lithology.  

As a general rule shallowly dipping, low-angle, 1st order fault zones tend to parallel primary 
layering in the footwall lithologies and truncate bedding in hanging wall lithologies, with 
rotation of fault blocks in the hanging wall. These shears can be up to 0.5-1 m in width with 
damage zones (e.g. Figure 18 F, G) and drag folding extending for up to 10m in the adjacent 
lithological domains. Along the ramp in the SW corner of A39 pit, a mega breccia zone has 
developed where several large D2 shear zones converge (Figures 18 A, B, C, D). In this area 
the damage zone associated with the main D2 shear zones reaches a width of nearly 50 m with 
many blocks of different lithologies intermingled in a sheared andesitic matrix (Figures 18 B, 
D)  

2nd order D2, faults, accommodate displacements of the order of 10-40m and act as 
connecting fault surfaces between 1st order faults. Their orientation is variable, but they 
generally dip at moderate to steep angles (both to the E and W; Fig. 18). They typically intersect 
bedding at high angles and are 5-15 cm in width (Figure. 18 E). They are characterised by a 
damage zone of parallel fractures that are interconnected and a central highly sheared seam, 
mostly only several cm-wide in which cataclasite (in silicic, competent lithologies) or an S-C 
type fabric (in clay-rich, altered volcanic lithologies) has developed. Narrow carbonate veins 
commonly occur along these faults.   

Connecting the 2nd order faults, are 3rd order faults that typically occur in orientations near-
parallel to primary layering. Off-sets along such faults are relatively small (<10m), and damage 
zones are narrow (<3 cm). In many places 2nd and 3rd order faults are narrow and can be hard 
to spot, and will be hard to identify in outcrop.  

In more massive outcrops that lack clear bedding surfaces, extensive fracturing and 
brecciation may occur (e.g. Figure 18H, Figures 3K, L). Fracturing near D2 faults is particularly 
well developed in A39 along the upper benches in the W face of the pit where two generally 
near-orthogonal fractures sets are commonly developed. Many of these fractures are associated 
with veins and fluid infiltration, which presumably would have happened during D2.  
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A. 558750-7757830: D2 shear zone below bedded 
volcaniclastic unit in S wall of the V2 pit (boundary 
domains 4 and 5b in figure 1).  

B. 558620-7757850: Mega breccia zone along main D2 
shear zone volcanic units in SW corner of the A39 pit 
(along the boundary domains 3b and 4 in figure. 1). Large 
blocks of various units are enveloped in sheared andesite. 
 

C. 558650-7757840: clay-rich D2 shear zone below 
sedimentary unit in S wall of pit. This sheared material 
forms the matrix to the megabreccia in B  

D. 558620-7757850: close-up of the base of the 
megabreccia zone shown in B. Metre-scale blocks of 
massive andesite lave are embedded in a foliated, clay-
rich andesitic matrix. 
 

E. 558620-7757830: bedded volcaniclastics of Domain 
5b above large D2 shear zone. The second order D2 shears 
shown here bottom out on the main detachment fault and 
facilitate block rotation  
 

F. 558640-7758035: major thrust plan in N wall of A39 
pit preserving S-C fabrics indicative of reverse 
movement. (boundary domains 3a and 7 in figure 1).  

Figure 18.  A-H: examples of D2 shear zones in A39 pit.  Figure 18 continues on the following page.  
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G. 558660-7757875: clay-rich D2 shear zone above 
mineralised sediments in SW corner of A39 pit Preserves 
S-C fabric indicative of reverse movement. (boundary 
domains 1b and 3b in figure 1). 

H. 558575-7757920: highly fractured and veined 
andesitic lava near the margins of the main D2 shear 
zone. . 

 

Figure 18. (continued from previous page.)  A-H: examples of D2 shear zones in A39 pit. 
 

 

Distribution of D2 shear zones and lithologies in A39 pit 
A summary map of the geology in A39 pit is presented in Figure 19. In producing this map, 

the various lithologies and D2 fault zones traced across the pit walls of A39 pit, as shown in 
Figures 20 to 22, have been mapped on top of the March 2014 version of the geological map 
of A39, together with the main lithological units and orientations of the L2 mineral 
lineations/striations measured on D2 fault surfaces.  Each of the lithologies encountered in the 
pit are illustrated in Figure 3. Note the significant differences between the original map and the 
map presented here. 

 
The main observations and conclusions are as follows:  

1. Many lithological units in A39 occur as fault-bounded blocks within a network of D2 shear 
zones 

2. Within lithological blocks bounded by D2 shear zones, D1 faults may be preserved 
3. Due to the extent of faulting in A39, it is hard to establish a definitive stratigraphy. In 

general it appears that the silicic rhyodacite and sedimentary units of Domain 1 (Figure 1) 
and the argillic sediments of Domain 2 (Figure 1) form the stratigraphic base of the 
sequence. Rocks mapped as Domain 3 represent a mixed bag assemblage and include 
sandstone and conglomerate (Domain 3b) that in outcrop (Figure 3F) resemble the upper 
sedimentary units (Domain 5a) in V2. However, they are positioned in the footwall of the 
main D2 shear zone along the S-wall of A39, and this shear zone can possibly be correlated 
with the main shear zone in V-andesite in V2 pit, which underlies the clastic sediments.  

4. Judging from the outcrop pattern of Domain 1 and Domain 2 rocks the main ENE trending 
dyke that transects A39, may have intruded into a (D1) fault zone that facilitated a N-down 
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sense of movement of the rocks of Domains 1 and 2. A similar relationship is evident in 
the W part of V2 pit (Figure 8A). 

5. Fracturing and brecciation of competent rock units is prominent in areas where major D2 
faults converge. 

6. The lineations on D2 shear zones vary around a general E-W direction and record variable 
normal or reverse shears, all of which are consistent with a top-to-the-E sense of movement 
within an E-W extensional stress field.  

7. The fault planes that are recording thrust movements are an integral part of the larger-scale 
network of top-to-the-E normal detachment faults that have dismembered the stratigraphy. 
The detachment surfaces anastomose around the horizontal causing variations in attitude 
and movement sense along the fault surface. 

8. As a general rule, 1st order D2 faults dip at low to intermediate angles in a variety of 
orientations and record a top-to-the E sense of movement across shallowly E or W plunging 
lineations. 2nd order D2 faults dip E or W at an intermediate to high angle, record a normal 
sense of movement and merge with the low-angle shears at their base (and top).  

9. Lithological blocks enveloped by the shear zones typically rotate backwards, i.e. the 
layering rotates from horizontal to a W to SW dip, but there is a certain amount of 
variability in this (e.g. where the fault block occurs above a flat detachment plane, bedding 
planes may dip W;  near lateral ramps bedding planes may dip S or N, in places no rotation 
has occurred above detachment zones and bedding planes may dip E; there is limited drag 
folding associated with some of the detachments (e.g. in the S wall of V2 pit) and bedding 
plane orientation will vary as a result etc.)    

10. Near shear zone intersection areas complex interactions between D2 shear zones may occur 
whereby low-angle fault zones are truncated fully or in part by high-angle fault zones, 
which merge with them through complex fracture arrays near intersection points. This can 
lead to areas dominated by breccia as in the SW corner of A39 (Figure 18B). 

11. 3rd order D2 structures typically occur parallel to layering or at low angles to layering and 
connect second order structures. Thus, 1st, 2nd and 3rd order structures form an anastomosing 
pattern of connected faults that divide the rock mass in separate domains as shown in Figure 
1.  

Figures 20-22, provide views of the various pit walls in the A39 pit that illustrate the 
distribution of the D2 shear zones. Figure 20 provides a plot of all D2 shear zone orientations 
measured in A39, together with a calculated stress field consistent with the kinematics observed 
on the faults. 
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Figure 19. Distribution of main lithological units (A.) and major D2 shear zones and L2 lineations (B.) in the 
A39 pit (September 2016). 
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A. 

B. 

 
Figure 20. View of the S-face of A39 pit on 24 September 2016.   Figure continued on the following page. 
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Figure 20. View of the S-face of A39 pit on 24 September 2016.  (continued from previous page.) 
A. and B. Mineralisation is mainly hosted by an apron of sediments and volcanoclastic units that have undergone advanced argillic alteration, and that overlie 
massive and flow-banded rhyolite cut by mineralised veins. The mineralisation in the volcano-sedimentary sequence involved extensive brecciation of the type 
shown in Figures 11-13. Mineralisation is truncated by a W-dipping, low-angle detachment along the top of the units that experienced advanced argillic 
alteration, with carbonaceous shale, smeared along much of the fault surface. A network of SW to NW dipping, faults divide the overlying volcano-sedimentary 
package into a number of distinct, fault-bounded units including: a)  a massive volcanoclastic unit that preserves ignimbritic textures (Fig. 3E; Domain 3b in 
Fig. 1); b) a layered conglomerate unit with sandstone and shale intercalations (Fig. 3F Domain 3b in Fig. 1);c)  a massive, coarse-grained andesitic/dacitic  
unit with large, rounded boulders as well as smaller fragments (Domain 3a in Fig. 1); d) a fragmental to agglomeratic andesite that is generally strongly sheared  
(Fig. 3G; probably the same as the V-andesite in V2 pit; Domain 4 in Fig. 1); e) well-bedded, volcanoclastic sediments (Fig. 3I, J; Domain 5b in Fig. 1); and 
f) massive andesitic basalts (Fig. 3I, J; Domain 5b in Fig. 1), which have not been highlighted here, but which occur along the W face of the pit to the right of 
the picture as shown in Figures 21 and 22. 
C. A major D2 shear zone with a S dip and a shallowly E plunging lineation recording top-to-the-E shear transects the S part of the pit and is associated with a 
mega-breccia zone shown in Figures 18B and 21. The bedded volcanoclastic units above this major shear zone are broken up in separate fault blocks by 2nd 
faults (two marker beds are highlighted in orange and blue). Each of these fault blocks has a SW dip as a result of back-rotation above the D2 faults during D2 
extension.  

 

C. 
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A. 

B. 

Figure 21.  View of the W wall of the A39 pit in September 2016, showing the distribution of the main shear zones and lithological units/domains as described in 
Figure 20. Note the mega-breccia zone near the confluence of a number of large D2 shear zones in the NW corner of the pit. Also note the normal faulting interpreted 
as D1 in the mineralised sedimentary sequence (Domain 1b in Figure 1) in the lower benches of the pit. These D1 faults appear to have been truncated by the low-angle 
D2 thrusts that bound the mineralised zone. 
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Figure 22. View of the N wall of A39 pit on 23 September 2016, showing the distribution of the main shear zones and lithological units/domains as described in 
Figure 20. Note the large dyke that crosses the pit, and the apparent dextral (or N-down) displacement of the altered volcano-sedimentary sequences across the dyke. 
The margins of this dyke are sheared in D4, but only to a small degree and it is likely that the dyke has intruded earlier shears of D1 origin, which had block-faulted 
and displaced the lower stratigraphic units in the sequence prior to D2 shearing. This very same dyke shows a similar relationship with respect Domains 1a and 1b 
(Fig. 1) in the SW corner of the V2 pit as shown in Figure 8A. 
Of note also is the location of a 1m long and 40cm wide segment of tree trunk (Fig. 3C) that occurred within an agglomeratic unit (Fig. 3D) near the top of strongly 
altered volcaniclastic-sediments of Domain 1b. 

A. 

B. 
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Orientation and kinematic analysis for D2 fault planes from A39 pit 
An orientation and stress analysis was performed for D2 fault planes across the A39 pit 

(Figure 23). The methodology used is described in the methodology section at the end of this 
report. The D2 faults in A39 pit record a large variety of orientations and are less regular than 
the D2 faults in V2 (Figure 17). The main D2 structures comprise: a) a moderately S to SW 
dipping shear zone along the S wall of the pit (Figure 20B) which merges with several sets of 
NW dipping shear zones in the area where the mega-breccia has formed (Figure 21B); b) 
several sub-parallel W (varying from SW to NW) thrusts that bound the upper surface of the 
mineralisation (Figures 20B, 22B); c) series of E and W dipping 2nd normal faults that occur 
above the main shear zone in the SW corner of the pit (e.g. Figure 20C). Both thrust and normal 
fault movements have been recorded on the fault planes, but all are associated with the same 
network of anastomosing shears (Fig. 19) and all record a top-to-the E sense of movement.  

The palaeo-stress analysis combines D2 low-angle, 1st order, normal faults and thrusts, and 
their 2nd order, high-angle conjugates (Fig. 23). As a result of the interconnectivity of D2 
fracture zones, related fracture surfaces can be readily identified for stress analysis; i.e. a 
homogenous dataset has been identified and measured. D2, shear planes were selected from 
places where faults and their conjugates can be seen to off-set lithological contacts. A number 
of the D2 fracture zones contain more than one lineation. They are similar in appearance when 
seen in isolation, but within wider damage zones associated with D2 shear zones, early 
lineations appear to be more penetrative across the crush zones, whereas later lineations are 
confined to single, discrete fracture planes. In such instances, only the penetrative lineations 
were included for analysis.  

The palaeo-stress analysis of the D2 faults indicates several important points: 

1. D2 faulting occurred in an ESE-directed extensional stress field with a near horizontal σ3  
2. The orientation of σ1 is steep, but σ1 and σ2 have eigenvalues well in excess of zero, 

reflecting the large variability of fault plane orientations with thrusting, normal faulting and 
strike-slip faulting occurring side-by-side. This in itself indicates a constrictional 
environment, which could be due to top-to-E movement of weaker lithologies across 
basement topography of more competent rock (think of it as channelled flow).  

3. The palaeo-stress field calculated for D2 (Figure 20) in A39 compares well to results 
obtained from V2 (Figure 17) in spite of the large variability of shear zone orientations in 
A39. The results are also similar to the palaeo-stress field calculated for the syn-D1, 
mineralised fracture zones (see below); i.e. shear during broadly E-W extension. The main 
difference is the degree of spread of P and T axes. 

4. D1 and D2 events are probably part of the same progressive E-W extensional episode, which 
coincided with sedimentation as developing rift structures are infilled with sediments and 
volcanic products. Mineralisation occurred early in this sequence, during D1 events. 
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A. B. 

 
Figure 23.  Plot and palaeo-stress analysis for D2 faults (N = 26) in A39 pit.  
A. Plot of fault planes and lineations; arrows point in direction of movement of the hanging wall block. A wide 
variety of fault plane orientations and slip directions occurs with the striations on the fault planes general 
clustering around an E-W orientation. Note that many shear indicators were ambiguous, and many fault planes 
show multiple lineations, at times recording opposite movement senses. 
 B. Fault plane solution (Bingham matrix solution in which compression dihedra are show in white; tension 
dihedra in grey).) for the measured D2 faults. P axes are shown in blue, T axes in red. The Bingham solution 
shows NNW extension; a steep σ1, and a dispersed distribution of P and T axes: 
 
   Axis   Eigenvalue    Trend     Plunge 
   1.        0.0948           292.7,     10.7 
   2.        0.0397           192.4,     43.5 
   3.        0.1345           033.5,     44.5 
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8. D3- DEFORMATION EVENTS: HIGH-ANGLE NORMAL 
 FAULTING AND DYKE EMPLACEMENT 

The principle characteristics of D3 deformation structures are as follows: 
1. Many D2 faults record 2 lineation directions including an early generally E-W lineation 

(pre-dyking) and a later (in part post-dyking) N-S lineation; this later, N-S lineation has 
been attributed to D3 due to reactivation of D2 shear zones as a result of N-S extension. 

2. Locally D2 shears have been offset across E-W trending D3 faults, now occupied by mafic 
dykes. Good examples occurred in the carbonaceous shale horizon above Stage 1 
mineralisation in V2 pit. This carbonaceous shale band was sheared during D2, and has 
been displaced (N-down) across E-W trending, D3 faults that dip at moderate to steep 
angles. D3 fault displacement of D2 shears is visible across some-E-W trending dykes in 
V2 pit indicating that D3 shearing occurred before emplacement of these dykes. 

3. Considering points 1 and 2 above, dyke emplacement occurs at various stages during D3. 
The majority of dykes trend E to ENE, indicative of approximately N-S extension. 

4. Syn-D3 gypsum veining occurs, in which mainly flat-lying gypsum veins formed with 
fibrous crystal growth in a N-S orientation. 

5. On a regional scale, lithological units to the N of Mt Carlton get progressively older (i.e. 
basement exposed to the N), whilst lithological units to the S of Mt Carlton get 
progressively younger (i.e. Bowen basin sediments exposed to the S), This transition occurs 
across a roughly E-W trending corridor (with Mt Carlton in the centre), which could be 
interpreted to indicate that during D3, the overall displacement across E-W trending 
structures resulted in S-down displacement of the cover sequence.  

6. Note that displacements of lithological units across mafic dykes by as much as 50m are 
observed in the field and in drill core. This displacement can be attributed to a number of 
separate events: a) dykes intruded D1 faults across which block faulting had occurred (e.g. 
Figure 6A); b) dykes intruded D3 faults as described in this section; c) dyke margins were 
reactivated during D4 as described below. 

D3 fault zones and L3 lineation 
D3, fault zones are similar in appearance to D1 and D2 fault zones. Where exposed in the pits, 

they are narrow (<10cm) discrete fracture zones, enriched in clay-rich cataclasite (with 
localised sulphide growth; Figure 24). In a number of places within the V2 pit, D2 fault surfaces 
display lineation orientations in two, near orthogonal directions: generally an early E-W 
lineation that can be seen across the entire width of the damage zone associated with the 
fracture, and a later N-S lineation (Figure 25) that tends to be developed along discrete fracture 
planes, that have formed within the D2 shear zones during D3 reactivation. 
In some places it has been observed that the E-W lineations were emplaced before mafic dykes 
intruded the D2 fault zones, whereas the N-S lineations developed within fractured and sheared 
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portions of the dyke after emplacement.  This later, N-S lineation has been attributed to D3 as 
a result of the reactivation of D2 shear zones during N-S extension. 

 

A. 559181-7758222 Oct 2014: D3, N-dipping normal 
fault (arrow) displaces D2 shear zone along black 
carbonaceous shale layer immediately above Stage 1 
mineralisation. 
 

B. 558662-7757954 Oct 2014 A39 W-wall: D3, E-W 
trending, rift-structure, which truncates and displaces a 
D2 shear zone along the top of the mineralized zone in 
the W wall of A39 pit. 

C. 558934-7758220  May 2016: three, closely spaced, 
roughly E-W trending dykes truncate the ore zone in the 
W-wall of V2 pit.  These dykes trend E-W and were 
probably emplaced during D3. 

D. 559181-7758222 Oct 2014: D2 shear zone with e-W 
lineation is reactivated during D3, which involved the 
emplacement of gypsum veins with N-S directed fibre 
growth parallel to L3. 

 
Figure 24. Examples of structures linked to D3 deformation events in the V2 and A39 pits. 
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Figure 25.  Distribution of major D2 shear zones and L2 lineations in the V2 pit (May 2016). 
 

Syn-D3 emplacement of mafic dykes 
Several generations of mafic dykes have been emplaced within the rocks exposed in V2 pit 

(e.g. Figure 6). No attempt was made in this study to establish the exact emplacement history 
of the dykes, but it was observed that all mafic dykes were emplaced after D2, and that they 
show a variety of relative timing relationships with respect to D3 structures.  

Based on the data contained in the orientation data base of the mine, the dominant orientation 
of the mafic dykes is 350/84 (Figure 26), which is consistent with N-S extension linked to D3 
deformation. 

Many dykes have orientations other than steeply N-dipping. This resulted from the fact that, 
for short distances, dykes have intruded parallel to D2 fault zones, including low-angle and 
moderately dipping faults. Mafic dykes have also intruded into D3 faults that are no longer 
directly visible, but that are assumed to have existed from the fact that D2 fault zones are 
displaced across some dykes, without there being clear evidence of D3 or D4 shear zones along 
dyke margins. 
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Figure 26.  Poles to dykes observed in the V2 pit. 
The data has been taken from the mine database 
and has been plotted for all dyke types (N =  233) 
 
A Bingham analysis to determine the orientation 
for the best fitting great circle provides the 
following results:  
    
 Axis Eigenvalue Trend    Plunge 
       1.        0.6922 349.9,    06.3 
       2.        0.2057 257.1,    23.9 
       3.        0.1021 093.8,    65.2 
 
The dominant dyke orientation is 350/84 
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9. D4 DEFORMATION EVENTS: STRIKE-SLIP FAULTING 
Main characteristics 
1. D4 structures consist of minor faults that occur along the margins of E-W trending dykes 

characterised by a clay-rich seam (Figures 27, 28 C, D), with near-horizontal striations 
indicative of strike-slip movement. 

2. Dextral offsets seem most common, but sinistral shear indicators have been observed as 
well. 

3. Off sets are generally small (<20m). 
4. Where D4 faults transect major (1st order), low-angle, D2 fault zones, water seepage occurs 

(Figure 28A). 
5. In places, D4 fractures consist of several meter wide zones of closely spaced fractures 

(Figure 28B), that lack a clear indication of displacement (i.e. they have the appearance of 
a heavily jointed zone). 

Examples of D4 structures are shown in Figure 28. 
 

 

Figure 27.  Distribution of major D4 fracture zones, observed (bold thick line) and inferred (bold dashed lines) 
in the V2 pit (May 2016). None of these fracture zones are associated with significant displacements. They are 
characterised in the pit by a suite of closely spaced shear joint surfaces with clay alteration along them. 
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A. 559311-7758064 May 2016: upper andesite, below 
sheared contact with sediments cut by a vertical E 
trending D4 fracture (arrow). Water seepage occurs at the 
intersection between the D2 and D4 faults. 
 

B. 559000-7758328 May 2016:5m wide zone of closely 
spaced, vertical E-W trending fractures; no clear 
lineation; no clear offset. 

C. 558934-7758220  May 2016: three, closely spaced, E-
trending dykes. The margins of the dykes are altered to 
clay seams that have been sheared as a result of D4 
dextral strike-slip movement with small off-sets. 
 

D. 559038-7758072  May 2016: 1cm thick striaeted clay 
seam at the marging of a large E-W dyke. Minor dextral 
(?) shear occurred along this fault. 

Figure 28. Examples of D4 structures. 
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10. THE STRUCTURE OF THE ORE ZONES 

10.1 Summary 
Mineralisation is associated with a network of fracture zones and veins many of which 

preserve striations indicative of normal faulting due to E-W extension with σ1 vertical.  
Mineralisation occurs in a number of zones within V2 and A39 pits and shows the following 

trends: 
1. In A39 the high grade ore shoots plunge parallel to bedding in a SW direction, in V2 high-

grade ore shoots plunge in the NE direction and are aligned in an en-echelon fashion within 
an E trending corridor.  

2. Mineralisation in A39 and the western parts of V2 occurs along the contact zone of 
rhyodacite and overlying sediment, and is, in part, hosted by wide breccia zones within the 
sediment. Mineralisation in the central and E parts of V2 occurs along veins and fractures 
within porphyritic rhyodacite with limited brecciation near fracture intersections. 

3. Metal zonation has been recorded from A39 to V2, grading from Ag-Zn dominated in the 
W to Cu-Au dominated in the E part of V2 pits. Considering the observed stratigraphy in 
Domain 1, this zonation also reflect a depth profile, with A39 and west V2 mineralisation 
having formed near surface, and central and east V2 mineralisation having formed at greater 
depth at higher temperatures.  

4. Barite veins accompanied mineralisation in A39; dickite appears more abundant in the E 
part of V2. 

5. Many mineralised fractures in the E parts of V2 preserve well-developed lineations defined 
by orientated dickite and sulphide growth. Going W, lineations and kinematic indicators 
become less clear and less common. In A39, few fractures retain clear lineations and shear 
sense indicators are rare (this indicates a drop in temperature and normal pressure on fault 
zones going from E to W along the ore zones).  

10.2 Mineralised Fracture Zones in V2 Pit 
Mineralisation is associated with a network of normal faults indicative of E-W extension 

with σ1 vertical (Figure 29). Mineralisation occurs in a number of zones within the pit 
including: 1). the original ore zone in the bottom west of the pit (referred to as Stage 1 around 
559100-7758200), with more dispersed mineralisation in SW extensions around 559050-
7758150 and 559050-7758050) this zone is rich in Au-Cu with significant Zn; 2). a high-grade 
ore zone to the bottom east of the pit (referred to as Stage 2 around 559250-7758150) 
characterised by high-grade Au-Cu mineralisation with little base metal and abundant dickite 
alteration, with nearby dispersed mineralisation around 559350-7758075; 3). Base-metal rich, 
lower-grade ore zones to the west of the pit (referred to as Stage 3 around 558950-7758250 
and 559000-7758125), which has been exposed as the pit is enlarged to access Stage 1 
mineralisation. 
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Shear fractures for kinematic analysis 
Orientation and stress analyses were performed for mineralised fracture planes in each of the 

main ore zones (Stage 1, Stage 2 and Stage 3 ore zones). The method used is described in the 
methodology section at the end of this report. Results of the kinematic analyses for the ore 
zones in Stage 1 (along N and NW walls, at bottom of the pit on 22 May 2016), Stage 1 SW 
extension (along W wall on old access ramp to the bottom of the pit on 22 May 2016), Stage 2 
(along N wall, at bottom of the pit on 21 May 2016), and Stage 3 (along W and NW walls, near 
western end of the pit on 21 May 2016)  are presented in Figures 8 to 12. 

Mineralised fracture planes in each of the main ore zones 
The mineralised fracture planes were selected from the core of mineralised zones as exposed 

in the various bench walls in the pit. The fractures that have been measured for kinematic 
analysis had conspicuous mineralisation associated with them, in the form of orientated 
sulphide growth along fracture planes and lineations (Figures 29A, C, E, G), and/or extensive 
sulphide dissemination and veining along the fracture plane (Figures 29B, D, F, I). 

Working on the assumption that all mineralised fracture planes observed in a single ore zone 
are linked to the same mineralisation event, it is expected that this approach will ensure a 
relatively homogeneous input data set. This assumption is reasonable given that the mineralised 
fracture zones can be observed to form a connected mesh, or stockwork-like network of 
interconnected fractures. 

Mineralised fractures typically preserve discrete, slickensided surfaces, many of which 
preserve lineations defined by mineral aggregates of fine pyrite, enargite, and dickite (esp. in 
the Stage 2 ore zone; Figures 29A, C, E). Many have been impregnated/overgrown by later, 
coarse-grained sulphide (esp. pyrite/marcasite; Figure 29B) and radial rosettes of anhydrite. A 
common problem encountered in selecting data is that some mineralized fractures contain more 
than one lineation; usually one steep and one shallow-pitching lineation. It is generally not 
clear whether such overprinting lineations reflect separate events or formed as a result of slip 
partitioning in a continuous event. To prevent subjective bias, both sets of lineations have been 
included in the data sets presented here.   
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A. Mineralised D1 normal fault (Stage 2) with 
dickite defining lineations and steps that allow 
kinematic analysis. 

 

 

B. Mineralised D1 normal fault (Stage 2) with 
two-staged mineralisation/alteration: early 
enargite-pyrite-dickite is oriented parallel to L1, 
with later coarse pyrite/marcasite and anhydrite 
rosettes overgrowing the mineralisation. 
 

 

C. Mineralised D1 normal fault (Stage 2) with 
enargite-pyrite aggregates defining the lineation 
and steps that allow kinematic analysis. 
 

 

D. Network of mineralised D1 normal faults (Stage 
2) defining a complex anastomosing pattern of 
interconnected fractures with brecciation near 
intersection points. 

 

E. Mineralised D1 normal fault (Stage 2) with 
enargite-pyrite aggregates defining the lineation. 
 

 

F. Intersection point of two intersecting 
mineralised D1 normal faults (Stage 2) 
characterised by brecciation with enargite-pyrite 
veining forming the matrix to breccia blocks. 

 
 
Figure 29. Examples of mineralised D1 structures that can be seen (in May 2016) along the N-wall in 
Stage 1 and Stage 2 benches.  
Figure 29 continues on the following page. 
 

  



62 
 

  

 

G: Mineralised D1 normal fault (Stage 1) with 
enargite-pyrite aggregates defining the lineation. 
 

 

H: Mineralised D1 normal faults and veins in N 
wall above stage 1. Steeply W-dipping NNE 
trending normal faults form the most prominent 
structures; these faults parallel the bounding 
structure to the half-graben shown in figure 4. 

 

 

I: Mineralised D1 normal fault filled with zoned, 
enargite-pyrite-rich veins in N wall above stage 1. 
 

 

J: Mineralised D1 normal fault in N wall above 
stage 1.  

 
Figure 29. (continued from previous page)  Examples of mineralised D1 structures that can be seen (in 
May 2016) along the N-wall in Stage 1 and Stage 2 benches. 
Interpretation: 
− Mineralisation forms at the same time as D1 normal faulting and rifting. 
− High-grade ore zones occur in breccia pockets near D1 fault intersections. 
− In a number of faults, shearing is followed by vein formation along the fault zones. This may reflect a 

two-stage mineralisation sequence with early orientated enargite-pyrite-dickite and later unorientated 
overgrowth of pyrite-anhydrite. 

− Although NE and NNE trending structures appear to be most prominent, mineralised fractures occur 
in many other orientations as well.  
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Kinematic analysis for fracture planes from Stage 2 (around 559250-7758150) 
Measurements were taken on 21 May 2016. The measured fracture planes show a number 

of characteristics (see Figures 29A-F) that include: 
- mineralisation along the fault planes is gold dominant 
- the sulphide assemblage associated with mineralisation is enargite-pyrite-marcasite-

rich 
- the ore zone contains limited base metals 
- alteration is associated with abundant dickite and significant radial anhydrite 
- early fine-grained pyrite, enargite and dickite are aligned with L1 
- fault planes display transparent dickite growth behind steps on slickensided surfaces, 

that provide clear indications for the shear sense 
- the fine-grained orientated assemblages are overgrown by coarse-grained 

pyrite/marcasite and radial anhydrite 
The results of the kinematic analysis are shown in Figure 30. 
 
 

A. B. 

 
Figure 30. Palaeo-stress analysis for mineralised, D1 faults (N = 35) in the mineralised zones in Stage 2 (near 
559300-7758180).  
A. plot of fault planes and lineations; arrows point in direction of movement of the hanging wall. The fault 
plane solution is shown in the back ground (compression dihedron in white; tension dihedron in grey).  
B. fault plane solution (Bingham matrix solution) for the measured D1 faults. P axes are shown in blue, T axes 
in red. The Bingham solution shows E-W extension; a vertical σ1, and a dispersed distribution of P and T axes, 
i.e. σ2 and σ3 are similar. Bingham solution: 
   Axis   Eigenvalue    Trend     Plunge 
   1.        0.1844          268.5,     06.3 
   2.        0.0042          177.9,     06.1 
   3.        0.1886          044.1,     81.2 
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Outcrops of the mineralised zones in Stage 2 show that most of the mineralisation does not 
occur in extension veins, but rather occurs as alteration zones associated with complex fracture 
arrays, with brecciation occurring along fractures and especially near fracture intersection 
points. The breccia zones are zones of dilation with the matrix to breccia fragments composed 
of sulphide (with high gold grades).  

The sulphide mineralisation occurs as fine-grained early aggregates of enargite-pyrite 
aligned with L1, overgrown by later, coarse-grained pyrite/marcasite. The dominant D1 fracture 
sets associated with mineralisation in Stage 2 include: 310/70 to 290/50 - sinistral or dextral 
normal; 230/60 – mostly dextral normal; 350/90- dextral or sinistral. These fractures occur 
within a fracture/mineralisation envelope that trends ~330/50. 

Kinematic analysis for fracture planes from Stage 1, SW extension (around 559050-
7758125) 

Measurements were taken on 22 May 2016. The measured fracture planes show a number 
of characteristics that include: 

- mineralisation along the fault planes is associated with significant base metal 
mineralisation (Cu-Zn) 

- there is no obvious, single, dominant fault plane orientation; mineralisation is 
associated with stockworks of faults in many different directions. 

- the sulphide assemblage associated with mineralisation is enargite-pyrite-sphalerite-
bornite -rich 

- alteration is associated with dickite and significant radial anhydrite; the dickite is 
much less prominent when compared to Stage 2 mineralisation 

- early fine-grained pyrite, enargite are aligned with L1, but this relationship is not 
always clear. 

- veining and non-orientated sulphide growth along D1 fractures appears much more 
common than in Stage 2 mineralisation. 

The results of the kinematic analysis are shown in Figure 31. 

Kinematic analysis for fracture planes from Stage 1, bottom of the pit (around 559100-
7758200) 

Measurements were taken on 22 May 2016. The measured fracture planes show a number 
of characteristics (Figs 29 G-J) that include: 

- mineralisation along the fault planes is associated with significant base metal 
mineralisation (Cu-Zn). 

- mineralisation appears associated with a dominant set of NNE trending, steeply NW-
dipping fault planes, that are linked by secondary fractures (Figs 29H-J). 

- the sulphide assemblage associated with mineralisation is enargite-pyrite-sphalerite-
bornite -rich 
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A. B. 

 
Figure 31. Palaeo-stress analysis for mineralised, D1 faults (N = 25) in the mineralised zones of Stage 1, in the 
SW part of V2 pit along the access ramp to Stage 1 (near 559050-7758125).  
A. Plot of fault planes and lineations; arrows point in direction of movement of the hanging wall. The fault 
plane solution is shown in the back ground (compression dihedron in white; tension dihedron in grey).  
B. Fault plane solution (Bingham matrix solution) for the measured D1 faults. P axes are shown in blue, T axes 
in red. The Bingham solution shows E-W extension; a vertical σ1, and a dispersed distribution of P and T axes, 
i.e. σ2 and σ3 are similar. Bingham solution: 
   Axis   Eigenvalue    Trend     Plunge 
   1.        0.2161          089.3,     02.2 
   2.        0.0072          179.7,     12.0 
   3.        0.2089          348.8,     77.8 

 

 

- alteration is associated with dickite and significant radial anhydrite; the dickite is 
much less prominent when compared to Stage 2 mineralisation 

- early fine-grained pyrite, enargite are aligned with L1, but this relationship is not 
always very clear. 

- veining and unorientated sulphide growth along D1 fractures appears much more 
common than in Stage 2 mineralisation, and veins follow D1 fractures along their 
strike length (e.g. Fig. 29J). 

The dominant D1 fracture sets associated with mineralisation in Stage 1 are similar to those 
described for stage 2, but the envelope is slightly more orientated to the NNE and steeper 
(~310/70). 

The results of the kinematic analysis are shown in Figure 32. 
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A. B. 

 
Figure 32. Palaeo-stress analysis for mineralised, D1 faults (N = 27) in the mineralised zones along the N-wall 
of Stage 1 (near 559100-7758200).  
A. Plot of fault planes and lineations; arrows point in direction of movement of the hanging wall. The fault 
plane solution is shown in the back ground (compression dihedron in white; tension dihedron in grey).  
B. Fault plane solution (Bingham matrix solution) for the measured D1 faults. P axes are shown in blue, T axes 
in red. The Bingham solution shows ESE extension; a near-vertical σ1, and a dispersed distribution of P and T 
axes, i.e. σ2 and σ3 are similar. Bingham solution: 
   Axis   Eigenvalue    Trend     Plunge 
   1.        0.1868           291.8,     13.0 
   2.        0.0136           200.6,     05.3 
   3.        0.1732           088.9,     76.0 

 

Kinematic analysis for fracture planes from Stage 3, W-side of the pit (558950-7758250) 
Measurements were taken on 22 May 2016. The results of the kinematic analysis are shown 

in Figure 33. The measured fracture planes show a number of characteristics that include: 
- mineralisation along the fault planes is associated with significant base metal 

mineralisation (Cu-Zn); gold grades are supposedly lower. 
- mineralisation appears associated with a dominant set of N to NNE trending, steeply 

NW-dipping fault planes, that are linked by secondary fractures (similar to Stage 1). 
- the sulphide assemblage associated with mineralisation is enargite-pyrite-sphalerite-

bornite -rich 
- alteration is associated with significant radial anhydrite; dickite is much less 

prominent. 
- veining and non-orientated sulphide growth along D1 fractures appears much more 

common than in Stage 2 mineralisation. 
Mineralisation can be linked to normal faults that developed graben structures filled with 

overlying lavas and sediments (as explained above; see Figures 5, 6, 7). 
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A. B. 

 
Figure 33. Palaeo-stress analysis for mineralised, D1 faults (N = 29) in the mineralised zones along the W-wall 
of Stage 3 (near 558950-7758250).  
A. Plot of fault planes and lineations; arrows point in direction of movement of the hanging wall. The fault 
plane solution is shown in the back ground (compression dihedron in white; tension dihedron in grey). 
B. Fault plane solution (Bingham matrix solution) for the measured D1 faults. P axes are shown in blue, T axes 
in red. The Bingham solution shows ENE extension; a near-vertical σ1, and a dispersed distribution of P and T 
axes, i.e. σ2 and σ3 are similar. Bingham solution: 
   Axis   Eigenvalue    Trend     Plunge 
   1.        0.1766           249.0,     17.8 
   2.        0.0791           344.4,     16.5 
   3.        0.2557          114.6,     65.4 

 

Kinematic analysis for all mineralised fracture planes from V2 pit 
When analysed together, the mineralised D1 fractures show a wide variety of orientations 

with a NE trending and moderately to steeply NW dipping set being dominant (Figure 34). 
Secondary fracture orientation sets include a steep E-W trending set, a moderately SW dipping 
set, and a steeply W dipping set. All sets are generally normal faults with both sinistral and 
dextral movement components.  

The highest concentration of intersection lineations plunges moderately W, which could give 
an indication of the dominant orientation of high-grade ore shoots (but intersections between 
mineralised fractures occur in many other directions as well). 

Lineation directions are radial outward (i.e. they record a component of normal movement) 
around the vertical, and the paleo-stress field that can be calculated from the data set indicates 
E-W extension with a vertical σ1. 
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The fault plane solution indicates that both the P and T axes directions are separate, but 
dispersed with overlap towards to calculated σ2 direction i.e. a situation that resembles plane 
strain (Rev = 0.42; see methodology section). 

 

A. B. 

 
Figure 34. Palaeo-stress analysis for all mineralised, D1 faults measured in V2 pit (N = 116); i.e. combining the 
data presented in Figures 9 to 11.   
A. Plot of fault planes and lineations; arrows point in direction of movement of the hanging wall. The fault 
plane solution is shown in the back ground (compression dihedron in white; tension dihedron in grey).  
B. Fault plane solution (Bingham matrix solution) for the measured D1 faults. P axes are shown in blue, T axes 
in red. The Bingham solution shows E-W extension; a near-vertical σ1, and a dispersed distribution of P and T 
axes, i.e. σ2 and σ3 are similar. Bingham solution: 
   Axis   Eigenvalue    Trend     Plunge 
   1.        0.1715            270.2,     10.0 
   2.        0.0202            180.2,     00.3 
   3.        0.1917            088.4,     80.0 

 

Mineralised fracture zones in A39 pit 
In A39, mineralisation is concentrated in the sedimentary cover to the rhyodacite unit, which 

has been largely removed during mining. The mineralised fracture systems that were 
underlying this mineralised zone are still visible in the E wall of A39 pit and are shown in 
figures 35 and 36. These fractures occur in massive porphyritic rhyodacite, in flow-banded 
rhyodacite and in the sedimentary cover to the rhyodacite; i.e. they transect the stratigraphy in 
Domain 1. 

The orientations of the mineralised fractures were measured to ascertain if they had similar 
orientations and preserved a similar kinematic history as the mineralised fracture systems in 
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V2 pit (Figures 36, 37). If they are not the same, this could indicate block rotation of Domain 
1 rocks in A39, relative to mineralised Domain 1 rocks in V2. 

Shear fractures in A39 for orientation and kinematic analysis 
Orientation and stress analyses were performed for mineralised fracture planes in the lower 

two benches in the E wall of A39 pit (Figure 35). The fractures that have been measured for 
kinematic analysis had conspicuous mineralisation associated with them, and it was assumed 
that all mineralised fracture planes observed in the ore zone were linked to the same 
mineralisation event. This assumption is reasonable given that the mineralised fracture zones 
can be observed to form a connected mesh, or stockwork-like network of interconnected 
fractures (Figure 36).  

 
  

A. 

B. 

Figure 35. View of the E wall of A39 pit showing a core of porphyritic rhyodacite E of a major dyke, overlain 
by flow-banded rhyodacite and an apron of volcaniclastic sediments. Most mineralisation was concentrated in 
the sediments, but lower-grade, mineralised vein and fracture systems are still preserved in the central E wall 
(Figure 6).  These fractures are shown in purple and could have acted as feeder zones to the mineralisation 
higher in the system 
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A. B. 

Figure 36. Close up of mineralised fractures in the E wall of A39 pit.  
A. A major, fault with associated secondary fracturing and localised brecciation contains extensive pyrite 
mineralisation.  
B. A thin felsic dyke intruded the rhyodacite before mineralisation and has subsequently been fractured and 
mineralised displaying beautiful crackle breccias. 

 
 
Results of the orientation and kinematic analyses for the ore zone in A39 were compared to 

results from V2 pit (Figures 30-34). Results are presented in Figures 37 to 39. 
Mineralised fractures in A39 are discrete, but few planes preserve slickensided surfaces, 

lineations or kinematic indicators indicating that they probably formed close to surface where 
fluid pressures exceed lithostatic load (i.e. limited frictional wear along the walls of individual 
fracture planes). Many fracture surfaces are associated with fracture damage zones, localised 
breccia and extensive fine-grained pyrite growth. Dickite, radial anhydrite growth and silica 
alteration are common, but alunite appears less pervasive.  

The orientations of fractures in A39 are dominated by steeply NE trending and steeply SW 
dipping fractures, recording both a normal and reverse sense of movement, many with a 
sinistral component. Fracture orientations are very similar in terms of average distribution to 
the mineralised zones in V2 (Figure 37). This suggests that mineralisation in A39, although 
silver dominated, was part of the same overall fracture system as gold dominant mineralisation 
in V2. A kinematic analysis of the fractures in A39 is shown in Figure 38.  
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Figure 37. Equal area plots of mineralised fracture systems in A39 and V2 pits. Planes have been plotted as 
great circles and poles (in purple). The best fitting great circle through the poles was calculated using Bingham 
statistics, with results displayed below each diagram. The Bingham stats are expressed as three eigenvectors 
and corresponding eigenvalues for the dataset. These provide a measure for the degree of clustering (direction 
with maximum eigenvalue, with higher degree of clustering the more the maximum eigenvalue approaches 1) 
and spread of the poles to the planes. Results indicate that all ore zones in V2 and A39 show similar distribution 
patterns of mineralised veins. 
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Kinematic analysis for fracture planes from A39 (lower 2 benches along E wall of A39 pit) 
Measurements were taken on 26 September 2016.  The results of the kinematic analysis are 

shown in Figures 38 and 39. Figure 38 shows the results for 18 fault planes in A39. They 
indicate formation in an E-W extensional field. Figure 39 places the results from A39 next to 
the kinematic analyses for each of the ore zones in V2 as presented in Figures 30 to 34. All 
show similar fault kinematics indicative of E-W extension, with slight variations, which can be 
explained by the relatively small sample size for each dataset, and later faulting with some 
differential movement between different parts of the ore zones. 

Results indicate that the fracture systems in A39 are indistinguishable in orientation and 
kinematic sense to those hosting mineralisation in V2, i.e. the mineralisation in A39 and V2 is 
probably hosted within the same lithostratigraphic block (Domain 1) that behaved as a coherent 
unit during D2 deformation, with no differential movement between mineralised rocks in A39 
and V2.  

To put it differently, although the characteristics of mineralisation in A39 appear different 
from mineralisation in V2, there is no evidence for a major structure between the two pits. 

 

A. B. 

 
Figure 38.  Palaeo-stress analysis for mineralised, D1 faults (N = 18) in mineralised zones along the lower two 
benches in the E wall of A39 pit (75m N and S of  558650-7757775).  
A. Plot of fault planes and lineations; arrows point in direction of movement of the hanging wall. The fault 
plane solution is shown in the back ground (compression dihedra in white; tension dihedra in grey).  
B. Fault plane solution (Bingham matrix solution) for the measured D1 faults. P axes are shown in blue, T axes 
in red. The Bingham solution shows E-W extension; a steep sigma1, and a dispersed distribution of P and T 
axes, i.e. sigma2 and sigma3 are similar. Bingham solution: 
   Axis   Eigenvalue    Trend     Plunge 
   1.        0.2703           089.3,     03.8 
   2.        0.0598           181.4,     29.2 
   3.        0.2105          352.6,     60.5 
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A39: E-wall (Sept. 2016) 
Data set: mineralised fractures 
 
Axis   Eigenvalue    Trend    Plunge 
1.        0.2703          089.3,     03.8 
2.        0.0598         181.4,     29.2 
3.        0.2105         352.6,     60.5 
N=59 

V2: Stage 3, W-wall (May 2016) 
Data set: mineralised fractures 
 
Axis   Eigenvalue    Trend    Plunge 
1.        0.1766          249.0,     17.8 
2.        0.0791          344.4,     16.5 
3.        0.2557          114.6,     65.4 
N=29 

V2: Stage 1, access ramp (May 
2016)  
Data set: mineralised fractures 
 
Axis   Eigenvalue    Trend    Plunge 
1.        0.2161          089.3,     02.2 
2.        0.0072          179.7,     12.0 
3.        0.2089          348.8,     77.8 
N=25 

   

V2: Stage 1, N-wall (May 2016) 
Data set: mineralised fractures 
 
Axis   Eigenvalue    Trend    Plunge 
1.        0.1868          291.8,     13.0 
2.        0.0136          200.6,     05.3 
3.        0.1732          088.9,     76.0 
N=27 

V2: Stage 2, N-wall (May 2016) 
Data set: mineralised fractures 
 
Axis   Eigenvalue    Trend    Plunge 
1.        0.1844         268.5,     06.3 
2.        0.0042         177.9,     06.1 
3.        0.1886         044.1,     81.2 
N=35 

V2: all fractures (May 2016) 
Data set: mineralised fractures 
 
Axis   Eigenvalue    Trend    Plunge 
1.        0.1715          270.2,     10.0 
2.        0.0202          180.2,     00.3 
3.        0.1917          088.4,     80.0 
N=116 

 
Figure 39. Palaeo-stress analyses for mineralised D1 faults measured for the various ore zones in A39 and V2 
pits. The data for A39 pit (A) were collected in September 2016. All data for the V2 pit (B-F) were collected 
in May 2016.  For each ore zone a plot of fault planes and lineations has been shown; arrows point in direction 
of movement of the hanging wall. The fault plane solution is shown in the back ground (compression dihedra 
in white; tension dihedra in grey). Note the similarity in fault plane solutions for all mineralised fracture zones. 
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Nature and timing of mineralisation in A39 and the W part of V2 pit. 
No high-grade ore zones remain exposed in A39 pit, however, the nature of A39 

mineralisation was ascertained from four drill holes drilled in the sump area between V2 and 
A39 pits and the far western part of V2 pit. These drill holes (HC16DD1213,14,16,18) were 
drilled in August and September 2016, and were examined, because they occur in the area 
halfway between A39 and V2 pits, and, therefore, provide important information on how the 
structures, lithologies and mineralisation between the two pits connect. 

Spectacular hydrothermal breccia and colloform ore textures occur in all four holes within 
ore zones that occur along the boundary between rhyodacite and overlying sediments. A 
summary of the geology encountered in the four drill holes is provided in figure 40. The 
location of each of the drill holes is shown in figure 8a. Each of the holes was drilled to the SE 
(135°) at 60° to 75° angles and they occur along a NW-SE line: from NW to SE the order of 
the holes in: 1213, 1214, 1218, 1216 as shown in figure 40. A major E-W dyke associated with 
a N down normal fault movement occurs in hole 1218 (Figure 4a). 

 

Figure 40. Summary diagram of geology encountered in four diamond drill holes 
from the westernmost part of V2 pit (see Figure 4 for location points). 
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All four holes show similar geological and mineralisation trends. The top of the sequence 
consists of volcaniclastic units (agglomerate, fragmental tuff of andesitic/dacitic composition 
belonging to Domain 3a) with argillic alteration that pass abruptly into highly fractured silicic 
rocks that are extensively brecciated and host the mineralisation. The breccia zone is up to 
33.5m wide and can be divided into several parts: 

(A) an upper part characterised by polymict breccia clasts with abundant sediment clasts 
that include laminated mudstone and quartz sandstone with graded bedding. This zone 
is also characterised by sediment fill into fractures that were subsequently invaded by 
chert and pyrite alteration fronts, and broken up by continued fracturing: 

(B) a lower part characterised by monomict quartz porphyry clasts. The mineralised breccia 
zone overlies volcaniclastic units in 1216 and 1218, and flow-banded rhyodacite in 
1213 and 1214.  

The footwall zone to the mineralised breccias contains numerous base metal veins 
(sphalerite-galena-pyrite). Porphyritic rhyodacite underlies the flow-banded rhyodacite. 
Alteration in the porphyritic rhyodacite changes from silicic (Advanced Argillic) to argillic 40-
50m below the footwall contact with the ore zone. 

The top of the silicic mineralised zone occurs as a dome featured in outcrop along the E-
bench in the very bottom of the sump (558880-7758110), along the E wall of the access ramp 
(558900-7758190), and in the area between V2 pit and the clay pits to the E (558850-7758250). 
The discovery outcrop between A39 and V2 pits probably also reflects this ore zone. 
Characteristic textures in ore zones in this area are illustrated in Figures 41- 44. 

The main observations and characteristics are: 
1. The mineralisation in this area occurs mainly within a mixed sedimentary and 

volcanoclastic sequence immediately above the contact with flow-banded rhyolite. 
This is likely to be the same in A39. 

2. Some of the sedimentary units in Domain 1b (Figure 1) in A39 contain detrital pyrite 
clasts. This is also seen in some of the sedimentary units in drill core. This means that 
mineralised zones were outcropping and eroding at the time of mineralisation, that 
deposition was rapid, and that the depositional environment was likely to be anoxic 
and acidic. 

3. Fractures within mineralised zones within the breccia are locally infilled with quartz 
sand or laminated muds, i.e. the fractures through which hydrothermal fluids rose 
must have been very close to surface to allow detrital sediment to settle within them.  

4. In places the base of the laminated mudstone-sandstone sequences show normal faults 
invaded by mineralising fluids and overlain by continuous drapes of mudstone; i.e. 
sedimentation and mineralisation occur during faulting and rifting. 
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5. Laminated mud fill has been broken up and fractured, and has been invaded by silicic 
and sulphidic fluids as shown by chert and pyrite alteration fronts infiltrating the 
breccia fills. 

6. Colloform sulphide growth including pyrite, sphalerite and galena occurs within the 
breccia zones, and in places overgrows sedimentary clasts. 

7. Colloform, spherulitic pyrite textures with radial pyrite growth around a core of chert 
or pyrite occur in some zones in DH1216, and have also been described from an 
additional drill hole from the ramp area 50m NE of the sump (Figure 14; 
HC06RCD065 - 558931, 7758229). These spherulitic pyrite grains are round to oval 
in shape and up to 3cm in size and are localised in their distribution. Textures of this 
nature have been ascribed to fluid mixing of hydrothermal waters and surface waters 
in an agitated environment resulting in the rapid deposition of metal sulphides. 

8. Similar textures occur in drill core from A39 (only photo records were examined 
briefly – more careful work is needed), where barite veins are also common in the 
highest grade zones. 

9. The breccia zones are transected by, and underlain by, base metal veins that show 
sphalerite, galena, pyrite, dickite associations. 

Taken together the ore textures in this area strongly suggest that mineralisation in the silver-
rich breccia bodies is associated with vents that developed within volcano-sedimentary units 
overlying the rhyodacite. These vents probably reached surface and were active at the same 
time when rifting and sedimentation took place. The presence of finely laminated muds within 
the breccia and within fractures suggests that the vent occurred in a lake environment where 
hydrothermal waters occasionally mixed with lake waters to create colloform spherulitic 
textures. The mineralisation follows the sedimentary layering and is probably bounded by D1 
rift faults. The ore shoot in A39 probably follows the line along which the fracture that 
constitutes the feeder zone to the mineralisation intersects with surface.   

Thus, on a larger scale, the mineralisation in A39 represents the top of the system where it 
breached surface, whilst the mineralisation in V2 is distributed along feeder systems within 
porphyritic rhyodacite, with the system getting deeper from W to E. the system is truncated by 
D2 shear zones. 

When looking at the overall distribution of the mineralised zones as well as the position and 
orientation of D1 faults in relation to mineralised fracture systems (Figures 5-8) indications are 
that mineralisation may be spatially linked to D1 normal faults (e.g.  Figure 5). This would 
suggest that the mineralising fluids, at least in part, would have used the D1 rift faults as fluid 
pathways during fluid ingress. They would have entered within an E-W extensional stress 
regime, broadly guiding fluid along an E-W axis (depending on how well developed rift faults 
are at the time the mineralising fluids moved through the rock pile), but preferentially moving 
into NE trending fractures, which may have been a dominant fracture set at the time.  
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A. B. 

C. D. 

E. F. 

Figure 41. Photographs from drill cores HC16DD1213 & HC16DD1214 (558890-7758120; sump area, west 
V2 pit) showing characteristic mineralisation textures.  
A. Breccia with laminated mudstone blocks in pyrite matrix;  
B. Laminated volcanoclastic-sedimentary rock (note cross-laminations) with possible sulphide-bearing 
fragments, invaded and overprinted by chert;  
C. Pyrite-rich breccia, with mudstone clasts embedded in pyrite layering;  
D. Hydrothermal breccia with fragments of silicified, cherty, dacite/andesite in a finer-grained matrix with 
large interstitial spaces filled with dickite;  
E. Quartz-sandstone layer (with immature, angular quartz grains);  
F. Breccia, with interstitial space (fracture zones) invaded by pyrite and chert (note irregular, boundary between 
chert and pyrite zones in bottom central part of picture, reminiscent of boundaries between immiscible fluids 
during flow).  
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A. 

 

B. 

 

C. 

 

D. 

 

E. 

Figure 42. Photographs from drill cores HC16DD1218 (558965-7758090; upper bench, W side of V2 pit) 
showing characteristic mineralisation textures.  
A. Breccia/fractured clastic sediment in which open fractures appear infilled with laminated mudstone. 
Younging from right to left. Note cross-lamination-like features in thin muddy layer to the left side of the 
core; 
B. central part of (A.): close-up of fracture fill with concave up fill of laminated mud. The fracture had 
developed in quartz-sandstone with angular quartz grains;  
C. right part of (A.): close-up of laminated mud, overlying coarse-clastic unit (breccia/grit/conglomerate). 
Note fluid escape structures in the mud wth chert‘pooling’ below the mud layer;  
D. Colloform pyrite growth on margin of pyrite-chert filled vein (sample occurs stratigraphically below 
A-C); E. fractured silicic rhyodacite with central layer (fracture fill ?) of clastic quartz sandstone invaded 
by chert and cut by veins of sphalerite-pyrite (sample occurs stratigraphically below A-C). 
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A. 

B C 

D E 

F. G. 

Figure 43.  Photographs from drill cores HC16DD1216 (558998-7758066; upper bench, W side of V2 pit) 
showing characteristic mineralisation textures.  
A. Section of drill core with spherulitic pyrite grains (with concentric layering showing radial growth 
structures internal to individual layers) and angular pyrite clasts embedded in a matrix of pyrite and chert. 
Note some of the angular pyrite clasts retain internal colloform textures. Core is younging from left to right ;  
B. Close-up of central part of (A.) with spherulitic pyrite grains up to 3cm in diameter;  
C. Close-up of left part of (A.) with apparent grading of sperulitic pyrite grains;  
D. Close-up of right part of (A.);  
E. Colloform pyrite-chert growth along a central core of cherty, gritty material (altered rhyodacite or 
sandstone ?); F. Colloform pyrite with spherulitic pyrite grains overlain by clastic, sand/grit containing 
various types of pyrite grains (including fragments of spherulitic pyrite); 
G. Colloform pyrite with spherulitic pyrite grains overprinted by fine-grained pyrite-dickite; 
(Figure 43 continues on the following page.) 

  



80 
 

 

H. I. 

J. K. 

Figure 43. (continued from previous page) Photographs from drill cores HC16DD1216 (558998-7758066; 
upper bench, W side of V2 pit) showing characteristic mineralisation textures.  
H. Colloform pyrite with spherulitic pyrite grains broken in fragments mixed in grit/breccia and overprinted 
by fine pyrite;  
I. laminated mudstone in layers below A-H,  note normal-faulted layers to the left with fluid escape structures 
overlain by coarser grained clastic layer with sulphide grains overlain by laminated mud-sandstone 
intercalations to the right. These muddy sediments are interlayered with the colloform pyrite layers and 
breccia. 
J. Laminated sphalerite, pyrite-dickite veins in silicic, fractured rhyodacite underlying A-I;  
K. Sphalerite-dickite veins in silicic, fractured  rhyodacite underlying A-I. Note chert alteration flooding 
rhyodacite away from veins. 

 

 

 

 

 
Figure 44. Photograph from HC06RCD065 
(558931, 7758229; NW ramp in V2, NE of sump) 

Additional example of spherulitic textures in 
breccia with pyrite matrix from a drill hole close 
to the ramp. This texture was originally 
interpreted as accretionary lapilli. Photo supplied 
by Dave Hewitt. 
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11. RELATIONSHIP BETWEEN V2 AND A39 
During this study, we spent considerable time in establishing the relationship between A39 

and V2 pits. To help with this, the sump area in westernmost part of V2 pit was mapped as far 
as possible (Figures 8A, 45; the pit walls are deeply weathered and covered in mud making 
rock identification difficult) as was the outcrop in the SW corner of V2 pit (Figure 8). Together 
with drill core data (Figure 40) a geological connection between the two pits could be 
established.   

Main points. 

1. No major structure exists between V2 and A39 pit. Other than the large ENE trending dyke 
which transects both pits and across which a N-down (or dextral) displacement has occurred 
with a total offset of several 10’s of meters (Figures 8a, 19, 35). 

2. The stratigraphy in the NE corner of A39 pit, and particularly the moderately W to SW 
dipping volcanoclastic-sedimentary sequences (with coal fragments) of Domain 2 (Figure 
35), reappears in the W and N wall of the sump pit (Figure 45), where it occurs in close 
spatial association with rocks of Domain 3a (Figure 1). The exact contact between these 
two domains is not clear in this area because of poor outcrop. These rocks consist of SW 
dipping andesitic/dacitic agglomerates that alternate with quartz sandstone with graded 
bedding containing small coal fragments and laminated mudstone, some of which is 
silicified and cherty. 

3. The same W or SW dipping sequence of volcaniclastic units and sediments can be traced 
N along the W wall of V2 pit across the clay pits NW of V2 pit and along the SW margin 
of Telstra Hill, and appears to occur as a near continuous drape of quartz-rich sediments on 
top of flow-banded rhyolite. D1 normal faults play a role in this area, causing offsets and 
discontinuities in the stratigraphy (Figures 5-8). 

4. The sediments overlie silicic mineralised breccia in the bottom of the sump that have been 
described in Figures 41 to 44, from the drill intersections shown in Figure 40. This 
mineralised breccia zone can be traced across the W side of V2 pit into the mineralised 
rhyodacites and breccias in Stage 3, and appears to represent a continuous zone, but affected 
by D1 normal faulting (Figure 5). 

5. The rocks of Domain 2 and 3, and the mineralised zones are therefore continuous between 
V2 and A39 (Figure 46).  

6. Considering the nature of the mineralisation in the area between A39 and V2 (Figures 41-
44) it would appear that the area represents the top of a W-dipping block of rhyodacite with 
a covering of sediment that dips moderately W. Mineralisation occurs as vent breccia zones 
along this stratigraphic contact, and changes in direction from NE trending in rhyodacite in 
V2 pit, to SW plunging along the rhyodacite-sediment interface of Domains 1a and 1b in 
A39 pit.  
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7. The large D2 shear zone in heamatite-rich andesite units along the S wall of A39, 
probably links to the large D2 shear zone that extends across V2 pit along the base of 
the clastic sediment unit (Figure 46).  

 

 
Figure 45. The sump are in the westernmost part of V2 pit (the tree visible in the upper left hand corner is growing 
on the discovery outcrop at the edge of A39 pit, i.e. the W wall of the sump area is only ~50m away from the edge 
of A39 pi). The geology in the sump is similar to the geology in the NE corner of A39 pit with SW dipping volcano-
sedimentary rocks. 

Note that the apparent change in dip of bedding shown in the west wall is due to contortion of the photo which does 
not clearly show the curvature of the pit.  

 
 
An overview of the connecting structures between V2 and A39 pits is presented in Figure 

46. Note that in the area between the two pits there are a number of D1 normal faults, which 
form a network of graben or half-graben structures with localised volcano-sedimentary infill 
patterns that appear to have developed simultaneous with the formation of mineralisation (e.g. 
Figure 8A). It would appear that mineralisation may have developed along D1, rift structures 
that developed along the lengths of the pits.   
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Figure 46. D1 shear zones in Blue; D2 shear zones in red; sedimentary trend lines in black. The contact between the faulted 
sedimentary sequence above the main low-angle detachment fault in V2 pit, probably connects with a similar D2 shear 
zones along the S wall of A39, which separates volcanic units in the footwall from bedded volcanoclastic units in the 
hanging wall. A branch of this shear zone moves S up the hill and underlies sediments S of the pits. The zone between V2 
and A39 pits is dominated by D1 rift faults with SW dipping volcano-sedimentary sequences infiltrated by syn-sedimentary 
brecciated mineralisation.  
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11. SOME DEFORMATION MODELS THAT MAY  
APPLY TO MT CARLTON 

Figure 47 shows deformation geometries that have been produced in sand box experiments 
(Fossen, 2016), and that are similar to the D1-D2 structures seen in the V2 pit. They show that 
high-angle normal faulting, which characterises D1, progresses into the formation of low-angle 
detachments as the degree of extension (the β factor in Figure 47) increases. 

Using these models and the observations in the pit, a cartoon sketch has been constructed 
that illustrates the possible relationship between progressive D1-D2 deformation, sedimentation 
of the volcano-sedimentary sequence on top of the rhyodacite units, and mineralisation (Figure 
48). If it is assumed that mineralisation is related to a porphyry intrusion at depth, then the 
structures exposed in the V2 pit would suggest that mineralisation at depth can be found to the 
west of the current pit. 

This interpretation depends, of course, on how the structures exposed in the V2 pit are 
scaled-up. The assumption made here is that the dominant top-to-the-E movement sense in V2 
is representative of the movement sense of fault zones in the cover sequence more regionally. 
This seems a reasonable assumption considering the large amount of displacement that appears 
to have been accommodated along the low-angle D2 shears exposed in V2. 

However, the alternative to this is that the top-to-the-E movement sense in V2 is a localised 
effect, balanced by top-to-the-W movement elsewhere; i.e. overall the extension 
accommodated by the structures is symmetrical (or plane strain). To resolve this, more regional 
mapping is required, starting with the A39 pit, and linking the structures and stratigraphy in 
A39 to V2. 
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Figure 47. Two examples of sandbox/plaster experiments that illustrate the progressive development of extensional 
deformation structures in a layered sediment sequence (after Fossen, 2011). Note that in both examples, initial 
extension is accommodated by relatively simple high-angle normal faults. As extension progresses, normal faulting 
becomes more pervasive and complex, low-angle detachment faults develop that facilitate block rotation above the 
fault, and complex cross-cutting fault geometries (and duplex arrays) develop. 
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Figure 48.  Cartoon illustrating the possible progression of deformation events during D1 and D2 
at Mt Carlton. Emplacement of extensive deposits of lower andesite and porphyritic rhyodacite 
occurred during the early stages of D1 deformation (A). Mineralisation also occurred early during 
D1 concomitant with E-W extension.  
 
The presence of a high sulphidisation litho-cap suggests that mineralisation may be related to a 
porphyry intrusion at depth. Mineralisation occurs in fracture systems that appear related to 
early, syn-sedimentary rift faults. As high-angle rifting continues, sedimentation of the volcano-
sedimentary pile occurs on top of the mineralised rhyodacite (B), and mineralisation starts to be 
deformed.  
 
With increased extension, high-angle faults will start propagating along major lithological 
contacts and connect in an anastomosing system of normal faults. Over time the normal faults 
connect to form a network of low-angle detachment faults interconnected with high-angle 
normal faults (and locally thrusts) that attenuate and break-up the layering as well as the 
mineralisation (C). This process may have displaced the mineralization in the litho-cap hosted 
by rhyodacite in an E-direction relative to possible mineralisation at depth. 
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12. DEFORMATION MODELS AND CONSTRAINTS  
FOR CROSS-SECTIONS 

12.1 Orientation Analysis of Ore Zones 
Figure 49 is a compilation of orientation data for bedding planes in A39, and for mineralised 

fracture zones in A39 and V2 pits. It shows a possible scenario in which the orientation of 
mineralisation prior to D2 deformation is reconstructed to its assumed original orientation; i.e. 
at the assumed time of formation during D1, when bedding planes in the area were horizontal. 
To do this exercise, several assumptions were made: 

1. Sedimentary layering was horizontal at the time of mineralisation. This is based on the fact 
that deposition of laminated muds appears to coincide with mineralisation in A39; i.e. 
mineralisation in A39 originally formed in a horizontal orientation parallel to the contact 
between sediment and rhyodacite. 

2. The mineralised rhyodacite and its sedimentary cover exposed in A39 and V2 pits can be 
treated as a single coherent block that underwent various rotational and translational events 
during D2-4 events.  

3. It should be possible to reconstruct the original orientation of mineralisation trends by 
removing the effects of D2 and D3 deformation via block rotations. 

4. The rocks experienced two rotational events caused by block rotations across the network 
of faults: 1). rotations incurred during D2 (W-directed back-rotation above low-angle 
detachments); and 2). rotations incurred during D3, (S-directed tilt during D3 N-S 
extension). 

5. It is assumed that the fold axis obtained in A39 (A.) from variably orientated bedding 
directions, originally formed in a horizontal, N-S direction during D2, and that it formed at 
right angles to the general E-W extension direction obtained from the orientation of D2 fault 
kinematics. It is further assumed that this fold axes was subsequently tilted S-ward, by 
about 25°during D3 as the area underwent N-S extension. Such a southerly tilt of layering 
is apparent in the regional outcrop patterns of lithological units. 

Thus, to bring the average bedding orientation of ~230/40, as measured in A39, back to 
horizontal, two rotations have to be applied, the first to rotate the F2 fold axis back to horizontal, 
and the second to undo D2 folding. The results of this are shown in figure 49. The back-rotation 
exercise suggests that: 
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1. The general orientation of the mineralised zones remains similar; i.e. near vertical and 
trending NE, when restored to their original position. This suggests that the feeder systems 
to the mineralisation were NE trending, steep fracture zones, that were aligned in an en 
echelon fashion in an ENE to E-W trending corridor. 

2. An NE trending ore shoots in V2 would rotate back to a near-vertical position; an SW 
trending ore shoot in A39 would rotate back to a SW-trending horizontal position. 

3. If correct, mineralising hydrothermal fluids would have risen along NE trending fractures 
in a more easterly trending corridor, with mineralisation breeching surface in a shallow lake 
environment bounded by D1 rift faults with small offsets.  

4. Even though this is just a simple thought exercise, things do fit remarkably well, lending 
some weight to this interpretation. 
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A. Plot of bedding surfaces in A39 pit based on data collected in this study as 
well as data contains in the mine database (N = 30). Poles to layering are shown 
in purple. The data illustrate a general SW dip of primary layering in the various 
fault blocks above the mineralised zone. Bingham statistics for this data set are 
shown below. Average orientation of bedding: 233/37 
 
    Axis Eigenvalue Trend Plunge a95 min a95 max 
       1.        0.8992 052.6, 52.7 5.7 6.4 
       2.        0.0578 292.3, 21.0 
       3.        0.0430 189.9, 29.2 N/A N/A 
    Best fit great circle = 010/61 

 

B. Plot of bedding surfaces in A39 pit as in A. expanded with measurements of 
layering and flow-banding inside the zone experiencing advanced argillic 
alteration, where there is evidence of some folding  (N = 41). Poles to layering 
are shown in purple. The data illustrate open folding of layering around a S-
plunging axis. Bingham statistics for this data set are shown below. Approximate 
orientation of fold axis: 181/26 
 
Axis Eigenvalue Trend Plunge a95 min a95 max 
       1.        0.8038 036.5, 59.2 5.0 10.7 
       2.        0.1545 278.4, 15.7 
       3.        0.0417 180.6, 25.8 4.9 15.2 
    Best fit great circle = 001/64 

 

C. Plotted are the average orientations of the ore zones in A39; V2-stage3; V2-
stage1-ramp; V2-stage1; V2-stage2 (143/78; 291/72; 126/80; 312/80; 321/75 
respectively) as presented in Figure 7. These orientations have been rotated 
twice to correct for rotations incurred during D2 (W-directed back-rotation above 
low-angle detachments) and D3, (S-directed tilt during D3 N-S extension), which 
will bring the average orientation of S0 in A39 (A.) back to horizontal. Details 
of rotation axes are given below 
Purple = original orientation of mineralised fault planes and their poles 
Green = orientation of mineralised fault planes and their poles after rotation 1 
Blue = orientation of mineralised fault planes and their poles after rotation 2 

 

D. Plotted are the average orientations of the ore zones in A39 (taken at 140/80 
– thick green great circle) and V2 (taken at 300/75 – thick blue great circle), 
which corresponds to average values presented in Figure 7. The average bedding 
orientation in A39 (230/40) is shown as the thick red great circle and is obtained 
from (A.). The plunge of the main ore shoot in A39 (223/40) is shown as an 
orange square and coincides with the intersection line between bedding and the 
mineralised fracture zones. The plunge of the ore shoots in V2 (035/60) has been 
estimated to fall halfway between V2 and A39 fractures (i.e. a NE plunge also 
shows up in ore models)  and is shown as a purple square  
 
These orientations have been rotated twice to correct for rotations incurred 
during D2 and D3, and bring S0 in A39 back to horizontal (see below) 
 
Thick lines and squares = original orientation before rotation 
Thin lines and triangles = orientation after rotation 1 
Stipple lines and circles = orientation after rotation 2 

 
Figure 49. Orientation diagrams for bedding planes and mineralisation in A39 and V2. 
Detailed figure caption is on the following page. 
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Figure 49.  Detailed figure caption for Figure 49 on the previous page. 

Orientation diagrams for bedding planes and mineralisation in A39 and V2.The aim of the rotational exercises 
shown in Figures (C.) and (D.) is to reconstruct the orientation of mineralisation prior to D2 deformation; i.e. at 
the assumed time of formation during D1, when bedding planes in the area were horizontal. In doing this the 
following assumptions have been made: 
The block of rhyodacite and its sedimentary cover, which are affected by advanced argillic alteration (i.e. Domains 
1a and 1b in Figure 1) and which have been mineralised, behaved as a single coherent block during post-
mineralisation events; i.e. the original orientation of mineralisation trends can be reconstructed by rotating the 
block back to its original position. 
Sedimentary layering was horizontal at the time of mineralisation. This is based on the fact that deposition of 
laminated muds appears to coincide with mineralisation in A39; i.e. mineralisation in A39 originally formed in a 
horizontal orientation as well parallel to the contact between sediment and rhyodacite. 
The rocks experienced two rotational events caused by block rotations across the network of faults: 1). rotations 
incurred during D2 (W-directed back-rotation above low-angle detachments); and 2). Rotations incurred during 
D3, (S-directed tilt during D3 N-S extension). 
It is assumed that the fold axis obtained in A39 (A.) from variably orientated bedding directions, originally formed 
in a horizontal, N-S direction during D2, and that it formed at right angles to the general E-W extension direction 
obtained from the orientation of D2 fault kinematics. It is further assumed that this fold axes was subsequently 
tilted S-ward, by about 25° during D3 as the area underwent N-S extension. Such a southerly tilt of layering is 
apparent in the regional outcrop patterns of lithological units. 
Thus, to bring the average bedding orientation of ~230/40, as measured in A39, back to horizontal, two rotations 
have to be applied: the first to rotate the F2 fold axis back to horizontal, and the second to undo D2 folding. The 
rotation axes to achieve this have the following orientations: 
1: rotation axis 1 = 270/00; rotation angle = 25 (to correct for the southerly dip of all data and to bring the F2 fold 
axis determined in B (181/26) back to horizontal along a N-S trend; this tilt may be attributed to D3 deformation 
during N-S extension) 
2: rotation axis 2= 355/00; rotation angle = 30 (to bring the average bedding orientation (taken as 230/40) back to 
horizontal; i.e. the situation before bedding rotation during D2 due to E-W extension) 
The results of this rotational exercise are shown in C. and D. Of importance to note are the following: 
1. When rotating the orientation of the average bedding in A39 back to horizontal via rotations 1 & 2, the general 

orientation of the  mineralised zones remains similar; i.e. near vertical and trending NE. This suggests that 
the feeder systems to the mineralisation were NE trending, steep fracture zones, that were aligned in an en 
echelon fashion in an ENE to E-W trending corridor. 

2. The NE trending ore shoots in V2 would rotate back to a near-vertical position; the SW trending oreshoot in 
A39 would rotate back to a SW-trending horizontal position. 

3. Even though this is just a simple thought exercise, things do fit remarkably well, lending some weight to this 
interpretation. 

 

 

 

Using the observations described for A39 and V2 pit a cross-section has been drawn along 
the length of both pits which illustrates the principle geometrical elements that must be 
considered when attempting a detailed cross section based on drill core intersections. 
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12.2 Constraints for Cross sections 
Figure 50 shows a long-section through A39 and V2 pits used to construct a cross section in 

figure 51 that shows some of the main geological constraints. 
When considering the cross-section in Figure 51, note: 

1. This is a generalised section based on an approximate projection of pit geology on to the 
section. 

2. The drill core sections are not exactly within plane and numerous shifts (by up to several 
10’s of meters) in lithological boundaries occur across dykes, D1, D3 and D4 structures that 
are not shown in this section.  

3. The section is focussed on the distribution of lithological units as a result of the dominant 
D2 structures.   

4. The extent and influence of D1 shear zones has not been shown, because of the complex 
geometries associated with this.  

5. The dominant structures are D2, with top-to-the-E sense of movement. The lithological 
blocks surrounded by D2 shear zones predominantly display W-directed (back-) rotation. 

6. The W-directed rotation affected the rhyodacite block and overlying sediments in a similar 
manner, and may have rotated mineralisation as well, as discussed in more detail in Figure 
22. 

7. The ‘domal’ shape of the rhyodacite is firstly due to the combined effect of D1 and D2 
deformation, and especially D2 deformation. This geometry is not a volcanic, dome shape 
with symmetrical off-the-dome sliding on either side. 

8. The shift from silver dominated mineralisation in A39 and gold-dominated mineralisation 
in V2 coincides with mineralisation reaching surface around A39 and moving in a direction 
parallel to layering. 

9. A possible mineralisation gap between A39 and V2 can be explained by the fact that the 
mineralised layer in this area comes close to surface and is partly disrupted by D1 and D2 
structures. 

10. A scaled-up version of this section will explain the larger-scale distribution of ‘domal’ 
rhyodacite blocks with possible mineralisation, as well as the distribution of mineralisation 
itself. 

 

 
Figure 50. WSW-ENE trending long-section through A39 (left) and V2 (right) pits supplied in June 2016, and 
used for drawing a cross-section (Figure 51) based on field observations as presented in this report. 
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Figure 51. Cross section drawn on a section supplied by the mine and shown in Figure 50. See text on previous page for details. 
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13. BRIEF COMMENT ON THE MINE DATABASE OF  
STRUCTURES, DYKES AND VEINS IN THE PIT. 

Mt Carlton mine provided the orientation database of structures measured in the pit. It was 
hard to use this database and link it to the larger-scale structures described in this report for a 
variety of reasons (explained below). I have made some suggestions on how this data base 
could be improved. 

 
General 

- It is very difficult to attribute structures in the database to the correct deformational 
event/episode (i.e. D1, D2 etc). For instance it is impossible for almost all of the data 
logged as a fault or fracture, to ascertain whether that fracture is part of the network of 
D1, D2 or D3 faults, later D4, strike slip faults etc. Assumptions can be made to help 
with identification; e.g. the enargite-pyrite veins are probably part of the network of D1 
normal fractures described here and have been plotted accordingly in Figure 52. 

- Whilst some faults, shears or fractures are logged as normal, reverse, sinistral or dextral, 
no lineation, or kinematic data is provided in support (what is the slip direction?; how 
is the shear sense determined? and with what confidence?). 

- As a result of the above it is very difficult to attribute the recorded data to a deformation 
scheme. I tried to do this and could only attribute about 1/3 of the data; mostly with a 
low level of confidence (only the dyke orientation data is reasonably un-equivocal; the 
enargite-pyrite veins most likely link to D1 deformation events; all other shears, 
fractures, faults and joints are hard to place.) 

- In consequence, it is also hard to determine what measurements form part of major 
through going structures that should be linked across the pit, and what structures simply 
constitute localised discontinuities in the rock mass, with no regional significance and 
only localised effects on rock quality. 

Below I have plotted the orientation measurements of features obtained from the data base, 
that I think could be attributed to the deformation scheme presented in this report with a 
reasonable amount of confidence. I have placed explanatory notes and comments in the 
captions. 
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A. V2: poles to bedding (from  mine database; N = 75) 
 
Fisher vector distribution for the poles to bedding 
planes in V2 pit 
Trend Plunge a95 a99 kappa length
  
160.0 84.6 8.3 10.4 4.9 0.7968 
 
The spread of bedding orientations is due to block 
rotations above the low-angle D2 fault zones. The 
average orientation is essentially vertical (i.e. it is 
reasonable to assume that block rotations have moved 
bedding orientations away from an originally 
horizontal position at the scale of V2 pit. 

  

B. V2: poles to enargite-pyrite veins (from  mine 
database), interpreted as D1 faults (N = 110). This 
dataset compares well with the D1 fault data presented 
in Figure 12. 
 

C. V2: poles to enargite-pyrite veins (from  mine 
database), interpreted as D1 faults (N = 110). This 
dataset compares well with the D1 fault data presented 
in Figure 12. 

 
Figure 52.  continues on the following page..   
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D. V2: poles to shears (selected from the mine 
database) interpreted as D2 shears (N = 44). This 
dataset does not compare as well with the D2 fault data 
presented in figure 22, and may actually mix a variety 
of joints and faults that formed at different times.  
 

E. V2: poles to shears (selected from the mine 
database) interpreted as D2 shears (N = 44). This 
dataset does not compare as well with the D2 fault data 
presented in figure 22, and may actually mix a variety 
of joints and faults that formed at different times. 

  

F.: V2: poles to dykes (from  mine database); all dyke 
types (N =  233) 
 

G. V2: orientation of dykes (from  mine database); all 
dyke types (N = 233) 

 
Figure 52. continued from previous page.  Plots of structural data selected from the mine database. In general 
this data is hard to attribute to the deformation scheme proposed in this report, and as a result it is hard to 
reconstruct the large-scale D1-D2 fault patterns from data in the data base alone.   
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14. METHODOLOGY  

Fault kinematic analysis 
Kinematic data from faults can be used to reconstruct palaeo-stress fields (e.g. Angelier and 

Mechler, 1977). For this, information is required on the orientation of the fault plane, the slip 
direction visible as slickenlines, striations or gouge marks, and the sense of movement.  Stress 
inversion techniques rely on the assumption that the slip direction coincides with the resolved 
shear stress on the fault plane, and that the set of faults used in the analysis, formed or were 
active in response to the same far field stress. Fault-slip data can be inverted to a reduced 
moment tensor with information on the direction of the principal stress axes with their relative 
size expressed as a stress ratio (Delvaux and Sperner, 2003; Angelier, 1994). This reduced 
stress tensor can be calculated using the P and T axes that bisect the fault plane and an auxiliary 
plane perpendicular to the fault, by using least-square minimization techniques of direction 
cosines (e.g. Marrett and Allmendinger, 1990) or iterative methods that test a variety of 
possible tensor solutions (e.g. Etchecopar et al., 1981). Stress axes can also be determined 
graphically using the right dihedron method (Delvaux and Sperner, 2003; Lisle, 1987), which 
constrains the orientation of principal stress axes by determining the area of maximum overlap 
of compressional and extensional quadrants for a suite of faults.  

In analyzing the fault-slip data, I have used a linked Bingham distribution tensor calculated 
with the programme FaultKinWin (Allmendinger, 2001) following methods described by 
Marrett and Allmendinger (1990) and Cladouhos and Allmendinger (1993). The FaultKinWin 
programme (Allmendinger, 2001) uses the distribution of P and T axes for a suite of faults 
(Angelier and Mechler, 1977) to calculate a Bingham axial distribution based on a least squares 
minimization technique for direction cosines. In this technique the dihedral angle between the 
fault plane and an auxiliary plane is 90º and bisected by P and T axes. The eigenvectors for the 
calculated Bingham axial distribution provide average orientations for the maximum, 
minimum and intermediate concentration direction of the P and T axes, and the eigenvalues 
provide a measure of the relative concentration, or distribution of P and T axes. These 
eigenvalues vary between -0.5 and +0.5, with maximum values reached when P and T axes are 
perfectly concentrated. Variations in the eigenvalues (ev) can be linked to the stress regime 
using the relative size of the normalized eigenvalues expressed in a ratio, Rev, (with Rev = [ev2-
ev3]/[ev1-ev3]) (constrictional stress: Rev=1 with ev1 = ev2;  plane stress: Rev =0.5 with ev2 = 0; 
flattening stress: Rev = 0 with ev2 = ev3). The FaultKinWin programme output is a plot of linked 
Bingham axes with eigenvalues and a related fault plane solution diagram displaying P and T 
quadrants in a manner similar to earthquake focal mechanisms (Figs 20, 23, 30-34, 38, 39). 

Although stress analysis from fault slip data is widely applied, debate continues whether the 
obtained solutions represent a stress field or provide a measure of strain and strain rate (e.g. 
Molnar, 1983; Twiss and Unruh, 1998).  Marrett and Allmendinger (1990) and Allmendinger 
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(2001), using FaultKinWin, prefer to interpret the fault plane solutions as an indicator of strain 
rather than stress.  

Here, the linked Bingham fault plane solution through FaultKinWin has been interpreted as 
an indication of the palaeo-stress field. In doing this I am aware of the various pitfalls.  Faults, 
once formed, can interact in complex ways in response to an imposed stress-field due to scale-
dependent strain partitioning, complex fault interactions, block rotations, inhomogeneities in 
the rock mass etc. (e.g. Twiss and Unruh, 1998). In spite of such limitations, the palaeo-stress 
analysis technique has been successfully applied in a wide variety of tectonic settings (e.g. 
Sperner et al., 2003; Dirks et al., 2009), and I believe that it does provide valuable insights in 
the tectonic controls on gold mineralization at Mt Carlton. 

Misfits in collected datasets may have resulted from observational errors, the mixing of 
unrelated data points or limitations in the approach used. They can also be due to non-uniform 
stress fields as a result of fracture interactions, anisotropies in the rock mass, block rotations or 
slip partitioning. In near vertical shear fractures there is the added problem that a small rotation 
of the fracture plane around a horizontal axis can change it from a normal fracture compatible 
with the overall data set to a reverse fracture that is radically incompatible when using the 
computer programmes. In calculating a Bingham tensor solution using FaultKinWin all data 
points were included.  It is stressed that throughout the analyses of datasets, very few data 
points were incompatible with the final results, suggesting generally homogeneous data  

As a general rule, the results from the palaeo-stress analyses are best constrained for large 
data sets that combine fracture planes with different directions and movement sense. Thus, 
conjugate fracture sets, or Riedel, anti-Riedel and P-shear arrays provide good results more 
likely to be indicative of the regional palaeo-stess field, especially if the stress inversion is 
based on at least 15 fracture planes (Delvaux and Sperner, 2003; Sperner et al., 2003), whilst 
sites in which only few planes, or planes in a limited number of directions can be measured 
(e.g. stage 3, in the NW corner of the V2 pit) provide at best an indication only of the local 
palaeo-stress field, which may or may not conform with the regional results. 
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