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ABSTRACT
The aim of this project was to define the geological and grade continuity of the Vera South gold
deposit, and to use this knowledge to apply geostatistical resource estimation techniques to the
deposit. The deposit occurs within the Pajingo Epithermal System (PES), 72km south of
Charters Towers in northeast Queensland, Australia (Porter 1990). The PES deposits are
classified as volcanic hosted low-sulphidation epithermal quartz vein systems, and a thorough
literature review of epithermal style deposits showed that the characteristics of the Vera South
deposit are almost identical to those of the classic low sulphidation model. The PES deposits are
currently owned by the Newmont Mining Corporation, and the Vera South deposit is still
actively being mined. Current proven and probable resources for the deposit are 75,000mt @
16.4g/t and 1,229,000mt @ 11.6g/t.
The geological continuity of the main mineralised quartz vein (V1) was first investigated
through the application of vein characteristic correlations using parametric and non-parametric
statistical tests. The results showed that the highest gold grades occur in association with the
widest sections of V1 that dip between 70°–80°, have dip directions between 140°–190°, and
where V1 is slightly concave in shape. The comparison of these associations with mapping of
V1 and grade contouring showed that higher gold grades are associated with andesitic
inclusions in the hangingwall of V1, and with brecciated zones in the hangingwall and around
faults. The high grades in the hangingwall occur in small pods that extend from the hangingwall
to the centre of V1, particularly in areas where V1 thickens and changes strike direction. High
grades are also constrained by the Crown and smaller cross-cutting faults. High grade trends
also straddle the ridges of the concave structures, were greatest dilation and thus highest fluid
flow is believed to have occurred. V1 is believed to be an accumulation of multiple veins up to
50cm wide that have coalesced to form a single structure up to 16.4m in these zones.
A preliminary attempt was then made to try and determine what constraints the geometry of the
host structure placed on mineralisation. Linear elastic fracture mechanics theory found that the
theoretical driving stresses and pore fluid pressures required to dilate the Vera-Nancy Structure
to 16.4m at a depth of 2km would be ~245MPa and ~260MPa respectively. To obtain such pore
fluid pressures, hydrostatic mineralising fluids would have to have been derived from depths of
~13.2km. This depth is considered unrealistic, such that the deposit probably formed within a
regional extensional environment and/or from over-pressured fluids.
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Numerical models by Zhang et al (1995) that describe the flow of fluids along a normal fault
were then compared to the Vera South deposit. The number of similarities between the two
models indicates the concentration of fluid flow in the fault zone and hangingwall of a host
structure due to the opening of sub-vertical fracture sets in shallow environments could have
occurred in the Vera South deposit in response to fault movement. This theory explains the
concentration of higher gold grades in the hangingwall of V1 and the concentration of quartz
stringer veins in restraining bends.
The grade continuity of V1 was investigated using autocorrelation and variography.
Variography was utilised to determine whether the distribution of gold in the various domains
was showing a preferred spatial continuity, while autocorrelation was utilised using specific
grade intervals to determine whether samples over or between certain gold grades were
localised in specific spatial orientations. Four domains were created where the first constrained
the Vera South Deeps ore body which is physically separated from the Vera South Upper ore
body, and then the Vera South Upper ore body was divided into three domains based on the
orientation of V1. The autocorrelation and variography results showed that continuous high
grade trends occur within the Vera South ore body. Autocorrelation showed these trends have
plunges and plunge bearings of 45°–65° and 215°–255°, while variography showed they have
plunges and plunge bearings of 22°–68° and 237°–271°. These high grade trends are interpreted
to represent the main fluid flow channel ways in which gold was deposited during
mineralisation.
Fractal analysis of the gold sample populations were then performed and the results were found
to be compatible with the hypothesis that more than one mineralising event and/or mechanism
was active during the formation of the Vera South deposit and along the extent of the VeraNancy Structural Corridor at the same time, as proposed by Mustard et al (2003). Scatter plots
of the samples from each fractal grade range population showed that the samples that comprise
the lower fractal grade populations are evenly distributed across the entire width and depth of
the Vera South deposit, while the samples that comprise the higher fractal grade populations are
evenly distributed within the central region of the deposit and individual domains.
The geological and grade continuity interpretations were then integrated into geostatistical
resource estimations for the deposit, to optimise the resource estimates and determine whether
geostatistical resource estimation techniques can be applied successfully to the deposit. It was
found face chip sample data should not be used for resource estimations, due to unreliable
results that were subject to large biases. Reliable resource estimates were able to be created
through the ordinary kriging of diamond drill sample data. Directional variography produced
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plots that adequately described the spatial continuity between the samples, and block models
with 10m x 10m cell dimensions produced mean kriged grade estimates that closely resembled
the raw mean input grades.
The high grade trends identified during autocorrelation and variography were also observed in
the block models. The highest grades occur in pods that are continuations of each other, and
which occur within zones in the ore body hypothesized by Davis (2003c) to represent releasing
bends. The plunges and plunge bearings of the trends in the directional and omni-directional
block models were between 35°–60° and 237°–271°, and 30°–55° and 237°–271° respectively.
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PROJECT AIMS AND OBJECTIVES

This Masters project entitled “The Geological and Grade Continuity of the Pajingo Epithermal
Gold System” has been conducted under the supervision of Dr. Thomas Blenkinsop at the James
Cook University in Townsville. The Newmont Mining Corporation generously funded this
project and enabled the project to be completed within the time frame of this Masters degree.
The understanding of grade distribution and its controls within an epithermal gold system is of
fundamental importance to resource estimation, for the continuity of both geology and grade
within a deposit directly impacts the definition of the ore body’s lithological boundaries or
contacts and the grade envelope. The nature of the geological and grade continuity of the
Pajingo Epithermal Gold deposits, and more specifically the Vera South deposit is not well
understood. This project therefore aims to define the geological and grade continuity of the
deposit, such that geostatistical resource estimation techniques can be utilised objectively to
obtain meaningful mineral resources estimates for the Vera South deposit.
A number of aims and objectives were therefore devised to try to better understand the
geological and grade continuity of the Vera South gold deposit. These were as follows:
1. To improve the current understanding of the ore body’s geometry and grade continuity
at different scales.
2. To develop methods for describing the geological and grade continuity of the deposit.
3. To determine general controls on ore body formation.
4. To define methods by which the ore body geometry can be characterised simply and
accurately.
5. To integrate the geological and grade continuity studies into resource estimations.
6. To apply geostatistical resource estimation techniques to determine their effectiveness
and appropriateness with regards to the Pajingo mineralisation style.
7. To optimise grade interpolation.

1.2

LOCATION OF THE PAJINGO EPITHERMAL GOLD DEPOSITS

The Pajingo Epithermal System (PES) occurs within the Janet Range, and encompasses an area
of some 40km2. The deposits are centered on Latitude 20°32’S and Longitude 147°27’E, some
72km south of Charters Towers and 136km southwest of Townsville (Figures 1.1 and 1.2)
(Porter 1990). The gold deposits are classified as volcanic hosted, low-sulphidation epithermal
quartz vein systems, with many features in common with the low sulphidation model. The
deposits are owned by the Newmont Mining Corporation.
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Figure 1.1. The location of the Pajingo Gold Mine in
Australia (Newmont 2002).
Figure 1.2. The location of the Pajingo Gold Mine in
northeast Queensland (Newmont 2002).

The co-ordinates of all the face and diamond drill data used in
this thesis are based on mine grid co-ordinates. All figures
presented in this thesis for the PES are also given using a mine
grid, unless shown otherwise. The mine grid differs from
Australian Map Grid (AMG) co-ordinates by 45.5° (Figure
1.3).
Figure 1.3. The Pajingo Gold Mine mine-grid in relation to magnetic north and AMG north
(Butler 2002).

1.3 EXPLORATION HISTORY
The PES mineralisation was a grass roots discovery located through geological prospecting. No
previous mining or documented exploration had been recorded in the area when Battle
Mountain Australia (Duval Mining was their predecessor) acquired the first exploration permits
in 1983. The presence of volcanic and volcaniclastic rock types, prominent topographic relief
and quartz veins initially attracted Battle Mountain’s attention. The original target styles sought
were porphyry to breccia hosted gold systems (e.g. Kidston and Mt Leyshon), which are related
to Permo-Carboniferous felsic volcano-intrusive complexes (felsic plugs). At this time
epithermal deposit styles were little known or sought after, for shallow level hydrothermal
systems were believed to have been destroyed by extensive erosion (Cornwell 1995).
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Early exploration targeted a north-easterly trending belt of Permo-Carboniferous felsic plugs
that were mapped by the Geological Survey of Queensland (i.e. the “Pajingo Trend”) (Cornwell
1995). Initial sampling of the outcropping Starlight ‘A’ vein near Doongara Homestead returned
values of up to 17g/t gold. Follow up exploration included drainage sediment sampling and
sampling of outcrop and float vein material within the Janet Range to highlight the most
prospective areas (Porter 1990). Epithermal style gold-bearing veins were recognized 5.3km
southeast of the Scott Lode in October 1983 during field mapping and felsic plug prospecting
(Cornwell 1995). Original rock chip and trench assays of the Janet A vein returned bonanza
gold grades of over 30g/t gold. Further geological prospecting (i.e. reconnaissance mapping,
stream sediment sampling, aeromagnetic and remote sensing techniques) identified numerous
outcropping auriferous quartz veins. The 360,000oz Scott Lode was discovered in June 1984.
Drilling commenced in November 1984, with follow up pattern drilling of the Scott Lode in
July 1985 (Porter 1990). Final ore reserve drilling was completed in December 1986. 77 reverse
circulation percussion (RC) and 87 diamond core holes were drilled to a vertical depth of some
150m in an initial 40 x 40m pattern, with subsequent 20m spaced infill drill holes. Drilling at
the Scott Lode totalled some 6,000m of RC and 12,000m of diamond core. All holes were
drilled at a declination of 50°–60° to intersect the 70°–80° southerly dipping vein system
approximately perpendicular to strike. Detailed geophysical surveying using bi-directional, low
level aero-magnetic survey and gradient array resistivity programs then followed (figure 1.4)
(Richards 1998) and defined structures beneath areas of shallow Tertiary and younger cover.
Other structures believed to be hosts for significant quartz veins were also defined by coincident
magnetic lows and resistive highs.

A

B

Figure 1.4. A: Regional aero-magnetic image and B: Gradient array resistivity data. The dashed
white line indicates the host structure. The location of the Vera North and Nancy deposits along
this structure are indicated (Richards 1998). The blue and yellow colour scales indicates areas of
lowest and highest magnetic and gradient array resistivities respectively.
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Battle Mountain developed tenement holdings of 8,000km2, and by 1990 the majority of
outcropping targets had been tested to shallow depths (Richards 1998). Exploration then shifted
to concealed targets, but due to increased costs and higher exploration risks the company
created a joint venture (50%) with ACM Gold Ltd in February 1991. ACM was subsequently
taken over by Posgold (now Normandy Operations Pty. Ltd.) who continued the joint venture.
Normandy managed exploration until 1995, targeting large tonnage low grade gold
mineralisation similar to Mt Leyshon. In 1990 the Cindy quartz vein was identified by a
magnetic anomaly and follow up drilling by Battle Mountain that intersected minor gold
mineralisation (Richards 1998). Subsequent drilling by ACM-Posgold in an adjacent resistivity
anomaly intersected the main part of the Cindy ore body beneath 5–15m of Tertiary sediments.
Further drilling by Battle Mountain in 1993 defined a small resource, and Posgold took a
royalty rather than participate in the mining operation.
Battle Mountain recommenced exploration for epithermal gold deposits at Vera North (Richards
1998). Detailed rock chip sampling provided sporadic gold grades, with 25% of the samples
containing >1g/t gold to a maximum of 10.7g/t. In October 1994, potentially economic
mineralisation was intersected. The recognition of the similarity of the shallower portion of the
vein to the upper part of a conceptual low-sulphidation epithermal gold system led to several
deeper drilling programs that discovered the main high grade zone at Vera North in October
1995, 250m below surface.
Further reviews identified that Nancy occurs immediately northwest of Vera North, and is
hosted by the same structure. Limited sampling provided a maximum value of 1.15g/t gold with
an average of 0.61g/t. The first phase of deep drilling then began (completed in December
1995), and intersected the Nancy mineralisation in July 1995 (Richards 1998). By mid 1996, 40
x 40m surface drilling delineated an Inferred Resource of 1.7Mt at 14g/t to a depth of 400m
over a 1.5km strike length (Sims 2000a). This was considered sufficient for the joint venture
partners to proceed with self-funded mine development and infill underground drilling at a
scheduled rate of 220,000 t/yr to produce 90,000 oz gold and 100,000 oz of silver annually. A
twin decline access was developed along a 1.4km strike length. Definition of the ore body’s
commenced with 20 x 20m underground infill drilling and ore driving to establish bench stopes.
By the end of 1997, 433 holes (i.e. 30,741m of HQ drill core and 62,950m of RC drilling) had
been completed. High grade gold mineralisation was delineated over a 4km long strike length
from Janet in the north to Zed in he south (Richards 1998). Full scale production was reached in
August 1997 at a capital expenditure of $49.3M. A review of mine production rates resulted in a
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mill expansion (completed in October 1999) increasing it’s capacity to 500,000t/yr (Sims
2000a). Mining of the Nancy and Nancy North deposits discontinued in November 2003.
In 1996 the Vera South area was targeted during systematic exploration along the Vera-Nancy
structural corridor (figure 1.5). Resistivity and airborne magnetic data was used to guide initial
drilling where the first 20 drill holes drilled due north gave mixed results. Several structures
were intersected (some with bonanza intercepts) but correlation between holes was tenuous. A
detailed gradient array survey oriented northeast-southwest was completed in 1997, revealing
subtle northwest-southeast trends. Drilling recommenced with holes directed to the northeast,
but unfortunately intersected the “gap” between the V1 and V2 lodes, and barren quartz in V3.
Drilling was therefore suspended to enable a geological re-interpretation (Butler 2000).
Drilling recommenced in 1997, with the five holes in the program intersecting significant
mineralisation (i.e. V1 and V2) (Butler 2000). Further holes drilled in March 1998 provided
more ore grade intercepts, and confirmed the economic potential of the resource. Resource
extension drilling of the area has continued, and by June 30th 1999 the inferred resource at Vera
South had grown to 2.0 million tonnes at 14.1g/t gold for 889,000 oz gold.

Figure 1.5. A longitudinal section of the Pajingo gold deposits along the Vera-Nancy structural
corridor. The shaded sections represent mined areas (Newmont 2003b).
Current activity is targeting the exploration and delineation of resources along the major host
structure from Jandam to Zed (Newmont 2002). Vein distribution has been defined by
geological mapping in the 20% of the field which outcrops, and gradient array resistivity has
been successful in mapping the remainder of the field. 150 targets have been identified to date.
The ore reserves and mineral resources in January 2003 are shown in table 1.1 (Aitchison 2003).
It should be noted that regional geochemical data did not play a definitive role in the Pajingo
discovery. Later orientation work did however show that Panned Concentrate, Bulk Cyanide
Leach extractable gold (BCL), Stream Sediment and Rock Chip Float sampling all successfully
locate the main mineralisation (Cornwell 1995).
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ORE RESERVES
PROVED
PROBABLE
Tonnes (m)
Au (g/t)
Tonnes (m)
Au (g/t)
12,000
11.5
7,000
9.0
11,000
13.9
39,000
13.3
93,000
17.4
44,000
16.8
75,000
16.4
1,229,000
11.6

MINERAL RESOURCES
Tonnes (m)
6,500
21,500
75,500
497,000

Table 1.1. The proven and probable ore reserves and mineral resources as at January 2003 for
Nancy, Nancy North, Vera and Vera South (after Aitchison 2003).

1.4 MINING HISTORY
The Scott Lode ore reserve was defined in 1986 and full production was achieved in December
1987 (Cornwell 1995). Mining was primarily by conventional open pit methods where an
overall stripping ratio of 14.8:1 was maintained due to the high grade, narrow vein nature of the
deposit (average width ~5.5m). A small underground operation was undertaken upon
completion of open pit mining to extract a high grade narrow vein below the pit floor.
Production began in December 1992 using hand held cut and fill methods, and ceased in
December 1993 (see table 1.2 for the Scott Lode production figures).

Year
1987
1988
1989
1990
1991
1992
1993
1994

Tonnes
Milled
33,621
180,750
187,006
171,087
170,747
1,779,953
172,287
173,657

Gold (g/t)
10.91
11.04
10.73
11.16
9.78
8.78
6.21
5.78

Recovery
(%)
93.78
95.05
96.06
95.12
95.69
94.48
94.48
95.12

Oz Au
Produced
11,058.08
60,928.10
64,059.36
59,406.17
52,051.42
47,406.65
32,481.65
30,397.79

Silver
(g/t)
26.49
28.5
28.95
27.07
26.89
45.38
26.93
14.64

Recovery
(%)
90.57
91.78
85.7
77.85
81.83
83.41
83.64
85.58

Oz Ag
Produced
25,932.83
152,181.77
147,630.48
118,227.09
121,923.54
212,769.98
124,980.26
93,001.66

Table 1.2. The gold and silver production figures for the Scott Lode (Cornwell 1995).
The Cindy deposit was open pit mined between February and July 1994 (Richards 1998).
Underground development and mining using Avoca cut and fill then commenced from
September 1994 to April 1996, to produce a total of 207,806t of ore at an average head grade of
7.28g/t gold and 4.52g/t silver (i.e. 46,468oz of gold and 25,066oz of silver). The Cindy decline
was then extended southwards to Nancy and then along strike to Vera in August 1996
(Newmont 2002). Open pit mining then commenced at Vera, and a second decline was
developed in August 1997. The two declines connected in September 1997.
A further $48 million expansion of the mill was completed in December 1999, lifting
throughput to >500,000 tonnes per annum (Newmont 2002). The expansion included the
addition of a second ball mill and CIP leach tanks, a new gold room and a 37km long processwater pipeline. A map of the site shows the location of the Scott, Cindy and Vera pits and the
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decline portals (figure 1.6). In October 2001 the operation turned owner operator at a coat of
$22.6M. The ore is mined by a retreat benching method, extracting ore in 15m sections
commencing at the bottom levels (Newmont 2002). Ore is hauled to the surface by 40 tonne
trucks, and is then hauled to the treatment plant by road train. Gold recovery is approximately
96%. A summary of the production, mining and milling figures for Pajingo for the year ended
30th June 2001 are shown below in table 1.3.

Figure 1.6. The location of the Pajingo mining infrastructure and open pits (Newmont 2002).

For the 6 months ended,
June 30, 2002
Gold Production (000 oz)
Total Gold Produced
Total Gold Sold

For the year ended December 31,
2001
2000

134.2
131.4

123.8
126.0

115.7
112.1

Production Costs ($/oz)
Direct Mining and Production Costs
Capitalized Mining Cost – Adjustments
Other
Cash Operating Costs
Royalties
Production Taxes
Total Cash Costs
Reclamation and Mine Closure
Depreciation, Depletion &
Amortization
Total Production Costs

82
1
3
78
10
88
4
44

97
1
98
7
105
1
34

93
93
6
99
1
39

136

140

139

Selected Financial Data ($mm)
Capital Expenditures
Exploration

5.7
0.6

7.3
1.3

4.9
1.9

Mine Production (000 tonnes)
Ore Tonnes Mined
Average Grade (opt)

314
0.407

368
0.349

325
0.368

Mill Production (000 tonnes)
Tonnes Processed
Average Grade (opt)
Recovery Rate (%)

341
0.390
97.0

361
0.351
96.9

341
0.350
96.8

Table 1.3. Production figures for the year ended 30th June 2001 (Aitchison 2003).
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REGIONAL GEOLOGY

The ancient eastern continental margin of Northeast Queensland has experienced a cordilleran
tectonic regime for much of its history, where the complex geology of the coastal zone has been
shaped by subduction-related accretion and compressional deformation (Henderson 1980). The
Proterozoic hinterland was shaped by vertical tectonics, and erosion with accompanying
sediment deposition then occurred along the coastal strip (Beams 1995). Several peneplained
land surfaces west of the coastal ranges indicate there have been long periods of weathering
interspersed with erosion and the deposition of fluviatile, colluvial and lacustrine sediments.

2.1.1 NORTH QUEENSLAND GEOLOGICAL PROVINCES
The geology of northeast Queensland consists of a Paleozoic continental margin assemblage
with inliers of Proterozoic metamorphic basement covered by continental sediments (Figure
2.1) (Morrison 1995). Late Paleozoic terrains (e.g. the Coast Range Igneous Province) represent
distinctive tectonic regimes that influenced metallic mineralisation of this age. The PES lies
within the northern extremities of the Drummond Basin in the Drummond Sub-Province.
The Georgetown Province consists of Mid-Proterozoic dominantly continental sediments,
progressively deformed and metamorphosed eastwards from sub-greenschist to granulite facies
(Morrison 1995). In the Croydon area the metasediments are unconformably overlain by
younger Proterozoic felsic volcanics with cogenetic granitoids. Possible Proterozoic
metasediments comparable to these at Georgetown are the basement in the Coen and Yambo
Provinces. Those in the Anakie Sub-Province are compared with small inliers elsewhere in the
Tasman Fold Belt. Their relationship to the Georgetown province is uncertain.
A major mylonite zone separates the Georgetown Province from the Cambro-Ordovician marine
sediments and calc-alkaline volcanic rocks of the Greenvale Sub-Province and Charters Towers
Province (Morrison 1995). Late Ordovician to Devonian deformation and metamorphism up to
amphibolite grade were followed by granitoid emplacement in these provinces and the adjacent
Georgetown Province. Similar granitoids are extensive under Paleozoic and younger cover
south of Charters Towers and may also underlie sections of three younger Paleozoic Provinces.
The Broken River and Hodgkinson Provinces consist of Siluro-Devonian flysch sediments that
were deformed and metamorphosed in the Devonian. They are now unconformably overlain by
Devonian to Carboniferous shallow marine clastic and carbonate sediments (Morrison 1995).
Devonian to Carboniferous sediments also overlie the Charters Towers Province and are
extensive south of Charters Towers in the Drummond Sub-Province where they are
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accompanied by Carboniferous volcanics. Carboniferous to Permian felsic granitoids constitute
the Coastal Range Igneous Province, and erosional remnants of the coeval volcanic and subvolcanic complexes are preserved in all the adjacent provinces.

Pajingo

Figure 2.1. Northeast Queensland’s geological provinces and sub-provinces (Morrison 1995).

2.1.2 GOLD MINERALISATION STYLES
Five distinctive environments of gold mineralising hydrothermal systems have been recognized
in northeast Queensland (Morrison 1995). These are listed below, whilst the mineralisation
styles and geochemical associations of each deposit type are summarized in table 2.1.
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1. Epithermal – Characterized by sub-aerial volcanic and volcano-sedimentary rocks and
co-genetic shallow intrusive bodies.
2. Volcanogenetic – Characterized by submarine volcanic and volcano-sedimentary rocks
with co-genetic intrusive bodies.
3. Porphyry – Characterized by complex sub-volcanic intrusions with co-genetic plutons
or volcanic and magmatic hydrothermal products.
4. Plutonic – Characterized by batholith scale, pluton level granitoids. The mineralisation
host may consist of older basement rocks or coeval volcanic and sedimentary rocks. The
distinctive features are the brittle-ductile deformation style and paucity of sub-volcanic
intrusions.
5. Slate Belt – Characterized by deformed and metamorphosed flysch with synsedimentary volcanic rocks and syn- to post-metamorphic granitoids.

2.1.3 THE DRUMMOND BASIN
The Drummond Basin formed in a continental setting, inboard of a Late Devonian to Early
Carboniferous continental margin volcanic arc (Hutton 1997). The tectonic elements of eastern
Queensland at this time include (from east to west) a subduction complex, a fore-arc basin and a
volcanic arc. This model suggests that the development of the basin was in a back-arc
extensional environment that developed inboard of the New England Orogen on the continental
side of a west-dipping subduction zone. The principal extension vectors were orientated NESW, and these were rotated into N-S orientations at the basin’s margin with the LolworthRavenswood Block and into E-W orientations at the margins of the Anakie Inlier.
The Lolworth-Ravenswood Block is an exposed representative of the Thomson Orogenic event
(figure 2.2) that was the nucleus of a land area that breaks the trend of the Tasman Geosynclinal
Zone (Levingston 1981). It has been intruded by two large composite batholiths: the postorogenic Late Silurian to Early Devonian Lolworth Igneous Complex (395my) which occupies
the western end of the block, and the large syn-orogenic to post-orogenic Ordovician
Ravenswood Granodiorite Complex (395my). The structures in the northern end of the block
have an overall east-west trend, whereas elsewhere the trends are north easterly with subsidiary
northerly and north westerly components. The calc-alkaline volcanics and clastic sediments and
possible Proterozoic metamorphic rocks that comprise the basin geology where deposited in
marine and continental environments (Day 1983).
The basin formed initially through crustal extension (365 – 345Ma), resulting in simple shear
along a deep upper-crustal detachment fault (Henderson et al 1998). A series of north-easterly
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striking coeval listric normal faults, related northwest striking transfer faults and steeply dipping
normal faults assisted in the accommodation of extension (figure 2.3). These faults contain
wedge-shaped infills of volcanic and sedimentary sequences (i.e. the cycle 1 rocks are described
in this section). In the northern Drummond Basin these rocks formed in isolated basins adjacent
to listric faults. The basin extension would have induced crustal thinning, resulting in the
melting of the lower crust and the generation of volcanism adjacent to the basin margin (Smith
1999).

The resultant andesitic volcanic pile (the Mt Janet Andesites) hosts the Pajingo

mineralisation and formed the centre of a large amount of volcanic activity, probably a
stratovolcano.

Figure 2.2. The location of the geological provinces and inliers of northeast Queensland,
including the Lolworth-Ravenswood Block (after Morrison 1995).
Sedimentation in the Drummond Basin began with the subsidence of the area around the Anakie
Inlier in the Late Devonian, and continued through to at least the Early Carboniferous (Wood
1990).

During this time between 10,000m–20,000m of terrestrial sediments and acid-

intermediate volcanics were deposited, mostly to the west of the Anakie Inlier. Epithermal
occurrences have been recorded throughout the succession, but are mainly associated with
volcanic or volcanically derived lithologies.
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Classification

Epithermal

Vein

Hot-spring

Volcanogenic

Pipe
Massive
Sulphide

Porphyry

Breccia

Stockwork

Vein
Skarn
Vein

Size
(Tonnes Au)

Production
(1994 oz)

Mineralisation
Age

PAJINGO

13

30,398

342

Mt Coolon

9

316

Woolgar

2

Carboniferous

Wirralie

19

0

344

Yandan

13

78,825

346

Twin Hills

12

345

Hill 273

2

Carboniferous

Highway

25

0

Ordovician?

Thalanga

5

4,650

Ordovician?

Liontown

2

Ordovician?

Balcooma

2

500

Plutonic
Slate Belt

Lode

Stockwork

Host Rock
Carboniferous
Volcanics
Carboniferous
Volcanics
Proterozoic
Metamorphics
Carboniferous
Volcanics
Carboniferous
Volcanics
Carboniferous
Volcanics
Carboniferous
Volcanics
Cambro-Ordovician
Volcanics
Cambro-Ordovician
Volcanics
Cambro-Ordovician
Volcanics
Cambro-Ordovician
Volcanics
Carboniferous
Breccia

Kidston

140

208,962

335

Mt Leyshon

106

233,491

280

Mt Success

1

Permian?

Mt Wright

1

Carboniferous?

Triple Crown

1

Carboniferous?

Far Fanning

4

0

Permian?

Horn Is

6

0

Carboniferous?

Coen
Ravenswood

4
55

41,975

Carboniferous?
310

CarboniferousPermian Breccia
Carboniferous?
Breccia
Carboniferous?
Breccia
Devonian
Sediments
Carboniferous
Granite
Devonian Granite
Devonian Granite

Red Dome

39

43,310

320

Silurian Sediments

224

0

400

Devonian Granite

35
28

0
4,432

Carboniferous
420

Proterozoic Granite
Proterozoic Granite

Mt Hogan

6

41,993

420

Proterozoic Granite

Merrilands

1

Charters
Towers
Croydon
Etheridge
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Devonian?

CarboniferousPermian Breccia

Cambrian
Metasediments
Cambrian
Metasediments

Ore Element
Associations
Ag Cu Pb Zn ±
As Sb Te

700 (632–798)

Ag
Ag Zn Cu Sb

603 (550–660)

Ag As ± F Hg
Ag Sb ± Se
Hg Te As
Ag As Cu Zn F
Ba ± U Mo
Ag Cu Bi Zn
Pb As Sb Mo
Ag Cu Zn Pg
Ba As
Ag Zn Pb u
As Sb Bi Mo

500 (460–530)
550 (670–790)

830 (320–890)

Ag Zn Pb Cu
Ag Cu Bi Zn
Pb As Sb Mo
Ag Bi Zn Pb
Cu Mo ± Te F
Ag Bi Zn Cu
Pb Mo ± Te Co
As Sb

740 (670–790)
880 (530–890)
850 (770–898)

Ag Zn Cu Pb

Ag Zn Pb Cu
As
Ag Zn Cu Pb

870 (860–885)

Ag Pb Zn As
Cu
As Pb Zn
Ag Zn Cu As
Ag Cu Zn Bi
Te
Ag Zn Pb Cu
± Te
Ag As Pb Zn

?700 (625–
750)
600 (460–615)
900 (460–940)
?900 (800–
995)

Ag Pb Cu Zn
± Sb

810 (720–860)
720 (550–740)
675 (660–690)
740 (705–770)

Pb Cu As Zn
Ag As Pb Cu
Zn
Ag Pb Cu Zn
± Sb As

Belyando

5

5,887

Devonian?

Rishton

8

38,374

Devonian

Silurian Granite

Christian
Kruck

2

Devonian?

Ordovician Granite

Hodgkinson

10

0

328

Silurian Flysch

Maytown
Camel Creek
Minnie
Moxham
Tregoora
Belfast Hill

3
2

0

Carboniferous
Carboniferous

Silurian Flysch
Silurian Flysch

As Pb Zn Cu
± Sb W Mo
As ± Sb Cu
Sb ± As Zn

6

0

Carboniferous?

Silurian Flysch

Sb As

Carboniferous
Carboniferous

Silurian Flysch
Silurian Flysch

Sb As ± Zn
Sb As Pb

2
2

Gold Fineness
(Ave–Range)

780 (771–794)
>670

Ag Pb Cu Zn
810 (710–875)

Table 2.1. The mineralisation styles and geochemical associations of the major gold deposits of
northeast Queensland (after Morrison 1995).
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Figure 2.3. A model illustrating the strike directions in which listric and subsequent strike slip
faults developed during the extensional tectonic regimen that created the Drummond Basin
(Davis 2003).
Following the rifting of cycle 1, thermal subsidence resulted in the deposition of cycle 2 and 3
quartzo-feldspathic sediments and volcanogenic sediments (Wood 1990). Sedimentation within
the basin ended in the Middle Carboniferous when the region was subjected to a generally eastwest compression that produced open folds with variable axial trends. High angle reverse
faulting and thrusting appears to have been a feature of the tectonic regime, with the truncation
of anticlinal crests by normal or high angle reverse faults. A zone of thrusting developed
immediately to the west of the Anakie Inlier.
Deformation of the basin then occurred in two, poorly constrained shortening events. The Late
Devonian Tabberaberan Orogeny (~370My) (Zuccetto et al 1999) is believed to have caused
widespread deformation and the cessation of sedimentation (Hutton 1997). The second event
saw the Drummond Basin rocks being overlain with angular discordance by the volcanics of the
Bulgonunna Province during the mid to late Carboniferous Kanimblan Orogeny. The second
shortening event resulted in thrust-fault related N-S striking monoclinal structures and reverse
faults, NE striking dextral reverse faults and NW striking sinistral reverse faults. The
reactivation of preferentially orientated extensional structures occurred during this period.
Seismic reflection data and stratigraphic analyses have shown that significant positive inversion
(i.e. the reactivation of pre-existing normal faults as reverse faults and the formation of fold
geometries that reflect the fault reactivation), occurred during the Triassic which has been found
to correspond to the closing phases of the foreland deformation (figure 2.4) (Smith 1999). The
seismic reflection data indicates that the northeast trending structures in the PES are principal
elements that are dominantly half graben in nature (Davis 2003). The seismic data also indicates
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that the Drummond Basin has undergone inversion, and that arrays of southeast dipping faults
that show basal detachment also exist in the area. Seismic sections also indicate that fault relays
that join at depth are important in the PES (Davis 2003c). Inversion of the listric half-grabens
resulted in 4.5 to 5km of reverse movement on the major extensional faults at the northern
margin of the Drummond Basin (Smith 1999). This deformation event in conjunction with
active erosion unroofed the syn-rift sequences, exposing different levels of epithermal
mineralisation across the inversion anticline.

Figure 2.4. A model illustrating the strike directions in which listric and strike dip-slip faults
developed during the Drummond Basins compressional tectonic regimen (after Davis 2003b).
During the Late Carboniferous, northern Queensland was intruded by large granitic batholiths
(Wood 1990). This intrusive activity was accompanied by extensive outpourings of comagmatic
felsic volcanics, predominantly as major ignimbrite flows of rhyodacitic composition that
accompanied large cauldron subsidence areas. In the north-eastern Drummond Basin this
eruptive episode is represented by the Bulgonunna Volcanics. The thickness of these volcanics
is uncertain although estimates of between 1,000–4,500m have been made. Recent mapping
indicates they may be thinner (Wood 1990). Isotopic dating (Rb/Sr) suggests a Late
Carboniferous to earliest Permian age (297 ±12Ma).
The Bulgonunna Volcanics may be associated with their northern equivalents in the Newcastle
Range-Featherbed field with volcanic and plutonic activity along a major structure, the
Palmerville Fault (Wood 1990). The Millaroo Fault Zone may be a south-easterly continuation
of this fault. Epithermal mineralisation occurs at several locations within or marginal to the
Bulgonunna Volcanics. The most notable is at Mount Coolon where vein style mineralisation is
hosted in andesitic volcanics that may represent one of the earliest eruptive phases of the
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volcanics. Several other epithermal occurrences are located within older units of the Drummond
Basin close to the boundary with the Bulgonunna Volcanics. Following the Late Carboniferous
igneous activity, a major linear downwarp (i.e. the Bowen basin) developed on the western side
of the Connors-Auburn Volcanic Arc and accumulated marine and terrestrial sediments and
volcanics throughout the Permian and Triassic (Wood 1990).
Based on geophysical, structural and stratigraphic data, the PES has been found to occur within
a sub-basin where the fault geometry, kinematics and orientations are consistent with the
regional structural framework (Davis 2003c). The basin is exposed over an area of 35,000km2
with infill thicknesses of up to 12km that are inferred to have extensive subsurface distributions.
The western part of the Drummond Basin represents a large, coherent basin that becomes
thinner westwards where it extends beneath the Late Carboniferous-Triassic Galilee Basin. The
eastern part of the basin is poorly exposed and shows rapid changes in lateral thickness for some
rock units over small distances (Henderson 1998). The substrate of the Drummond Basin
consists of crystalline rocks like those of the Anakie Inlier. The basin infill is generally
unconformably overlain by Late Carboniferous or Permian formations related to the Bowen and
Galilee Basins (Henderson 1998). In the northeast it is unconformably succeeded by the Late
Carboniferous Bulgonunna Volcanics.
The Anakie Inlier divides the basin into an eastern and western part (Wood 1990). It is an
isolated block of early to middle Paleozoic low-grade metasediments and metavolcanics that
unconformably overly unmetamorphosed sediments. The metamorphic rocks of the inlier (i.e.
the Anakie Metamorphics) are believed to range in age from Cambrian to Ordovician. The strata
were folded in the late Middle Devonian prior to the development of the Drummond Basin. The
geology of the Drummond Basin is usually subdivided into three tectonostratigraphic cycles,
each of which is separated by disconformities or possibly unconformities (see table 2.2 and
figures 2.5 and 2.6) (Hutton 1997).
Cycle 1 comprises volcanic and sedimentary sequences at the base of the Drummond Basin. In
the north, they have been deposited in isolated half grabens, and in the south form continuous
bands of volcanics extending for hundreds of kilometers (Henderson 1998). The St Anns
Formation represents the basal unit to the west of the Anakie Inlier and is lithologically similar
to and considered the correlative of the Mount Wyatt Formation to the east. It consists mainly of
medium to thin-bedded, medium-grained feldspathic sublabile to quartzose sandstone,
extremely labile medium-grained volcanic rocks, siltstone, medium to thick beds of fissile shale
and pods of lithic-rich, coarse, sandy to granule limestone. Other formations in this cycle
include the Silver Hills and Bimurra Volcanics and the Mount Coolon Andesite (347 ± 2.9 Ma).
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Bulgonunna Volcanics
Bulliwallah Formation
Ducabrook Formation
Telemon Formation
Mount Rankin Formation (Cycle 3)
Natal Formation
Raymond Formation
Scartwater Formation
Star of Hope Formation (Cycle 3)
Mount Hall Formation (Cycle 2)
Silver Hills Volcanics (Cycle 1)

St Anns Formation (Cycle 1)
Unnamed Volcanics
Mount Wyatt Formation (Cycle 1)

CHAPTER TWO. GEOLOGY OF PAJINGO

Lithology
Rhyolitic to dacitic flows &
pyroclastics, andesite, lithic
siltstone.

Feldspathic and lithic sublabile
sandstone, quartzose sandstone,
feldspathic and lithic labile
sandstone, siltstone, mudstone,
conglomerate, tuff, limestone,
chert, shale.
Spherulitic and flow banded
rhyolite, welded tuff, andesite,
agglomerate, lithic sandstone,
mudstone.
Conglomerate, lithic sandstone,
mudstone, limestone, acid tuff,
agglomerate, rhyolite, dacite.
Rhyolite, volcanic breccias, tuff,
agglomerate, lithic sandstone.
Siltstone, shale, feldspatholithic
arenites, conglomerate, tuff.

Thickness
(m)

Age

1,000–4,500

Carboniferous
–Permian.
Isotopic data
(Rb-Sr) → 297
± 12 Ma

1,800
<2,100
150–2,100
660
300–1,200
300–2,400
300–1,200
150–1,800
30–1,650

Early
Carboniferous

500–1,500

Late Devonian

2,100

Late Devonian

450

Late Devonian

>1,500

Late Devonian

Epithermal
Occurrence
? Bulgonunna
Prospects
? Mt Coolon

Pajingo

Yandan

Wirralie

Table 2.2. The stratigraphy of the Drummond Basin (Wood 1990).

Figure 2.5. The distribution of volcanics for the Late Devonian-Early Carboniferous sequences
from the northern New England Orogen (Henderson 1998).
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Figure 2.6. The lateral extent of the Drummond Basin and the location of the Pajingo
Epithermal Deposit within the basin (after Henderson 1998).
Cycle 2 is a sequence of quartzose and feldspathic, dominantly fluviatile sediments that
discordantly or unconformably overlie the rocks of cycle 1 (Henderson 1998). The Mount Hall
Formation is the only formation of cycle 2 that crops out in the northern Drummond Basin, but
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some of the fine sandstones, siltstones and mudstones that occur around Twin Hills may be
equivalent in part to the Telemon or Scartwater Formations. The Carboniferous Mount Hall
formation is a band of medium-grained quartzose sandstone that grades downwards into a
pebbly sandstone, and finally into an oligomict pebble conglomerate. This conglomerate is
composed mainly of rounded pebbles of white milky quartz in a medium-grained quartzose
sandstone matrix.
Cycle 3 consists of volcaniclastic sediments and minor volcanics that concordantly overlie the
cycle 2 (Henderson 1998). The Star of Hope and Mount Rankin Formations occur in the
northern section of the Basin. The Carboniferous Star of Hope Formation consists of
volcanilithic sediments and volcanics. The Mount Rankin Formation consists of conglomerate,
laminated siltstone and minor dacite to andesite.

2.1.4 EPITHERMAL STYLE GOLD DEPOSITS
The majority of known epithermal deposits in northeast Queensland are found in PermoCarboniferous sub-aerial volcanic terrains with the best examples occurring in the eastern part
of the Drummond Sub-Province. Early Carboniferous andesitic volcanic rocks and intercalated
sediments host simple vein deposits, whereas rhyolitic volcanics and intercalated sediments
intruded by flow dome complexes host a variety of vein, stockwork, breccia and disseminated
styles, collectively referred to as hot spring deposits (Morrison 1995).

Simple vein deposits (i.e. Pajingo) are sulphide poor, adularia-sericite types with classical
alteration styles, ore minerals and vein texture zonations. Ore shoots which locally reach
bonanza grades, are characterized by strong silicic-sericite-argillic alteration envelopes, multiphase internal brecciation and distinctive quartz texture assemblages dominated by crustiform,
colloform and moss textures. They are localized by syn-mineralisation reactivation of the lode
and its host structure, which is commonly a regional scale extensional fault (Morrison 1995).
Hot spring deposits (e.g. Yandan, Wirralie, Twin Hills) are characterized by broad areas of both
stockwork and truly disseminated mineralisation below a siliceous cap rock. The siliceous cap
rock may take the form of a sinter (e.g. Twin Hills), a siliceous alteration zone (e.g. Wirralie) or
a combination of both (e.g. Yandan). Other characteristic features include an association with
major structures that are often shallowly dipping, and the presence of rhyolitic flow dome
complexes which may be contemporaneous with the mineralisation (Morrison 1995).

20

BIANCA PIETRASS MASTERS THESIS

2.2

CHAPTER TWO. GEOLOGY OF PAJINGO

THE PAJINGO EPITHERMAL GOLD SYSTEM

2.2.1 EVOLUTION OF THE PAJINGO EPITHERMAL GOLD SYSTEM
The Pajingo Epithermal System (PES) occupies a 150km2 area within the semi-arid tropical
Charters Towers district which occurs in the northern region of the Drummond Basin. The
system is located in a major intra-cratonic structure (i.e. coeval listric normal faults) (Hutton
1997) in which volcanically derived material accumulated from the Late Devonian to the Early
carboniferous, and possibly through to the late Carboniferous (Porter 1988). The PES is a lowsulphidation (or Adularia-Sericite) type deposit with bonanza gold and silver mineralisation. It
is considered to have formed in association with a second phase of basin extension at around
345Ma, during which a deep-seated glomerporphyritic andesite intrusion located in the footwall
of the main vein at Nancy, Vera North and Vera South, is thought to have driven the
hydrothermal fluids (figure 2.7) (Mustard 2003). The intrusion generating the heat probably
occurred at 5-6km below the surface (figure 2.8) (Heald 1987), and the Mt Janet Andesites were
able to maintain the plumbing system created by the intrusion due to their permeability.

Figure 2.7. The location of the Pajingo gold deposits along the Vera-Nancy Structural Corridor
(plan view). The sense of movement on the major structures is shown (Note: The red lines
represent the auriferous veins) (after Butler 2002).
Mineralisation was deposited in structural traps within zones of thickening (i.e. in the Mt Janet
principal volcanic area). This pile of structurally competent volcanic rocks underwent
deformation, fracturing and void development (Smith 1999), and now forms a structural

21

BIANCA PIETRASS MASTERS THESIS

CHAPTER TWO. GEOLOGY OF PAJINGO

corridor between Mt Starlight and the Janet B Group veins (i.e. the Vera-Nancy Structural
Corridor) (Cornwell 1995). Precious metals were deposited along the top of the deeply
circulating, moderately to strongly concentrated nearly neutral pH chloride brines at, or close to
the interface of that brine with overlying ground waters (Heald 1987). This explains the high
grades within the quartz material and the lack of mineralisation in the andesitic host rocks.
The Mount Janet Andesite host rocks are dominated by variably porphyritic andesite volcanic
rocks including lavas, sub-volcanic intrusives, primary breccias and epiclastic units interpreted
as a part of Cycle 1 of the Drummond Basin (Mustard 2003). The volcanics form prominent
outcrops within the Janet range with a peak elevation of 200m. The northern most hill within the
Janet Range is Mt Molly Darling (Porter 1988). The densest grouping of veins, silicification,
silica seal and post vein breccias occur on the northern, eastern and south-eastern flanks of Mt
Janet (figure 2.9). Numerous other vein sets occur throughout the Janet Range (Cornwell 1995).
Surrounding the Janet Range and on the eastern flanks is an erosional peneplain apron
composed of locally derived clastic material cemented during the Tertiary laterisation event (i.e.
Southern Cross Formation) (figure 2.10) (Porter 1988). Deep weathering profiles and ferricretes
form mesas in some areas that are capped by siliceous and ferruginous duricrusts developed on
thick units of deeply weathered Tertiary sediments and Paleozoic granitoids (these granitoids
host mesothermal quartz vein gold mineralisation) (Beams 1995). The colluvial Tertiary
sediments are up to 90m thick and vary in thickness rapidly over short distances due to
deposition on an incised topographic surface (Butler 2000). They cover up to 80% of the PES
such that only 20% of the Pajingo epithermal veins are exposed at the surface (e.g. Scott Lode).
The well-developed lateritic weathering profile is up to 120m in depth from the surface.
The gold deposits of the PES (i.e. Nancy North, Nancy-Vera North, Vera and Vera South) occur
along the “Vera-Nancy Structural Corridor”, whilst the Scott Lode and Cindy deposit occur on
secondary structures striking NE-SW (figure 2.11). The north-westerly trending Vera-Nancy
structure is interpreted as a classic high-level, brittle dominantly sinistral strike slip transfer
fault with components of normal slip. It occurs within the northern margins of the Drummond
Basin and is crosscut by north-easterly and easterly faults that contain dextral strike and dip slip
components possibly related to block faulting (Porter 1990), (figure 2.12). The margins of the
Vera-Nancy structure are not sharp and some sections consist of major fractures (Butler 2000).
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Figure 2.8. The interpreted structure of the PES with the location of the host rocks and quartz
veins shown. The temperature isobars and main epithermal features are also illustrated (after
Butler 2002; Cooke et al 2000; Guilbert 1986).

Figure 2.9. A sectional view of the Vera-Nancy Structural Corridor showing the location of the
host rocks and Vera South deposit (Butler 2002).
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Figure 2.10. Geology of the Charters Towers district and the location of the PES (Porter 1988).
All the PES deposits occur in releasing bends or sites of maximum dilation created through a
change in the strike of the Vera-Nancy Structural Corridor, or in positions were it intersects
with crosscutting NE-SW striking structures (figure 2.11) (Butler 2002). Knowledge of the
kinematics of these faults has been developed based on extensive surface and underground
mapping and drilling data (Butler 2001). The geometry of the quartz veins indicates steep
normal oblique displacement has occurred along the Vera-Nancy structure (Davis 2003).
Faults observed in the Scott Lode display normal, down to the south stratigraphic displacements
and quartz textures, and normal dip separations suggest that northwest striking fractures form a
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part of a coeval normal fault system within the deposit (Bobis 1995). The Vera and Nancy faults
show evidence of movement from syn- to post-mineralisation and contain a wide range of
mineral infills (Mustard 2003). At least four separate episodes of brittle deformation are
characterized by the precipitation of specific mineral assemblages. Two stages of normal
faulting are responsible for the formation of the main quartz vein and later carbonate veins, and
subsequent reverse faulting and thrusting has resulted in the development of gypsum veins and
dickite lined faults.

Figure 2.11. The Vera-Nancy Structural Corridor (plan view) and the location of the gold
deposits and prospects in relation to Mt Janet (Note: The red and black dashed lines represent
the mineralised veins and prospective targets respectively within the PES) (Butler 2002).

Figure 2.12. The structure of the Drummond Basin during extension, and the location of the
Vera-Nancy Structural Corridor in relation to early listric and strike slip faults (after Davis
2003b).
The Vera-Nancy structure is described as a compound fault zone, where numerous hangingwall,
footwall and linking splays bound the primary fault surface (Smith 1999). The combination of
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these faults contributes towards maintaining an overall similar amount of extension along strike.
Individual fault strands do however tip out along strike and in section. Along strike these fault
strands switch between occurring in the hangingwall and footwall. In the Vera-Nancy deposit,
the positioning of splay veins branching from the main structure at slight inflection points
indicates strike slip movement whose magnitude is unknown (Sims 2000c). The NE-SW
striking basin extensional faults commonly display milled breccia and fault gouge where the
clasts are <5mm in diameter. These structures pre-date mineralisation and display evidence of
re-activation (Davies 2004). The reactivation of the Vera-Nancy structure in conjunction with
normal faults bounding the northern margin of the Drummond Basin probably controlled the
emplacement of the Pajingo veins (Butler 2000).
The Vera-Nancy Structure extends to 400m in vertical depth, has a strike length of ~6km and
dips that ranges from 40° to sub-vertical (average dip ~70°) (Butler 2000). The high grade ore
zone in the Scott Lode is shallower in depth (<200m) compared to the high grade ore zones in
the Vera North and Nancy deposits (>200m) (figure 2.11). This may be due to postmineralisation tilting of the Drummond Basin towards the south (Richards 1998).
When the characteristics of Low Sulphidation deposits (refer to Hayba 1985 and Henley 1983)
are compared to modern day hydrothermal systems, it has been shown that at the interface
between the brines and ground waters, fluid flow is dominated by lateral movement. Gravity
driven groundwater flows above the circulating brine plume to form hydrologic caps on the
plume that force lateral flow across its top. The overlying structures are left barren of
mineralisation and often show no evidence of vein filling or wall rock alteration (Hayba 1985).
Boiling then occurs in the upper parts of the brine plume, and mixing with surrounding ground
waters along the sides and top of the plume precipitates ores at temperatures of 200°–300°C.
Late-stage fluids typically deposit gangue minerals at temperatures between 140°–200°C.
Vein breccias and vapour-rich inclusions from the Vera North and Nancy deposits suggest that
fluid boiling caused primary gold deposition (Hayba 1985). This was probably due to the
depressuring of hot fluids that were forced into dilational zones by recurring fault activity
associated with seismic events, which caused epithermal banding and multiple brecciations
(Hayba 1985). Chalcedonic vein silica and illite in veins, along with limited fluid inclusion data
indicates depositional temperatures were between <200°–250°C at depths of 100–600m along
the Vera-Nancy structure (Richards 1998) which is consistent with a typical hydrothermal
system.
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Hydrothermal vapours condense to form blankets of sulphate rich waters above the water table
(i.e. the vadose zone), while waters that form through the condensation of this vapor below the
water table are CO2 rich (Hedenquist 2000). Surface features associated with this steam heated
zone include steaming ground, mud volcanoes, boiling springs and silica sinters.
The Scott Lode veins exhibit compositional and textural features indicative of a shallow
depositional environment. Fluid inclusion data indicates the ore fluids were near neutral, low
salinity (i.e. <6,600mg/kg) fluids that deposited at depths of 300–600m at homogenization
temperatures of between 230°–270°C. The dominance of illite within the veins and in
association with the wall rocks indicates temperatures exceeded 230°C, while the presence of
chalcedony indicates temperatures fluctuated to below 200°C (Porter 1990; Cornwell 1995).
Recent fluid inclusion studies on the Vera North deposit also showed that similarities in texture
exist between the Scott Lode, the Vera North and the Nancy deposits, which suggests fluid
compositions were typically low-salinity epithermal fluids of meteoric origin (Richards 1998).
Oxygen isotopes indicated meteoric waters were important components of the ore forming fluid,
and wall rock sulphur isotopes were similar to those of many modern volcanic hosted systems.
The main geological characteristics of the PES deposits have been summarized in tables 2.3 and
2.4. These tables aim to highlight the main differences between the deposits that occur within
the Vera-Nancy structural corridor.

2.2.2 THE SCOTT LODE AND CINDY DEPOSIT
The boomerang-shaped Scott Lode has a strike length of 560m and forms the central portion of
the 2.5km long Janet ‘A’ Vein (Porter 1988). The host rock sequence is relatively flat lying with
local dip variations of up to 30°. The hangingwall is dominated by porphyritic to fine grained
andesitic lavas and andesitic crystal and lithic tuffs, felsic ignimbrites, volcaniclastics, volcanic
breccias of variable fragment size, and minor sediments (figure 2.13). Intercalated tuffaceous
and micaceous feldspathic sandstones, siltstones, andesite lavas, tuffs and volcaniclastics and
breccias of uncertain origin containing volcanic and sedimentary fragments up to several meters
dominate the footwall. Sub-volcanic rocks also intrude the mine sequence, and K-Ar age dating
of sericite (illite) alteration returned ages of 330±10My (i.e. mineralisation is Middle
Carboniferous in age).
The lode widths are variable but thicken in the central hinge zone where the vein system
changes strike direction from east to northeast (possibly due to the intersection of two vein sets).
The lode has a maximum width of 23m in the central bend and tapers to 4m wide at each end
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(Porter 1990). The lode system strikes east on its west limb and northeast on the east limb, and
plunges 70°–80° to the south. Ore extends to depths of around 140m from the surface. The
hinge zone (i.e. where the lode changes strike direction) is composed of several footwall veins,
at least one hangingwall vein and lesser veins that form a stockwork. Locally derived zones of
silica-sealed hydrothermal breccia also commonly occur marginal to further out from the veins.
Vein infill is dominantly clear to milky (occasionally red-brown) chalcedonic and
microcrystalline silica, commonly with limonite or hematite bands and as fine dusty
disseminations (Porter 1990). Coarse grained euhedral crystalline varieties <40mm long are also
present. The quartz veins feature massive, crustiform, colloform, cockade, cockscomb,
vesicular, drusy cavity and fibrous textures and also platy pseudomorphs after carbonate crystal
lattice replacements. Textures indicating replacement of bladed carbonate are present,
commonly with crustiform and colloform overgrowths. Multiple episodes of hydraulic
fracturing and silica self sealing are displayed by the pre-existing vein and matrix infill. Fracture
infill assemblages surrounding, and often incorporated within the quartz veins include illite and
clay, carbonate and sulphide in decreasing abundance (Porter 1988).
The gold and silver mineralisation (i.e. >1g/t) is confined to quartz veins within the quartz vein
zone. The vein system and stockwork veins are more extensive in the hinge zone of the deposit
where the mineralisation is broader than in the limbs (Porter 1988). The gold is typically free
milling and very fine grained (<75μ) and occurs dominantly as electrum (70:30, gold: silver)
and as gold. Gold has been visually identified in minor fractures within quartz grains, interstitial
to quartz grains and as fine anhedral blebs within quartz grains (Porter 1990). The higher grades
(>60g/t) are generally found in multiply brecciated veins that have both gold-quartz veins and
matrix-gold deposition. Bonanza grades (>2,000g/t) occur as fine-grained aggregates forming
late stage veinlets, crustiform bands and as clots within quartz, and are often close to iron oxides
(i.e. hematite and limonite) (Porter 1988). Intensely brecciated quartz, vesicular quartz, acicular
cockscomb and finely banded colloform quartz are commonly associated with these zones.
Gold is generally not associated with sulphides. Very little supergene enrichment has occurred
but gold is found with supergene iodine and bromine minerals (Porter 1988). A geochemical
study of the deposit (Cornwell 1995) identified a number of features (figures 2.14 to 2.16):
1. Silver is strongly associated with gold, and the gold to silver ratio decreases with depth.
2. Antimony and silver are spatially associated and form a halo to the higher gold grade
zone. Both elements are more elevated at depth.
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3. Copper, lead and zinc show strong spatial correlations. Their values are elevated
towards the base of the gold zone, and drop rapidly below the gold zone. A subtle
association may exist between gold and lead.
4. Mercury occurs erratically, but a vague halo of higher mercury exists in the gold zone
and increases with depth.
5. Barium forms a broad blanket above the oxidation zone and is not associated with gold.
6. Manganese displays a broad affinity for the main gold zone and perhaps a link with
copper, lead and zinc. Its concentration increase with depth.
7. Tellurium, thallium, bismuth and tungsten are present in low to trace amounts.
The Cindy deposit is a blind ore body discovered by interpretation of magnetics 1.5km
southeast of the Scott Lode. Initial drilling was carried out by Battle Mountain and follow-up
resistively surveys were by A.C.M. (Cornwell 1995). In 1993 Posgold (replaced A.C.M. in the
joint venture) accepted a royalty from the Cindy vein production, and left Battle Mountain to
evaluate and mine the deposit in their own right.
The Cindy vein is 10–12m wide with a strike length of approximately 1,500m, but the economic
section of the vein is ~300m long and economic grades are generally confined to more
continuous 2–4m wide footwall veins dipping 80° to the south (Cornwell 1995). It is a linear
structure buried below 5–15m of Tertiary sedimentary cover which is cut by a single post
mineralisation fault in its central section. The vein system braches rapidly within the hosting
andesitic volcanics and intrusives lens. The vein consists predominantly of white sugary quartz
and lesser chalcedony and banded colloform/crustiform quartz. Very few classic epithermal
textures are observable.
The Cindy open pit reserves contained 73,000t @ 4.3g/t gold (10,000 oz) and the underground
reserves consisted of 175,000t @ 7.1g/t gold (40,000 oz) (Cornwell 1995). The silver to gold
ratio was approximately 0.8:1. A total of 490,000 BCM (1.25 million tones) of material was
excavated from the open pit between February and July 1994. The underground portal is located
in the southern wall of the open pit and five sub-levels 15m apart were developed. The average
mining width was 4.6m.
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Scott Lode
330 ± 10 M yr. (Middle Carboniferous age for Mineralisation).
The ore extends to a depth of ~140m from the surface.
Forms the central portion of the Janet ‘A’ Vein (strike length 2.5km).
Interpreted to be a fissure fault zone.
Extensive block faulting of host rocks (probably pre-mineralisation).
Multiple episodes hydraulic fracturing.
West limb strikes east & east limb strikes northeast. Lode plunges
steeply to the south (70°–80°).
Hinge zone composed of several footwall veins, at least one
hangingwall vein & lesser veins form a stockwork in the zone.
Boomerang shaped lode with a strike length of 560m.
Lode width is variable. Thickens in central hinge zone (max. 23m) &
tapers at each end (~4m).
The host rock sequence is flat lying (dip variations up to 30°).
Hangingwall ⇒ porphyritic to fine grained andesitic lavas & andesitic
crystal & lithic tuffs, felsic ignimbrites, volcaniclastics, volcanic
breccias & minor sediments.

Cindy
Vein is buried beneath 5–15m of Tertiary sedimentary cover.
The vein is a linear structure with only one minor post mineralisation
fault in the central section.
The vein system lenses and braches rapidly.
Economic mineralisation is generally confined to more continuous 2–
4m wide footwall veins dipping 80° to the south.
Economic section of the vein is ~300m long with a strike length of
~1,500m.
The lode is between 10–12m wide.

The vein system is hosted within andesitic volcanics and intrusives.

Footwall ⇒ intercalated tuffaceous & micaceous feldspathic sandstone,
siltstones, andesite lavas, tuffs & breccias.
Vein infill ⇒ clear to milky chalcedonic & microcrystalline silica.
Limonite or hematite in bands & as fine dusty disseminations.
Ore Textures and
Mineralogy

Au:Ag Ratio

Textures ⇒ massive, crustiform, colloform, cockade, cockscomb,
vesicular, drusy cavity, fibrous, platy pseudomorphs after carbonate
crystal lattice replacements.
A ratio of 7:3.

Vein infill ⇒ white, sugary quartz and minor chalcedony.
Textures ⇒ Very few classical epithermal textures are present. Some
crustiform and colloform textures are visible.
-

Table 2.3. The main characteristics of the Scott Lode and Cindy deposit, neither of which occur along the Vera-Nancy structural corridor (after Butler 2000,
2001, 2002, 2003; Cornwell 1995; Davis 2003a to c; Mustard 2003; Porter 1988, 1990, 1991; Sims 2000a to c).
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Nancy
Two main narrow shoots reach the surface &
are covered by <10m cover. The veins are
separated by a barren zone.
The deposit occurs within the Vera-Nancy
structural corridor.
The gap between Nancy & Vera may
represent a compressive portion of the NW
trending host structure. Faults in the zone
probably control the position of the high
grade zones.
Mineralisation occurs in the dominant N1
vein, with 4 locally mineralised flanking
splays mainly in the footwall.
The vein in the upper & SE zones dips 70° to
SW. The dip becomes sub-vertical at depths
<150m in the northwest end.

Dimensions of Ore
Body

N1 is 1–9m wide (average width 3.2m).
Economic quartz veining has been intersected
over a 700m strike length.

Host Rocks

Andesitic volcanics.

Ore Textures and
Mineralogy

-

Au:Ag Ratio

-

Vera (also named Vera North)
Sub-crops or is obscured by thin (<10m)
Tertiary sediments. Oxidation extends to 70m
in depth.
Deposit occurs within the Vera-Nancy
structural corridor, on dilatational
jogs/flexures along the regional strike slip
fracture.
A 0.1–5m wide sub-parallel fault zone occurs
below the veining.
There are at least 3 brecciation phases.

Vera South
No outcrop. Covered by 40–50m of Tertiary
sediments.
Deposit occurs within the Vera-Nancy
structural corridor.
Dilational jogs & cross cutting structures
influence the distribution of high grade lodes.

V2 contains most of the gold. It is flanked by
8 major varyingly mineralised veins/splays
(mainly in the hangingwall) collectively
called V1.

At least 4 mineralised structures (V1 to 4).
75% of resource within V1, which is a WNW
trending curvilinear structure. Other
structures are generally NW trending.

Veins up to 16m wide. Strike length of
>550m. 200m vertical extent.

Economic mineralisation occurs 100–550m
the below surface. Unmineralised epithermal
quartz veins are common above/below this
zone.

Porphyritic andesitic tuff. Low ridges of
silicified fault breccia with quartz veining
occur at the surface.
Broad textural zonation.
Moss, colloform-crustiform textures
dominant with lesser carbonate replacement.
Varies from 1:1 at Vera & lower Nancy, to
1:4 in upper Nancy.

Andesitic volcanics.
Highly variable. Moss, colloform-crustiform
textures dominant. Commonly late carbonate
(dolomite-siderite).
Variable (overall ratio of ~2:1).

Table 2.4. The main characteristics of the Nancy, Vera North and Vera South deposits, which all occur along the Vera-Nancy structural corridor (after Butler
2000, 2001, 2002, 2003; Cornwell 1995; Davis 2003a to c; Mustard 2003; Porter 1988, 1990, 1991; Sims 2000a to c).
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Figure 2.13. A cross section of the Scott Lode (Porter 1990).
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Figure 2.14. A zoning model of the Scott Lode based on quartz vein types and textures (Cornwell 1995).

- 33 -

BIANCA PIETRASS MASTERS THESIS

CHAPTER TWO. GEOLOGY OF PAJINGO

Figure 2.15. Distribution of gold (ppm) in the ore zone (Cornwell 1995).

Figure 2.16. Distribution of silver (ppm) in the ore zone (Cornwell 1995).

2.2.3 THE NANCY, NANCY NORTH AND VERA DEPOSITS
The Nancy North deposit is located on a bend in the main Vera-Nancy Structural Corridor. It
extends to a depth of 250m, has a strike length of 250m and is 1–5m wide. The deposit contains
a number of brecciated vein textures, stockwork veining, and short scale vein disruptions. Minor
veins also flank the main structure (Sims 2000b).
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The Nancy and Vera North deposits are referred to as the “Vera-Nancy” deposits (figure 2.17).
A common decline joins the two, both of which are being mined simultaneously. Mining at
Nancy is currently close to completion, while the Vera North deposit is still being exploited.
Drilling in the 200m wide gap between the two deposits intersected fault breccia and moderate
silicification with minor veining and weakly anomalous gold values (0.1–0.5g/t). Both ends of
the Vera North mineralisation and the southeast end of Nancy are coincident with strong eastsoutheast trending resistivity lineaments. These are interpreted to be faults that probably control
the position of the high grade zones. These faults have not been recognized in the drilling and
their sense of movement is unknown. An alternative interpretation is that the zone represents a
compressive portion of the northwest trending host structure (Richards 1998).

Figure 2.17. Location and geological plan showing the position of the Nancy, Vera North and
Vera deposits (Richards 1998).
Numerous epithermal textures are present in the veins and surrounding host rocks (Sims 2000a).
Massive quartz is the dominant texture with common drusy cavities, minor colloform and
crustiform banding and rare bladed pseudomorphs after carbonate crystals are present (Richards
1998). Dark narrow bands within some veins contain numerous fine grained pyrites, which
generally correspond to localized higher gold and silver grades. Vein fill varies from grey,
translucent chalcedony to milky white, locally amethystine microcrystalline silica.
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The Nancy deposit occurs in dilatational jogs along the Vera-Nancy Structural Corridor. It is
located ~200m northwest of Vera North and economic quartz veining has been intersected over
a 700m strike length with the mineralisation open down dip (Richards 1998). Economic
mineralisation is irregularly distributed within a 1–9m wide (average 3.2m) dominant vein, N1
(figure 2.18). Four subsidiary mineralised flanking splays also occur mainly in the footwall. In
the upper and southeast zones the vein dips 70° to the southwest, and in the northwest end at
depths below 150m the dip becomes sub-vertical. Two narrow shoots also appear to reach the
surface and are separated by a barren zone.
The Vera North deposit also occurs in dilatational jogs and flexures along the Vera-Nancy
Structural Corridor. Oxidation extends to depths of 70m and does not have a significant effect
on the ore body. The surface expression of the ore zones are low ridges of silicified fault breccia
locally with fragments of weak to moderately developed quartz veining (Richards 1998). The
main mineralised zone V2 is hosted by a massive, tabular, 1–10m thick quartz vein (average
width 3.4m) that is intersected over a 500m strike length. The SW dip of the structure ranges
from 57° at the northwest end, to 64° at the southeast end. The associated mineralised zone is
1.5–17m wide (average 5.4m), where high grade mineralisation commences at ~250m below
surface to depths of 420m (figure 2.19). Several narrow hangingwall veins collectively named
V1 have been intersected above V2, where bonanza grades in V1 and V2 merge (Richards
1998).
At least three phases of brecciation have been recorded in hosting fault breccias. The dominant
first phase consists of variably altered andesitic fragments and lesser quartz vein fragments in a
very fine grained silica-pyrite groundmass. The second and third phases are distinguished by
fragments of the previous breccias (Richards 1998). A 0.1–5m wide fault zone exists subparallel and below the veining. It post dates the mineralisation, alteration and brecciation and is
interpreted as a reactivation of the original host structure. It is strongly foliated and contains
chlorite, clay and pyrite. Alteration and brecciation is restricted to the hangingwall, indicating
significant displacement has occurred (extent and direction is unknown). The volcanics below
this fault are typically propylitically altered, with patchy silica-clay alteration causing local
bleaching. The hangingwall alteration grades from propylitic distal to the veining (i.e. 80m), to
phyllic adjacent to veining (Richards 1998).
The Vera deposit extends over a strike of 500m, has a 200m vertical extent and is up to 16m
wide. The main vein contains the bulk of the gold and is flanked by eight major veins or splays
in the hangingwall that contain localized economic mineralisation (Sims 2000b). Two small
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deposits occur above Vera: Vera North Upper (VNU) and Venue (Vera North Upper Extended).
VNU was mostly mined out in the first 18months of production and Venue was uneconomic.

Figure 2.18. A cross section of the Nancy deposit showing the N1 structure (Richards 1998).
Steeply dipping strike slip faults with sub-horizontal offsets were intersected on some levels
sub-parallel to the veins. They cross cut the veins creating barren pillars or overlap the veins
over short strike lengths. Sub-parallel shears also occur on other levels on/near the vein contacts
but do not appear to directly affect the vein geometry. Shallowly dipping faults with strikes
perpendicular to the ore body’s, and steep reverse faults that post date mineralisation create vein
overlaps in the eastern end of the deposit. Where dip reversals occur, shallower dipping narrow
ladder veins extend away from the main vein for a number of meters (Sims 2000a).
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Figure 2.19. Cross section of the Vera North deposit showing V1 and V2 (Richards 1998).

2.2.4 THE TOBY TREND
The linear Toby trend is a shallow dipping combination of inter-linked structures hosted by
calc-alkaline volcanic and volcaniclastic rocks that developed during the late Devonian to early
Carboniferous. The trend is an important feature within the PES, as it shares many geophysical,
geochemical and geological similarities with the Vera-Nancy structural trend. It occurs parallel
to and 2700m to the northeast of the Vera-Nancy trend (Goddard 2003).
The geology of the Toby trend and its potential to host economic mineralisation was
investigated by Goddard (2003) through comparisons with mineralised sections of the VeraNancy trend. The Toby trend host lithologies (i.e. andesitic lavas, lava breccias and
volcaniclastic and felsic ignimbrites) were found to strike northwest like the Vera-Nancy trend.
The dip of the Toby trend however, is shallow (45° – 60° S) in comparison to the Vera-Nancy
lodes (55° – 90° S). Modelling of the stratigraphy and marker horizons within the trend
indicates that limited offset and fault displacement has occurred throughout the system. The
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Vera-Nancy trend on the other hand has undergone ~100m of vertical displacement, whilst the
Scott Lode has undergone ~290m of vertical displacement.
The textures observed in the Toby trend are limited to thin intervals of hydrothermal quartz
breccia and rarely textured veins (<0.5m) (Goddard 2003). The paragenesis of these textures
shows that comb textures dominate, followed by minor colloform and crustiform banding
textures. In comparison, the Vera-Nancy veins are dominated by gold and silver bearing
colloform and crustiform textures, with comb textures appearing later in the paragenesis. Subtle
isotope variations also exist between the two trends (this isotope work was conducted by Dr K.
Faure at the New Zealand Institute of Geological and Nuclear Sciences), indicating higher
fractionation signatures occur in carbonates from the Toby trend compared to the Vera-Nancy
system. This may be due to the proximity of the Toby trend to the main hydrothermal centre.
Higher water-rock interactions may have been prevalent in the Toby system.

2.3

THE VERA SOUTH DEPOSIT

The Vera South Deposit occurs in a zone of dilation that may be either a jog or bend (figure
2.20) along the Vera-Nancy Structural Corridor (Butler 2002). In near-surface environments,
fluid pressure reductions below ambient values (e.g. hydrostatic) are achieved by a “Suction
Pump” fluid flow mechanism during slip transfer across dilational fault jogs, bends and
intersections (Sibson 1990). This fluid flow mechanism is believed to have caused dilation and
the subsequent flow of mineralising fluids through the Vera South deposit (Richards 1998).
Studies by Sibson (1990) showed that dilational irregularities on faults form preferential sites
for rupture perturbation or arrest. Larger dilational irregularities act as preferential sites for
rupture termination. Following a seismic event, fluid pressures in dilational irregularities are
perturbed for a period that may extend over weeks to years for moderate to large earthquakes
(figure 2.21). Rupture arrest is often followed by delayed slip-transfer across the structures, with
a concentration of aftershock activity in the local area of dilation. Ruptures therefore terminate
where slip transfer involves local extensional opening at jogs or bends.
The opening of a fracture mesh by incipient suction caused by the propagation of a rupture
through a large dilational jog (i.e. width >1km) causes the jog to act as a major energy sink
which inhibits further rupture propagation. Wallrock brecciation may occur by hydraulic
implosion into the forming void when the difference in fluid pressure between the extension
fracture and immediate host rocks is large (figure 2.22). The jog’s fluid pressure is restored after
rupture arrest by the inward percolation of fluids from the surrounding rocks (Sibson 1990).
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Figure 2.20. Schematic diagram of dilational jogs and bends on a sinistral strike slip fault (The
solid circles represent earthquake epicentres and the ruptures are propagating from right to left)
(Sibson 1990).

Figure 2.21. Hypothetical plot of fluid pressure versus time between successive earthquake
ruptures for the suction-pump and fault-valve mechanisms (Sibson 1990).

Figure 2.22. Dilational fault jogs causing rupture perturbation and arrest along a sinistral strikeslip fault (after Sibson 1990).
Ladder vein arrays, cymoid loops and horsetail veining are viewed as different varieties of
dilational jogs that accommodate localized extension. Larger jogs consist of a mesh of
extensional fractures and subsidiary shears. At higher crustal levels, the jogs tend to be
characterized by crustiform veins with textures recording histories of incremental extensional
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opening, or by high-dilation, hydrothermally cemented breccias of wallrock fragments resulting
from multiple episodes of brecciation and cementation. Away from jogs, the driving faults are
often unmineralised (Sibson 1990).
The main mineralised vein structure in the Vera South deposit (i.e. V1) is >450m long and dips
between 50°–90° (average 74°) to the southwest. Vein breccias and vapour-rich inclusions
within the quartz material indicate a major high grade gold event occurred early in the
development of V1 and is associated with banded quartz. Mustard (2003) envisages the
mineralising process to be part of an evolving system that experienced a major bonanza gold
event early in the development of V1. Subsequent fluid-fault activity did not produced such
high grades but rather the system waned with respect to both gold content and temperature,
suggesting a specialized process was occurring during the early stages of the epithermal vein
event. Potential processes include (Mustard 2003):
1. Boiling – Due to the depressuring of hot fluids forced into dilatational zones by
recurring fault activity, causing epithermal banding and multiple brecciations. It is an
efficient mineralising process for under-saturated gold bearing fluids (Richards 1998).
2. Specialized fluid – the early ore bearing fluids may have a particular source that had a
high gold content. These fluids may have undergone boiling and mixing with meteoric
fluids to produce an early high grade event.
The large “Crown Fault” is believed to have controlled the deposition of gold within the Vera
South deposit. Sets of linking and non-linking fault elements of various lengths have combined
to produce the 20-40m wide “Crown Fault Zone” (Davis 2002), where many of the individual
elements are found in both the hanging and footwall of V1, which end several meters from the
margins of V1. Some elements also occur as ramps that are especially common in inter-vein
positions where breccias dominate. Chloritic slickenlines on the Crown fault surface indicate
normal dip-slip movement (Davies 2004). The amount of displacement is probably only a few
tens of metres based on the restricted strike length of the structure. The fault divides the Vera
South deposit into two ore bodies: Vera South Upper and Deeps (figure 2.23). It varies from
being in the hangingwall of Vera South Upper, to the footwall in Vera South Deeps. The fault
plane undulates and undergoes localized strike changes where it intersects V1, which it does not
offset. No quartzitic material is associated with the structure and deformation post-dates the
mineralisation event.
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Figure 2.23. The position of the Crown, Redback and Guinness Faults in longitudinal section
(Davis 2002).
Work completed by Davis (2002) indicates that the “Low Grade Gap” between Vera South
Upper and Deeps is probably a primary feature. The geology of V1 gradually changes from
being vein dominated in the slightly steeper intervals (i.e. a releasing bend), to being
breccia/stringer dominated in the shallower low-grade gap (i.e. a restraining bend) (figure 2.25).
Splays are developed in the hangingwall and footwall as would be expected in a restraining
bend position and the greatest widths and grades coincide with these more steeply dipping
intervals. A schematic representation of how the Vera South deposit developed as two separate
ore bodies is shown in figure 2.26.
The “Redback” and “Guinness” faults also intersect and displace the Vera South ore body
(figure 2.24). The narrow Redback fault (~5m wide) strikes NE-SW and offsets V1 dextrally 35m (Davies 2004). It displays a greater component of reverse movement (~12m) than oblique
sinistral movement (3-5m). No infill occurs on planes or fractures within the fault zone, but the
steeply dipping southerly zone is variably silicified (post-faulting) and displays slickensides.
The fault zone rolls over from the footwall where it strikes east-west, to the hangingwall where
it strikes northwest to southwest. The fault zone consists of crackle breccia with clasts >15mm.
The 40m wide Guinness fault strikes ENE-WSW and displays ~40m of reverse separation on
V1 (Davies 2004). It crosscuts the Crown and Redback faults and represents the latest
deformation event. The fault plane is characterised by puggy clay infill with occasional minor
breccias.
At least four mineralised structures (V1 to V4) have been identified in the Vera South deposit
(figure 2.27), with 75% of the mineral resources residing in V1 (Butler 2002). V1 is a westnorthwest trending curvilinear structure that is sigmoidal in shape. V1 strikes predominantly
east-west (i.e. 78-90° to 258-270° on mine grid1), but strikes north-east (i.e. 57° to 237° on mine
grid) in the central portion of the deposit where the vein is curvilinear. It dips steeply to the
1

The strike values have been adjusted to the mine grid, for the parameters used in the variography and
resource estimations of the following chapters are based on measurements taken using the mine grid.
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south at angles between 50° – 90°, and has a maximum width of 17m which tapers to <1m at
each end. Economic mineralisation occurs from 100–550m below the surface and unmineralised
epithermal quartz veins occur above and below this zone. V1 is hosted by andesitic volcanics.
The dominant vein textures observed in V1 include colloform-crustiform and moss textures,
chalcedonic banding and late carbonate (dolomite-siderite) replacement textures in deeper
sections of the vein. Intense silica-pyrite alteration occurs near the quartz veins and higher gold
grades are coincident with sulphide banding associated with colloform-crustiform banding
(Au:Ag ratio ~2:1). Zeolites in late stage crosscutting veinlets occur in some deeper drill holes
implying cooler fluids were involved in the mineralising process (Smith 1999).

Figure 2.24. A longitudinal section looking east showing the position of the Redback and
Guinness Faults in relation to the position of the main vein (Butler 2002).
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Figure 2.25. The location of releasing and restraining bends on a normal fault (Davis 2002).

Figure 2.26. A model of the Vera South deposit showing how two ore body’s formed
separately. The lower dipping restraining bend positions are narrow breccia dominated domains,
with massive banded veins developing only in releasing bend positions (Davis 2002).
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Figure 2.27. Cross section through the Vera South ore body (Butler 2000).

2.4

ALTERATION

The dominant and ubiquitous alteration type within the Janet Range Volcanics is a propylitic
style distal to the main mineralised veins that is characterized by dark green chlorite. The
alteration assemblages proximal to the mineralised veins in the deposits along the Vera-Nancy
Structural Corridor then grade through from weak hypogene propylitic, argillic, transitional
argillic-silica to advanced argillic silica-pyrite alteration types (Mustard 2003). These
assemblages are characterized by light grey, light green and cream coloured silica, illite, interlayered illite-smectite and kaolinite (i.e. dickite) minerals. They are generally over printed
within the wall rocks by red, brown or orange-brown colouration due to late alteration by
ankerite or dolomite and siderite (Cornwell 1995). The characteristics of these five main
alteration types are outlined in table 2.5, and a summary of the alteration sequence associated
with the quartz veins in the PES is given in table 2.6.
The distribution, width and intensity of alteration varies along strike and down dip. In the
footwall of the main veins it is spatially restricted and trends parallel to the mineralisation,
while in the hangingwall it is much broader. Alteration intensity is weakest at Nancy where
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there is almost no advanced argillic alteration present, and strongest at Vera South. Here the
advanced argillic alteration is associated with V1, and is on average 60m wide. It extends down
dip 650m and is open at depth (Mustard 2003).

Strong
Propylitic
Characteristic
Mineral
Assemblage

Chlorite,
calcite, pyrite.

Other
Minerals

-

Weak
Propylitic
Chlorite, calcite,
illite, ankerite,
variable
hematite.
Trace silica.

Colour

Dark green.

Pale
brown/green.

Proximity to
Veins

Distal.

Distal.

Textures

Hornblende and
clinopyroxene
may be
preserved.

Other
Comments

Occurs in
andesitic host
rocks.

ALTERATION STYLE
Argillic
Transitional
Argillic
Illite, ankerite,
Illite, silica,
siderite.
pyrite, ankerite
Lacks chlorite
and siderite.
and calcite.
Minor silica,
Increased silica
trace pyrite.
content.
Cream to light
Cream to off
brown.
white.
Intermediate.

Mafic
phenocrysts
altered to
ankerite
producing red/
purple hematite
staining.

Primary
textures
preserved while
original
mineralogy is
replaced.

Proximal.

Textures
locally
destroyed.

Advanced Argillic
Silica, pyrite and clay
(illite-smectite,
kaolinite-dickite).
Hematitic dusting on
vein margins.
Light to dark grey.
On vein margins.
All textures destroyed.
Feldspar phenocryst
altered to illite,
sericite, silica and
chlorite.
Groundmass is altered
to quartz with
disseminated illite,
dusty leucoxene and
pyrite.
Associated with
quartz stock-working
& hydrothermal
brecciation.

Table 2.5. The characteristics of the five main alteration styles recognised in the Vera North
and Nancy deposits (After Mustard 2003).
Original
Alteration Minerals
Minerals
Feldspar Phenocrysts
K–feldspar
Illite
Plagioclase
Illite-smectite
Quartz
Chlorite
Pyrite
Kaolinite
Carbonate (sideritedolomite)
Infill
Vug infill

Veins

Timing
I
II
I
I
III
V

Original
Alteration Minerals
Minerals
Mafic Phenocrysts
Pyroxenes
Chlorite
Leucoxene
Quartz
Kaolinite
Carbonate
Ilmenite
Leucoxene

Timing

IV

Illite

I

Illite
Quartz
Pyrite
Kaolinite
Carbonate
Leucoxene

I
I
III
V
IV
I

I
I
I
V
IV
I

Groundmass
Quartz (+chalcedony)
Illite
Kaolinite
Carbonate
Minor hematite
Quartz
Pyrite (+sphalerite)
Kaolinite
Carbonate

III
I
V
IV
III
I
V
III
IV

Ilmenite

Table 2.6. The alteration sequence associated with quartz veins in the PES (Porter 1990).
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The advanced argillic alteration zone extends between 10–30m into the footwall and 10–120m
into the hangingwall, but is better developed in the hangingwall. In the hangingwall it is ≤5m
wide at Nancy, 15–60m wide at Vera, 20–100m wide at Vera South, and increases from <5m at
1,200mRL to 60m at 900mRL in Nancy North. In the footwall it is <75m wide at Nancy, <85m
wide at Vera and is 150m at Nancy North. In Vera South it increases from 150m at 1,200mRL
to ~350m at 800mRL.
Early propylitic also alteration occurs throughout the Scott Lode and is characterized by the
presence of chlorite in un-oxidized rocks, while a more intense later propylitic alteration
assemblage is related to the formation of the quartz vein (Porter 1988). The propylitic alteration
is then overprinted by an extensive locally pervasive supergene clay alteration assemblage
(kaolinite ± alunite), which appears to be overprinting hypogene illite-clay alteration in
localized areas. The alteration assemblage of the veins and immediate wall rocks associated
with the formation of the Scott Lode consists of:
1. Early & high temperature phyllic alteration (illite & silica ± chlorite with silica vein
selvages).
2. An intermediate lower temperature suite that is telescoped onto the phyllic suite (i.e.
illite and inter-layered illite-smectite alteration).
3. A probable retrograde and overprinting low temperature alteration assemblage (i.e.
kaolinite overprinting illite and illite-smectite).
4. A late stage low temperature alteration assemblage (i.e. siderite/ankerite and dolomite
overprinting kaolin).

2.5 VEIN TEXTURES
Seven major textural types from three stages have been recognized in the Vera-Nancy
epithermal system, which vary vertically and laterally throughout V1 (Mustard 2003). Banded
quartz and moss textures characterize the early stage vein textures. Amethystine quartz, comb
and bladed carbonate replacement textures dominate the intermediate stage vein textures, whilst
brown agate and chalcedonic textures characterize the late stage textures (figure 2.28). Veins
may show sequential infill from early to late textures, or only display a portion of the sequence.
Early stage textures are also crosscut by later veins of intermediate and/or late stage textures.
The early banded quartz (± adularia ± sulphide ± chalcedony ± comb) displays colloformcrustiform textures composed of cryptocrystalline, microcrystalline, crystalline (fine comb) and
chalcedonic quartz (Mustard 2003). Individual bands vary from <1mm to several centimetres
and the well-banded zones are typically <50cm thick. These textures occur dominantly at
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contacts between the edge of the wall rock and V1. In addition to quartz the bands may contain
sulphide, adularia and carbonate. Moss to massive textured quartz is commonly associated with
banded zones but occurs towards the vein core rather than the wall rock side of the bands and
displays fine botryoidal spheres. Moss textured quartz that occurs without banding predates
other textural types and commonly forms the major component of thick quartz veins.
The most common paragenetic order for the intermediate textures is amethystine quartz, bladed
carbonate replacement and comb quartz (Mustard 2003). Purple amethystine quartz commonly
occurs in localized pockets in large veins, or as major components of narrow veins (<10cm). It
has a comb texture and therefore overlaps with comb textured quartz. Carbonate replacement
textures are localized and occur as bladed, platey bands or patches over a few centimetres to
tens of centimetres. Individual crystals range in size from <1mm to 2cm. Comb textures
contains well developed crystalline quartz that vary from being a minor component (and
typically late) to the dominant texture developed typically over zones of tens of centimetres.
They vary from being fine (<1–2mm), to medium (2–5mm), to rarely coarse crystals (>5mm).
Brown agate and chalcedonic textures characterise late stage textures and are typically restricted
to lower levels within the Vera Nancy system. They develop in discrete veins generally <10cm
thick which locally cross-cut V1 and earlier textural varieties. Chalcedony is common in the
upper part of the Vera Nancy system and occurs locally in the lower part of V1. Late
chalcedony forms variably thick discrete veins or breccia veins in earlier quartz stages.

Texture
Banded QuartzAdularia & Sulphides
Moss Quartz
Amethystine Quartz
Chalcedonic Quartz

0 - 100

100 - 200

Depth
200 - 300

300 - 400

400 above 450m

175m

425m

below 225m
425m

generally above 225m
425m

Brown Agate Quartz

Figure 2.28. The textures observed at different depths (m) in V1 (after Mustard 2003).

2.6

GOLD GRADES AND VEIN TEXTURES

Gold and silver mineralisation within the PES is confined to quartz veins where mineralisation
occurs dominantly as gold and electrum. In the oxidized portion of the vein, gold is sometimes
associated with silver halides reflecting the acidic supergene conditions. Below the oxidation
base, gold is associated with galena, sulphosalts, sphalerite and chalcopyrite (Cornwell 1995).
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Mineralisation in the Nancy and Nancy North deposits occurs predominantly as electrum finely
disseminated within quartz/carbonate veins (Sims 2000a). Gold in the oxidized zone occurs as
electrum and as native gold formed by supergene leaching of silver from electrum during
weathering. Gold in the primary zone occurs as two types of electrum (75Au:25Ag and
61Au:39Ag), and grain size varies from 7–144μm (average 47μm). The mineralised veins
commonly contain trace pyrite (<2%) and/or other rare sulphides as accessory minerals (Sims
2000a). These include acanthite, stromeyerite, native silver, chalcopyrite, sphalerite, galena and
pyrrhotite in the primary zone (Richards 1998). Silver is the only element directly correlated to
gold, while arsenic, antimony, mercury, copper, lead, zinc, molybdenum and manganese exhibit
weak correlations. Mercury appears in elevated concentrations (average 0.57ppm).
A quartz texture versus gold grade study conducted by Porter (1991) demonstrated that specific
epithermal textures are associated with elevated gold grades. In surface samples a definite
association was found between crustiform/colloform microcrystalline milky and to a lesser
extent massive microcrystalline milky textured quartz and higher gold grades (figure 2.29).
More recent studies by Ovenden (2003) on the relationship between quartz texture and gold
grade determined there are four main epithermal textures within the PES: banded textures,
milky chalcedonic quartz textures, moss textures and comb textures and translucent chalcedonic
quartz.

Figure 2.29. The quartz textures and associated gold grades of surface samples from the Janet
Ranges (Cornwell 1995).
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The banded and milky chalcedonic quartz textures were closely associated with high gold
grades and are considered the most mineralised textures in the system. These textures were
interpreted to have precipitated first during mineralisation by boiling processes, and were subdivided into mineralised and barren types based on their gold grades. Mineralised banded
textures (i.e. microcrystalline quartz) form wide bands of milky chalcedony in hand specimen.
Barren banded textures (i.e. all non-microcrystalline banding) included crustiform (crystalline
quartz), lacy (spheroidal grains), frilly (plumose crystals) and cockade (crystalline) textures.
Lower gold grades were recorded for the moss textures which probably formed slightly later
than the banded and milky chalcedonic quartz textures. The comb quartz and translucent
chalcedony also formed late in the evolution of the system and contained low grades except
where they were overprinted by earlier mineralised textures.
Work by Mustard (2003) also showed that the significant gold grades are associated with
banded and moss textures (i.e. generally >20g/t and commonly >50g/t for banded textures and
grades between 5–20g/t and locally >20g/t for moss textures). The intermediate amethystine
quartz and comb textures were found to contain moderate grades (i.e. 5–15g/t with comb
textures locally exceeding 20g/t), whilst the brown agate and chalcedony late stages textures
typically displayed gold grades <5g/t.
A vertical transition in quartz textures with depth was found to be coincident with changes in
gold grade by Cornwell (1995). The most notable change was the transition from clear
microcrystalline quartz to grey milky quartz with depth. The style of sulphide occurrence also
changed from being dominantly crustiform to irregular clots and disseminations with increasing
depth (i.e. crustiform textures become broader and less defined). Different quartz textural types
can therefore be used as indicators of both gold grades and approximate vertical position within
the PES (Cornwell 1995).
Geochemical studies of surface veins from the PES by Cornwell (1995) indicated the overall
gold to silver ratios, and the copper, lead and zinc values are the most reliable geochemical
guides to position within the vein system. The results obtained in the study were as follows:
1. A 6km long northwest to southeast striking corridor exists within the main gold bearing
veins where there is little change in the average gold grades.
2. The gold to silver ratio increases towards the southern end of the Janet Range.
3. Antimony, mercury and barium are elevated to the south of Mt Janet.
4. Copper, lead, zinc and molybdenite results were generally low leaving the results
inconclusive.
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Recent studies by Ovenden (2003) found that banded quartz textures contain significantly
higher amounts of Hg, Te, As and Mo than other textures, and gold was found to correlate well
with silver due to the occurrence of electrum throughout the system. The highly mineralised
structures (i.e. Vera, Vera South and Moonstar) contained higher gold to silver ratios (6.5:1 vs.
~2.4:1) than the lower-grade structures (i.e. Zed and Wan Lai). Several additional Ag-bearing
phases also occur in association with electrum, causing the ratio of silver to gold in the bulk
assays to increase. Correlations of gold with mercury and tellurium were also identified due to
the presence of several Hg and Te-bearing mineral phases, and a negative correlation was
identified between gold and arsenic the cause of which is unknown.
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EPITHERMAL GOLD DEPOSITS

3.1.1 CLASSIFICATION
The term “epithermal” was first introduced by Waldemar Lindgren in 1922, to include a broad
range of precious metal (± tellurides or selenides), base metal, mercury and stibnite deposits,
which he believed formed from aqueous fluids charged with igneous emanations at low
temperatures (50–200°C), moderate pressures

(<100bars) and at depths less than 1,000m

(Heald 1987). Epithermal deposits have since been subdivided into nine sub-classes (Cooke et
al 2000). Gold telluride type deposits (e.g. Cripple Creek) remain distinguishable (i.e. they
show many similarities with low sulphidation deposits but appear to be genetically linked to the
emplacement of alkalic igneous rocks), whereas the remainder of the deposit types were termed
either low sulphidation or high sulphidation types.
The low-sulphidation type is also called the adularia-sericite type or the low sulphur type (table
3.1 and figure 3.1). Low sulphidation refers to the predominance of reduced sulphur species (i.e.
HS-, H2S), whereas the adularia-sericite classification emphasizes the near neutral pH of the oreforming fluids (Cooke et al 2000). The high-sulphidation type is also called the acid-sulphate
type, the alunite-kaolinite type or the high sulphur type. High sulphidation refers to the presence
of significant oxidized sulphur species (i.e. HSO4-, SO4-2, SO2) in the ore forming fluids, and the
acid-sulphate and alunite-kaolinite nomenclature emphasizes the acidic pH and hypogene
sulphate mineralogy.

Geothermal
(neutral pH & reduced hypogene fluid)
Low Sulphidation
Low Sulphur
Adularia-Sericite
Adularia-Sericite
Au-Quartz veins in andesite & rhyolite.
Ag-Au, Ag, Au-Te & Au-Se veins.
Base metal veins with Au-Ag-cinnabarstibnite veins

Volcanic-Hydrothermal
(early acidic & oxidized hypogene fluid)
High Sulphidation
High Sulphur
Alunite-Kaolinite
Acid Sulphate
Au-Alunite.

Table 3.1. Nomenclature used for the two main epithermal environments (Hedenquist 2000).

3.1.2 THE GEOLOGICAL AND STRUCTURAL SETTING
Most epithermal deposits are Cretaceous or younger in age with rare older deposits, for they
generally have poor preservation potential given their shallow depths of formation and because
high sulphidation deposits can form in active volcanic edifices (Cooke et al 2000). Resurgent
volcanism also destroys these mineral deposits and/or their active geothermal systems. These
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deposits form at shallow depths in hydrothermal systems due to abrupt physical and chemical
changes (White 1990), including shifts from lithostatic to hydrostatic pressures and boiling, the
interaction of fluids from depth with near surface water, permeability changes and reactions
between the heated fluids and surrounding host rocks. Metal deposition then occurs within
restricted spaces through fluids focusing near the surface and due to changes in the fluids metal
solubilities. These deposits therefore occur in a variety of geological settings that reflect varying
combinations of igneous, tectonic and structural settings.

Figure 3.1. Volcanic-hydrothermal and geothermal system processes and the respective
environments of high- and low-sulphidation style epithermal deposits (Hedenquist 2000).
A strong relationship exists between subduction related magmatism and epithermal systems
which generally occur in association with sub-aerial volcanism and the intrusion of calc-alkalic
magmas (Cooke et al 2000; White 1990). Modern volcanic environments include silicic
depressions (e.g. calderas or grabens), andesitic strato-volcanoes, cordilleran volcanism and
oceanic-continental or oceanic-oceanic plate subduction and magmatism in both island and
continental arc settings. Epithermal deposits are not hosted by continental flood basalts (their
magma chambers are deep and/or small and have narrow conduits), oceanic ridges (they are
typically marine) or primitive island arc settings (large magma chambers did not form). Ore
deposition in high-sulphidation deposits very closely follows the deposition of the host rocks,
whereas in low-sulphidation deposits it usually occurs at least 1 million years later than the
emplacement of the host, close to the end of volcanism when the magmatic system has waned

- 54 -

BIANCA PIETRASS MASTERS THESIS
DEPOSITS

CHAPTER THREE. EPITHERMAL

(Heald 1987). This enables the ore-bearing hydrothermal system to sustain itself at appropriate
temperatures for long enough to form economically significant deposits.
An epithermal system’s hydrothermal convection cell is driven by heat generated from igneous
activity, and components of the total gases from the magmas may also contribute to the
overlying hydrothermal system (White 1990). Deposits occur in all rock types, particularly
those that sustain large open-fracture systems over extended periods of time during
hydrothermal activity (Canada 1988). They usually occur with effusive or pyroclastic rocks (i.e.
they form proximal to central to the volcanic setting) with rare distal deposits (e.g. Wirralie and
Yandan), and magma compositions range from basaltic andesite and andesite to dacites and
rhyolites. Andesitic pyroclastic rocks or flow breccias appear to preferentially maintain zones of
primary high permeability during hydrothermal activity, and andesites can sustain fault and
fracture-related dilatant structures and openings (e.g. cymoid structures or cymoid loops) over
long periods of mineralisation.
Strong structural control is universally recognized for epithermal gold deposits, where many
deposits are associated with well-differentiated, sub aerial pyroclastic rocks and numerous small
sub-volcanic intrusions due to the enhanced permeability they provide through fractures in the
near surface (White 1990). Hot spring deposits and fumerolic volcanic phenomena are also
sometimes evident where centres of hydrothermal discharge have not been deeply eroded
(Canada 1988). A number of factors influence the physical and chemical conditions in the
prevailing environment, which ultimately determine the sites and character of any
mineralisation. These include the following:
1. Geology – the rock types present, the structure, stratigraphy and degree of permeability.
2. Pressure and temperature – where convection occurs, the vapour and hydrostatic
pressure and the boiling temperature.
3. Hydrology – the permeability characteristics, the topography, the direction and degree
of hydraulic gradients, and the paleoclimate.
4. Mineralising fluid chemistry – the concentration and total gas content, the solubility of
gold and other metals, the reactivity of the fluid and the amount of fluid mixing.
5. Changes in permeability and/or hydraulic gradients during hydrothermal development –
changes in tectonism, any faulting, hydrothermal fracturing or rock deposition/erosion.
Epithermal deposits occur in geological environments that are structurally complex. Their
distribution appears to be related to extensional tectonics, but there seems to be no general
crustal-scale control on the localisation of ore forming environments (Cooke et al 2000). On a
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regional scale however, faults commonly control the distribution of epithermal deposits by
guiding the emplacement of the magmatic heat source (i.e. tension fracture systems and normal
faults), typically with several generations of faults or fractures in two or more directions (White
1990; Heald 1987). The most common regional setting is along the margins of calderas (e.g. the
LS2 Creede, Eureka and Lake City I deposits, and the HS Goldfield, Red Mountain and
Summitville deposits) which provide excellent plumbing for younger hydrothermal systems.
Another important structural setting is silicic domes (e.g. the LS Silver City and De Lamar
deposits, and the HS Julcani deposit), while less important settings include areas of complex
faulting associated with folding (e.g. the LS Colqui deposit), areas of domed uplift (e.g. the LS
Pachuca deposit) and localized extension within fold and thrust belts (e.g. the LS McLaughlin
deposit) (Cooke et al 2000). Mineralisation is not however usually located on the major regional
structures, but on subsidiary faults and splays (e.g. the LS Baguio district).
On a local scale, faults and fracture zones related to volcanic centres control epithermal deposit
distribution (White 1990). The physical characteristics of an area (i.e. faulting density and size
of faults) control the size of the deposits, while topography is important in determining the
lateral flow regime (i.e. the most extensive lateral flow regimes have been found to occur where
the gradient slopes between 10–17%)(Heald 1987). Minor structural features (e.g. bedding
planes, joints and joint intersections) also influence the permeability and hence distribution of
mineralisation (White 1990).
Epithermal deposits are diverse in their forms and may combine any combination of vein
deposits, stockwork deposits or disseminated deposits (White 1990). They also occur in more
than one lithology such that it is not an important factor except when it controls permeability.
Vein deposits (e.g. the LS Creede, Hishikari and McLaughlin deposits, and the HS El Indio
deposit) consists of a limited number of discrete veins that may pass laterally into local zones of
vein breccia which contain clasts of wall rock and vein material in a hydrothermal vein matrix
(e.g. the LS Acupan deposit) (White 1990). Stockwork deposits (e.g. the LS McLaughlin,
Golden Cross and Misima deposits) consist of narrow interconnected veins that develop in areas
of structural complexity where faults intersect or change direction, or intersect competent
lithologies (i.e. brittle) (White 1990). Disseminated low-sulphidation epithermal deposits are
rare (e.g. the Round Mountain and Kelian deposits) and consist of mineralisation dispersed
throughout altered host rocks.

2

LS denotes Low-Sulphidation epithermal deposits, and HS denotes High-Sulphidation epithermal
deposits.
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Siliceous veins are the most common ore hosts, which can form irregular branching fissures
(these tend to branch or flare upwards into complicated, wedge-like or cone-like features),
stockworks, breccia pipes, vesicle fillings, fine grained bedding replacement zones and
disseminations (Guilbert 1986). Examples of ore body form as a function of host rock lithology,
structure and hydrothermal processes are displayed in figure 3.2.

Figure 3.2. Examples of epithermal ore body form controlled by host rock lithology, structure
and hydrothermal processes (Hedenquist 2000).
The pressure-temperature profiles of geothermal systems reflect hydrodynamic conditions (i.e.
hydrostatic pressures due to columns of hot water, and pressure due to natural flow) (White
1990). Large volumes of fluid ascend under boiling conditions (<350°C) in permeable rocks,
while in less permeable rocks the resistance to flow is greater, causing larger hydrodynamic
gradients. Fluid flow resistance in fractures typically results in increases in hydrodynamic
pressures up to 10% greater than the hydrostatic pressures, and in some cases mineral deposition
may restrict fluid flow which causes the pressures to increase to as much as twice the
hydrostatic profile (Hedenquist 2000). This results in the isotherms being compressed closer to
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the surface, and the associated higher pressures contributing to the likelihood of hydraulic
fracturing, hydrothermal brecciation and possible hydrothermal eruption. Dissolved gases may
decrease the fluid density and hydrostatic gradient (White 1990; Hedenquist 2000). High gas
contents contribute to vapour pressures, resulting in an isotherm being pushed to greater depths.
Dissolved salts in the fluids increase their density and hence hydrostatic gradient, and decrease
the depth of a given boiling temperature.
Hydrology controls the up and out flow of fluids. Low sulphidation epithermal deposits form at
depths of <2km below the water table from fluids of meteoric origin mixed with lesser
magmatic contributions (Canada 1988; White 1990). Mineralisation is restricted in vertical
extent to between 100–1,000m (the average vertical extent is about 350m), but can be deposited
over considerable strike lengths. In high relief terrain (>1,000m), lateral flow can extend as far
as 10km from the up flow with hydrothermal alteration occurring over the whole path length.
The ore zones bottom in either barren rock, or pass downward into sub-economic zones
containing base metal sulphides. Surface hot springs do not have to discharge fluids above the
deep up flow zone, as geothermal fluids may be deflected in the near surface environment if a
hydraulic gradient is encountered.
The chemistry of the ascending deep reservoir fluid is mostly determined deep within or below
the epithermal environment by the interaction of the convection meteoric cell with the host
rocks, and with an inferred magmatic fluid component (White 1990). In the surficial
environment of geothermal systems, steam-heated waters form from the condensation of steam
and H2S separated from underlying boiling fluids. The sulphides oxidize to sulphate near the
surface which generates acidity, resulting in advanced argillic alteration assemblages. Oxidation
occurs predominantly in the vadose zone, where the condensation of steam and gases below this
level results in the formation of CO2 rich water on the margins of and overlying the deep fluid.
The total gas content of the ascending fluids is largely determined by the magmatic component.
The geological and structural characteristics of a district determine the primary and secondary
permeability of the rocks through which hydrothermal fluids flow (White 1990). The least
permeable units serve as aquitards and the most permeable as aquifers. Fluid flow through the
least permeable units is confined to joints, fractures and brecciated zones. Where impermeable
units are intruded, permeability is enhanced along the margins of the intrusive which acts as a
fluid channel. In stratigraphic sequences with little lateral continuity, primary permeability
occurs along formation contacts. Secondary permeability is related to faults and fractures.
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The hydrothermal fluids may also generate permeability, depending on the reactivity of the
rocks with the fluids (White 1990). Strongly reactive fluids generate zones of high permeability
by leaching everything except silica from the rock. These zones can then act as conduits for
later mineralising fluids. Mineral precipitation and dissolution by hydrothermal solutions also
affects permeability. Permeability is reduced in low sulphidation environments by quartz and
calcite deposition (Cooke et al 2000). In contrast, permeability is enhanced in high sulphidation
environments by acid solutions that cause rock dissolution and the formation of vuggy quartz. If
fluids in either environment have high gas contents and are subject to sharp pressure reductions,
then flashing and hydrothermal eruptions occur which form permeable breccia zones.

3.1.3 ALTERATION
The host rocks of epithermal vein systems display extensive alteration, for their relatively high
porosities and open channel permeability’s allow fluids to circulate for great distances (Guilbert
1986). Favourable temperature gradients then promote reactions between the cool host rocks
and the warm to hot invading solutions. Precious metal mineralisation is frequently associated
with zones of silicification (Canada 1988) that are usually flanked by illite-sericite and clay
alteration (argillic and advanced argillic alteration), all of which occur within larger zones of
propylitic alteration (table 3.2).

Silicic
(see table 3.3)

Low Sulphidation
Quartz veins and veinlets, silicified breccia
&/or stockwork.
Shallow silicification including chalcedony
&/or opaline blankets.
Silica sinter.

High Sulphidation
Residual quartz body’s (vuggy silica)
Partial to massive silicification.
Quartz veins & silicified breccias.
Shallow silicification including chalcedony
&/or opaline blankets.
No sinter.

Advanced
Argillic

Kaolinite-alunite-(illite/smectite-native
sulphur) ± opaline blankets of steam heated
origin.
Commonly underlain by chalcedony
blankets.
Kaolinite/halloysite-alunite-jarosite blankets
or zones of supergene origin.

Alunite-kaolinite/dickite-pyrophyllite-diaspore
of hypogene origin, typically surrounding
silicic cores.
Sericite-pyrophyllite roots.
Kaolinite-alunite blankets of steam heated or
supergene origin.

Illite/smectite halo to veins.
Illite ± smectite halo to sericitic zones

Illite & illite/smectite halo to advanced argillic
core.

Argillic or
Intermediate
Argillic
Propylitic
Sericitic/Phyllic

Broad ore system host.
Typically chloritic (not epidote) except at deeper levels.
Sericite dominated rock, typically as a halo
Sericitic roots to advanced argillic areas.
to deep quartz veins.
May be transitional to advanced argillic.

Table 3.2. The main alteration types of epithermal environments (Hedenquist 2000).
Propylitisation is the most dominant alteration type in mafic to intermediate volcanics (e.g.
basalts, andesites and dacites) and the principal alteration products are chlorite, pyrite, epidote,
sericite, carbonates and albite or adularia (Guilbert 1986). Sericitization, silicification and K-
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feldspathization are the most common alteration products of felsic rhyodacite, latite and rhyolite
lithologies. Argillic alteration assemblages contain illite/smectite, while advanced argillic
alteration assemblages contain kaolinite/dickite, sericite, pyrophyllite and andalusite with
accessory diaspore, corundum, topaz, zunyite, lazulite or scorzalite, dumortierite and rutile or
anatase (Canada 1988). At depth, vein structures contain adularia, while broad argillic zones
near the surface sometimes contain alunite. The temperature and pH conditions of these
alteration styles are shown in figure 3.3.

Figure 3.3. The temperature and pH ranges of epithermal alteration styles (Evans 1993).
The characteristic mineral assemblages and associated alteration types differ at proximal to
distal locations to the mineralised vein in epithermal systems (figure 3.4). In low sulphidation
systems the vein itself may contain quartz, adularia, sericite, rhodochrosite, hematite and
chlorite, and the alteration immediately adjacent to the vein may be silicic (table 3.3) and Kfeldspathic. This grades into sericitic alteration, followed by argillic and finally propylitic
alteration. Chloritic alteration may occur between the silicic and sericitic alteration types. In
high sulphidation systems the vein itself may contain quartz, alunite, pyrite, enargite and
covellite, and the alteration immediately adjacent to the vein may be silicic. This grades into
advanced argillic alteration, followed by argillic and finally propylitic alteration. Sericitic
alteration may occur between the argillic and propylitic alteration types. The alteration
assemblages for low and high sulphidation epithermal deposits, and the depths and temperatures
at which they occur are given in tables 3.4 and 3.5.
The various minerals that may occur within an epithermal system are dependent on the thermal
stability of the various hydrothermal minerals at any given pressure and temperature, and also
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on the pH conditions of the circulating fluids (i.e. whether they are acidic or neutral). The
stability ranges of a number of minerals typically found in epithermal systems at temperatures
of 250°C are shown in figures 3.5, 3.6 and 3.7.

ACID-SULPHATE TYPE

Quartz

Silicic

Alunite

Advanced Argillic

Pyrite

(kaolinite)

Enargite

Argillic

(montmorillonite)

Sericitic

Covellite

Propylitic

VEIN

ADULARIA-SERICITE TYPE

Quartz

WALL ROCK

K-Feldspar

Adularia

Silicic

Sericite

Chloritic

Rhodochrosite

Sericitic

Hematite

(kaolinite)

Argillic

(montmorillonite)

Chlorite

Propylitic

VEIN

WALL ROCK

Figure 3.4. The vein and wall rock alteration minerals associated with the Acid Sulphate and
Adularia-Sericite epithermal type deposits (Heald 1987).

Formation

Sinter

From near neutral
pH hot springs.

Chalcedony/
cryptocrystalline
veins, colloform
bands
Quartz veins,
vugs

Moderate leaching,
pH ~2–3, 80–90%
SiO2.
Silica re-mobilized
from steam heated
zone, deep fluid
may contribute to
outflow.
From low-T fluid,
colloids.
Recrystallized from
gel.
From cooling
solution.

Residual silica
(vuggy quartz)

Extreme leaching at
pH <2, >95% SiO2.

Residual silica
(opaline)

Chalcedony
horizon

Occurrence

Significance
Paleo-surface,
topographic
depression, focus of
up-flow.
Steam heated origin,
above paleo-water
table.

Only at
surface.
In vadose
zone.

Metals
As, Sb, Hg,
Tl (Au, Ag
if flared
vent).

LS

Hg, unless
overprint.

LS or HS

LS or HS

At water table,
up to 1–2+km
from source.

Paleo-water table,
may be distal from
source.

Hg, if only
steam
heated, As,
Sb, Au, Ag
if deep fluid.

Shallow depth,
<150m.

<200°C, rapidly
cooling fluid, boiling
at depth, cryptocrystalline at ~200°C.

As, Sb, Se,
Au, Ag.

>150m depth.

>200°C.

Core of
volcanichydrothermal

Permeable core,
principal host to high
sulphidation ore.
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system.
Surface to
500m, massive
<150m depth.

Shallow portion of
system, pervasive
flow.

Trace Au,
Ag.

LS,
mid to late
HS

Table 3.3. Silicic alteration types that may occur in epithermal deposits (Hedenquist 2000).

Advanced
Argillic

Silicic

Argillic
Sericitic

T-sensitive
or indicative
Sulphides

Temperature

Paleo-surface
– water table
Steam heated
kaolinitealunite blanket;
residual opal,
cristobalite.
Chalcedony
horizons at
water table.
Kaolinitesmectite.
None.

500 – 1,000m
(1,500m)
Narrow zones,
pyrophyllite,
sericite.

0 – 150m

150 – 300m

300 – 500m

Quartz-alunite halo to
silicic core.

Wide quartzalunite halo
depending on
host.

Flaring upwards,
quartz-alunite;
pyrophyllite,
diaspore.

Chalcedony veins,
residual silica, vuggy
quartz, silicification.
Smectite, interlayered
illite/smectite.
None.

Residual silica,
vuggy quartz,
silicification.
Transitional to
sericitic.
None.

Residual silica,
vuggy quartz,
silicification.
On margins.

Quartz D-type
porphyry
veins.
On margins.

Opal.

Chalcedony.

Sericitepyrophyllite to
2M mica.
Biotite.

Pyritemarcasite at
base.

Pyrite-marcasite at
base, transitional to
Cu-As-Se
sulphides/sulphosalts.
100 – 200°C

Enargiteluzonite with
later Au+
tetrahedritetennantitechalcopyrite.
230 – 260°C

Enargite,
bornite,
digenite,
chalcocite,
covellite.

100 – 120°C

Loss of
interlayer clays.
Enargiteluzonite with
later Au+
tetrahedritetennantitechalcopyrite.
200 – 230°C

Illite-sericite to
sericitepyrophyllite.
Pyrophyllite.

260 – 300+°C

Table 3.4. The depth and temperature controls on the alteration assemblages of high
sulphidation type epithermal deposits (Hedenquist 2000).

Depth

Advanced
Argillic

Silicic

Paleo-surface –
water table
Steam heated
(kaolinitealunite) blanket
over water table;
residual opal.
Sinter around
hot springs,
chalcedony
horizons at
water table.
Kaolinitesmectite.

500 – 1,000m
(1,500m)
None.

0 – 150m

150 – 300m

300 – 500m

Steam heated
(kaolinite-alunite)
blanket overprint
along fractures.

Rare overprint.

None.

Colloform
chalcedony veins,
wall rock
silicification.

Quartz veins, fine
bands, open
space filling.

Quartz veins,
coarse bands.

Minor quartz
veins, minimal
silicification.

Minor
illite/smectite to
illite.

Illite.

Illite,
illite/smectite
halo on margins.

None.
Chloritic, trace
epidote.
Loss of interlayer
clays.

Illite ± chlorite.
Chlorite ±
epidote.
Illite, epidote
presence.

2M mica.
Epidote.

Sericitic
Propylitic

None.
-

Smectite, mixed
illite/smectite;
marginal halo to
1,000m.
None.
Chloritic.

T-sensitive or
indicative

Opal.

Chalcedony.

Kaolinite,
alunite.
None.

(Adularia).

Adularia.

Adularia.

Biotiteamphibole, >800
– 1,000m.
K feldspar.

Bladed calcite,
late Mn

Bladed calcite,
rhodochrosite +

Calcite.

Calcite.

Argillic

Associated
minerals
Carbonates

- 62 -

BIANCA PIETRASS MASTERS THESIS
DEPOSITS

Sulphides
Temperature

Pyrite-marcasite
at base.
100 – 120°C
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carbonates.
Pyrite.

barite.
Tetrahedritetennantite.
200 – 230°C

100 – 200°C

Major base
metal sulphides.
230 – 260°C

Base metal
sulphides.
260 – 300+°C

Table 3.5. The depth and temperature controls on the alteration assemblages of low
sulphidation type epithermal deposits (Hedenquist 2000).

Figure 3.5. Log aS2 – aO2 diagram
showing the mineral stability
fields for significant minerals in
epithermal systems at 250°C
(Heald 1987).
 Line pattern = acid-sulphate
stability environment.
 Stippled area = adulariasericite stability environment.
 Thick solid lines = boundaries
between pyrite, pyrrhotite,
chlorite and hematite.
 Long
dashed
lines
=
boundaries between alunite
and kaolinite at different total
sulphur concentrations.
 Light solid lines = reactions
between
sulphides
and
sulfosalts.

Figure 3.6. Log aO2 - pH diagram
showing the mineral stability
fields for significant minerals in
epithermal systems at 250°C
(Heald 1987).
 Line pattern = acid-sulphate
stability environment.
 Stippled area = adulariasericite stability environment.
 Heavy
dotted
lines
=
boundaries between aqueous
sulphur species.
 Thick solid lines = boundaries
between pyrite, pyrrhotite,
chlorite and hematite.
 Medium
solid
lines
=
boundaries between alunite,
kaolinite,
muscovite
and
potassium feldspar.
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 Light solid lines = reactions between sulphides and sulfosalts.
 Long dashed lines = iron content of sphalerite.
 Short dashed lines = limit of
stability of chalcopyrite.
MINERAL

TEMPERATURE (°C)
100

ALKALINE

NEUTRAL

ACIDIC

pH

200

300

Alunite
Jarosite
Halloysite
Kaolinite
Dickite
Pyrophyllite
Diaspore
Zunyite, Topaz
Anatase
Rutile
Cristobalite
Quartz
Pyrite
Marcasite
Smectite
Illite/Smectite
Chlorite/Smectite
Illite
Chlorite
Epidote
Biotite
Adularia
Calcite
Mordenite
Laumontite
Wairakite

Figure 3.7. The thermal stability of various hydrothermal minerals under different pH
conditions (Hedenquist 2000).

3.1.4 MINERALOGY AND TEXTURES
The main economic minerals in epithermal deposits are gold and silver. These occur with
enhanced amounts of mercury, arsenic, antimony and rarely thallium, selenium and tellurium
(Canada 1988). Gold and silver occur predominantly as native gold and silver, electrum,
acanthite (argentite) and silver bearing arsenic-antimony sulphosalts. The gold to silver ratios
vary greatly, but silver is more abundant than gold. Tellurides may be locally important, and
galena and sphalerite are also common. Copper generally occurs as chalcopyrite and as enargite
in some deposits. Cinnabar, stibnite, tetrahedrite and selenides are important in some deposits.
Gangue minerals in epithermal deposits are primarily quartz (i.e. as quartz or amethystine quartz
and also as opal, chalcedony and cristobalite) and calcite, with lesser fluorite, barite and pyrite
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(Canada 1988). Chlorite, hematite, dolomite, rhodonite and rhodochrosite are less common. A
schematic diagram illustrating an epithermal deposits characteristic ore and gangue minerals
and associated textures is shown in figure 3.9. Figure 3.8 illustrates the mineral zoning in low
and high sulphidation epithermal deposits.
The main textures observed in epithermal deposits are banded, crustiform, vuggy, drusy,
colloform and cockscomb textures, due to the deposition of ore and gangue minerals in open
spaces (Guilbert 1986). Replacement textures are also recognized (i.e. pseudomorphs of quartz
after calcite), and repeated cycles of mineral deposition are evident (i.e. symmetrical banding).
Ore minerals are generally fine grained, but commonly have coarse grained, well crystallized
overgrowths of gangue minerals (Canada 1988). Low sulphidation epithermal deposits are
characterized by fine, crustiform bands of chalcedony, bladed quartz (due to carbonate
replacement) and open space filling (Hedenquist 2000). In contrast, high sulphidation deposits
are characterized by massive to vuggy silicic zones that are residual in origin. The abundance
and size of vugs depends on the original nature of the host rock and the degree of silicification.

Figure 3.8. A schematic diagram of mineral zoning in low and high sulphidation epithermal
deposits (Cooke et al 2000).

3.1.5 GOLD TRANSPORT AND DEPOSITION PROCESSES
Fluid boiling and mixing are the two principal processes that deposit minerals in geothermal
systems, together with vapour condensation near the surface (Hedenquist 2000). Boiling, and
the associated gas loss in the focused up flow of a hydrothermal system is the principal cause of
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gold precipitation. Gold saturation occurs due to the loss of the sulphides ligand to the vapor.
Evidence for boiling includes alteration blankets of steam heated origins, adularia and bladed
calcite in low sulphidation veins, fluid inclusion relations and hydrothermal breccias. O and H
isotope data can also lead to the recognition of boiling in some high sulphidation deposits
(Hedenquist 2000).
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Figure 3.9. The alteration, ore and gangue mineralogy and textures of a typical boiling epithermal vein at different depths and temperatures (Morrison 1990).
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Gold transport in low sulphidation epithermal deposits is primarily as Au(HS)-2 in dilute,
reduced, near neutral pH waters (i.e. the pH is controlled by the concentration of CO2 in
solution, together with the salinity and is usually around 4 to 5) (Cooke et al 2000). Chemically
effective reactions for gold deposition include H2S(aq) loss via boiling (reaction 1), wall rock
sulphidation (reaction 2), or destabilization of reduced sulphur-bearing species via mixing with
sulphate-bearing ground water (reaction 3):
(1) Au (HS)-2 + H+ + 0.5H2 (aq) ⇔ Au(s) + 2H2S(g)

Boiling

(2) Au (HS)-2 + [FeO] + H+ ⇔ Au(s) + FeS2 (s) + H2O(l) + 0.5H2 (aq) Wall Rock Sulphidation
(3) Au (HS)-2 + 8H2O(l) ⇔ Au(s) + 2SO24 (aq) + 3H+ + 7.5H2 (aq)

Fluid Mixing

Three gold transportation scenarios are recognized for high sulphidation deposits (Cooke et al
2000):
1. As hydrosulphide complexes (e.g. AuHS(aq)) in low salinity acid waters that contain
high concentrations of reduced sulphur. That is, as a reduced, low sulphidation water.
2. In the vapour phases as sulphide and/or chloride species (e.g. AuS(g), CuS(g), CuCl(g)).
That is as a reduced low sulphidation gas.
3. As chloride complexes (e.g. AuCl2-, CuCl2-) in acidic brines of magmatic derivation.
Gold is transported as AuHS(aq) in low-salinity, acid waters (Cooke et al 2000). Chemically
effective reactions for gold deposition include removing H2S through boiling (reaction 1), wall
rock sulphidation (reaction 2), and mixing (reaction 3):

3.2

(1) Au (HS)(aq) + 0.5H2(aq) ⇔ Au(s) + H2S(g)

Boiling

(2) Au (HS)(aq) + 0.5[FeO] ⇔ Au(s) + 0.5FeS2 (s) + 0.5H2O(l)

Wall Rock Sulphidation

(3) Au (HS)(aq) + 4H2O(l) ⇔ Au(s) + SO24 (aq) + 2H+ + 3.5H2(aq)

Fluid Mixing

LOW AND HIGH SULPHIDATION TYPE EPITHERMAL DEPOSITS

Low sulphidation or adularia-sericite type deposits, and high sulphidation or acid-sulphate type
deposits (LS and HS deposits respectively) share a number of similarities with regards to
deposit form, host rock mineralogy and structural and localising controls. These characteristics
are summarised in tables 3.6 and 3.7. A number of important differences also exist between the
two deposit types, and these are as follows.
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The first significant difference is that LS deposits occur in locations removed from the
hydrothermal systems heat source (figure 3.10), where the intrusion generating the systems heat
may occur 5–6km below the surface in rocks with a fortuitous location and the ability to
maintain a plumbing system (Heald 1987). In comparison, HS deposits occur in/very close to
the intrusion driving the hydrothermal system (figure 3.11) (Heald 1987; Hedenquist 2000) in
locations proximal to volcanic vents that focus magmatic vapour discharges to the surface, and
in shallow hydrothermal systems in the core of volcanic domes which occur along or near ring
fracture faults in calderas.
The host rock(s) of LS deposits are of varying composition (i.e. rhyolite to andesite with
associated intrusions and some silicic to intermediate sub-aerial volcanic sediments) (Heald
1987), such that the composition of the host rock(s) is not a controlling factor. Ore deposition
also usually occurs >1Ma subsequent to the formation of the host rock(s). The primary host rock
of HS deposits in comparison is almost exclusively rhyodacite (i.e. quartz latite) (Hayba 1985),
and ore deposition closely follows the emplacement of the host rocks (~0.5 Ma) indicating a
possible genetic relationship.
The mineralised fluids in LS deposits are moderately to strongly concentrated, nearly neutral pH
chloride brines (Heald 1987), while the fluids of HS deposits are acidic. Vapour that condenses
within the vadose zone of LS systems (i.e. above the watertable) forms blankets of sulphate rich
waters whose surface expressions include steaming ground, mud volcanoes and collapse craters
in clay altered ground (Hedenquist 2000). Silica sinter is also deposited where the boiling/boiled
fluids discharge at the surface as amorphous silica that crystallizes to quartz (Cooke et al 2000).
Fluid flow at the brine and groundwater interface in LS deposits is dominated by the lateral
movement of lithologic aquitards and gravity driven groundwater flow above the circulating
plume. This causes the formation of hydrologic caps on the plume, and discharge to the surface
is confined to a small fraction of the total projected surface area of the system (figure 3.12)
(Hayba 1985). Overlying structures are thus unmineralised and often show no evidence of vein
filling or wall rock alteration.
The precipitation of ore minerals in LS and HS deposits occurs at temperatures between 200°–
300°C, with late stage fluids depositing gangue minerals between 140°–200°C (Hayba 1985).
The sulphur content of LS deposit fluids is typically low (it generally occurs as sulphide with an
oxidation state of –2) (White 1990), and the salinity is between 0–13wt% NaCl (generally
<3wt%). The fluid may also be gas rich (CO2 and H2S). In HS deposits, the fluid sulphur
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contents are generally high (it generally occurs as sulphide with an oxidation state of +4), and
fluid salinity varies from 1–24wt% NaCl.
The mineralogy of LS deposits is characterized by hypogene adularia and the absence of
hypogene alunite. Other minerals include chalcedony, K-mica (illite or smectite), calcite,
carbonate, rhodochrosite, sericite, chlorite, acanthite, argentite, ± barite ± anhydrite ± hematite
(Heald 1987). The mineralogy of HS deposits is characterized by the absence or rare presence of
adularia and chlorite, and the presence of alunite, native sulphur and clay (i.e. pyrophyllite,
kaolinite, dickite) (Cooke et al 2000). Other minerals include barite, anhydrite, sericite,
diaspore, zunyite and alumino-phosphate sulphate minerals (APS) and rutile-anatase.
The sulphide mineralogy of LS deposits is characterized by tellurides in association with
acanthite and selenides (Cooke et al 2000). Other minerals include cinnabar, stibnite,
arsenopyrite, pyrrhotite, galena and fluorite. Bismuthinite occurs in some deposits. The sulphide
mineralogy of HS deposits is characterized by enargite/luzonite, covellite and pyrite and the
absence of selenides. Other minerals include chalcocite, bornite, digenite and chalcocite.
The textures that characterise LS deposits include fine crustiform and colloform banding in
shallowly formed veins, drusy cavities, vugs, vein breccia, and lattice textures (i.e. platy calcite
and silica pseudomorphs after bladed calcite) (Cooke et al 2000). Deeper veins are characterised
by coarse crystalline comb quartz. HS deposits are characterised by massive and vuggy silica,
massive sulphide veins, quartz-alunite-clay veins and breccias and replacement textures.
Deep level and regional scale propylitic alteration characterises LS deposits (Cooke et al 2000),
and local scale alteration is dominated by sericitic alteration that often borders a silicified zone
near the vein. The sericitic zone typically grades outwards into the propylitic zone and less
typically into a potassium metasomatized zone. An argillic zone is sometimes present between
the sericitic and propylitic zones (Heald 1987). HS deposits are characterized by advanced
argillic alteration adjacent to the ore zone, which grades into argillic (sometimes intermixed
with sericitic alteration) and propylitic alteration assemblages (figure 3.13) (Hayba 1985). The
argillic alteration is commonly mineralogically zoned (i.e. kaolinite nearer the vein and smectite
farther from the vein).
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Figure 3.10. Occurrence model for a low-sulphidation type epithermal deposit (Heald 1987).

Figure 3.11. Occurrence model for a high-sulphidation type epithermal deposit (Heald 1987).
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Figure 3.12. A combined magmatic (early or late fluids) and meteoric fluids model (Guilbert
1986).

Figure 3.13. A section through the alteration assemblage of a typical high sulphidation ore body
(Hedenquist 2000).
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LOW SULPHIDATION DEPOSITS
Shallow
Plate Tectonic
Setting
Regional
Structural Setting
Local Structural
Setting
Localizing
Controls
District and
Deposit
Dimensions
Deposit Form
Host Rocks

Deep

Both found in subduction environments at plate boundaries, mainly in back-arc basins.
In calderas and other structurally complex volcanic environments.
Complex systems of faults or fractures developed in several generations.
Domes.

Domes, diatremes.

Any faults or fracture zones, especially related to volcanic centers.
Areas of 12 – 190km2. Vein lengths to width ratios are ~3:1. Strike length is several
kilometers. Vertical extent is 100–700m.
Vein, vein swarm, stockwork, disseminated.

Pyroclastic & sedimentary rocks
Depth of
Formation
Temperature of
Ore Deposition
Time Relationships
Ore Textures

0 – 300m

Mineralogy

Gangue

Sulphides
Metals

Metal Production
Wall Rock
Alteration
Salinity

<200°C
200° – 280°C
Distinctly different ages (usually >1Ma).
Crustiform & colloform banding, comb texture, drusy cavities, vugs, vein breccia, silica
pseudomorphs after bladed calcite.
Coarse bands.

Some intermediate sulphidation state veins
adjacent to high sulphidation ore.
Adularia, sericite, chlorite, acanthite, argentite, tennantite, tetrahedrite, native silver and
gold, base metal sulphides. Chlorite is common. Selenides & Mn-gangue present.
No hypogene alunite. No bismuthinite.
Sinter, chalcedony blanket.

Chalcedony-adularia-illite-calcite.
Cinnabar, stibnite; pyrite/marcasitearsenopyrite, Au-Ag selenides, Sesulphosalts, pyrrhotite, Fe-rich sphalerite.
Au-Ag-As-Sb-Se-Hg-Tl
Low Ag:Au ratio
<0.1 – 1% base metals.

Quartz-carbonate-rhodonite-sericite-adularia
± barite ± anhydrite ± hematite ± chlorite.
Pyrite-Au-Ag sulphides/sulphosalts, variable
sphalerite, galena, chalcopyrite,
tetrahedrite/tennantite.
Ag-Au-Pb-Zn, Ba, Mn, Se
High Ag:Au
2 – 10% base metals.

Both gold and silver rich deposits. Base metal production variable.
Sericitic to intermediate argillic. Abundant adularia.
Only supergene alunite. Occasional kaolinite.
Alunite-kaolinite blanket, clay halo.
Clays, sericite, carbonates, fluorite.
Low. Usually <3 wt% NaCl equivalent. Can be up to 13% if base metals are important.
PH near neutral, may become alkaline from boiling.
Phase separated gases may be oxidized to produce an acid fluid.
Reduced environment.
<1% NaCl, gas rich.

Source of
Mineralising
Fluids
Sulphide Sulphur
Source
Source of Lead
(base metals)

Pyroclastic & sedimentary rocks
300 – 800m
(usually 300 – 600m, rarely >1,000m)

Ore: 200° – 300°C, gangue down to 140°C. Boiling in some cases only

Fine bands, combs, crustiform, breccia.
Notable Features

Vein, breccia body, disseminated.

Rhyolite to andesite with associated intrusions and some sediments (i.e. silicic to
intermediate sub-aerial volcanics). Basement rocks of any type.

3 – 10+% NaCl.

Dominantly meteoric with a magmatic component.
Total S content typically low. From deep-seated magmatic or volcanic country rocks.
Base metal content may be low (Pb, Zn). Derived from Precambrian or Phanerozoic rocks in
a sub-volcanic basement.

Table 3.6. Characteristics of low sulphidation (adularia-sericite) epithermal deposits (after
Hendenquist 2000; Evans 1993).
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Plate Tectonic
Setting
Regional Structural
Setting
Local
Structural
Setting
Localizing Controls
District and
Deposit Dimensions
Deposit Form

Host Rocks

Depth of
Formation
Temperature of
Ore Deposition
Time Relationships
Ore Textures

HIGH SULPHIDATION DEPOSITS
Shallow
Intermediate
Deep (Porphyry)
Both found in subduction environments at plate boundaries, mainly in back-arc basins.
Calderas, silicic domes.
Complex systems of faults or fractures developed in several generations.
Domes, central vent.
Domes, diatremes.
Dome-diatreme.
Major regional faults or sub-volcanic intrusions.
Smaller than adularia-sericite deposits. Vertical extent usually <500m.
Often equi-dimensional.
Disseminated, breccia &
Massive sulphide veins,
Dissemination, veinlets,
veinlets.
breccia, ledges.
breccia.
Mainly rhyodacite forming domes and ash-flows (also rhyolite, trachyandesite). Basement
rocks of any type.
Pyroclastic & sedimentary
rocks.
<500m

Mineralogy

Gangue
Sulphides

Metals
Metal Production
Wall Rock
Alteration

500 – 1,000m

Steam heated blanket.

Massive sulphide, late
veins/breccia.
Vuggy quartz host.

Replacement.

Overprints porphyry
features.
Enargite, pyrite, covellite, native gold, electrum, base metal sulphides, sulphosalts,
tellurides. Sometimes bismuthinite. Rare Mn-minerals.
Adularia and chlorite absent or rare. No selenides.

Alunite, barite, kaolinite.
Enargite/luzonite, covellite,
pyrite.

Anhydrite, kaolinite, dickite.
Enargite/luzonite,
chalcopyrite,
tetrahedrite/tennantite,
sphalerite, late covellite,
pyrite.
Cu-Au-Ag-Bi-Te-Sn.

Sericite, pyrophyllite.
Bornite, digenite,
chalcocite, covellite.

Au-Ag, Cu leached (Hg
Cu-Au.
overprint).
Both gold and silver rich deposits. Significant copper production.
Advanced argillic to argillic. Outer (upper) zone of intermediate argillic & sericite.
Much hypogene alunite and kaolinite. No adularia.
Silicic (vuggy), quartz-alunite,
pyrophyllite-dickite-sericite.

Pyrophyllite-sericite,
quartz-sericite.

Low and high. From 1–24 wt% NaCl equivalent.
pH acidic from magmatic HCl and by disproportionation of SO2.
Becomes neutralized by wall rock reactions and dilution.
Oxidized environment.
<2wt% NaCl.

Source of
Mineralising Fluids
Sulphide Sulphur
Source
Source of Lead
(base metals)

Porphyry, volcanic &
clastic sedimentary rock.
>1,000m

Ore & host are similar ages (<0.5Ma).
Vuggy silica, massive silica.

Silicic (vuggy), quartzalunite.
Salinity

Volcanic rocks.

200° – 300°C

Vuggy quartz hosts.
Notable Features

CHAPTER THREE. EPITHERMAL

4 – 15+wt% NaCl.

Variable.

Little Data. (Probably dominantly meteoric with significant magmatic component).
Total S content typically high. Little data on sources (deep seated, possibly magmatic).
Base metal content may be high (Cu). Derived from enclosing volcanics, magmatic fluids or
the basement rocks.

Table 3.7. Characteristics of low sulphidation (adularia-sericite) epithermal deposits (after
Hendenquist 2000; Evans 1993).
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3.3 MINERAL RESOURCES AND ORE RESERVES OF EPITHERMAL
DEPOSITS
The grade-tonnage characteristics of HS and LS deposits were found to correlate closely with
deposit form by Hedenquist (2000). HS systems are typically higher tonnage, lower grade
deposits (figure 3.14), with economic mineralisation occurring predominantly in disseminated
style deposits. The largest tonnage deposits dominated by disseminated or replacement ore
(table 3.8) that formed via lithologic controls on fluid flow, are most commonly economic due
to the supergene oxidation of the sulphides (e.g. the Yanacocha, Pierina, La Coipa and Pascua
deposits). In contrast, LS systems are typically lower tonnage, higher grade deposits, where gold
grades greater than 20–30g/t are hosted by veins, stockworks and fractures (e.g. the Hishikari,
Midas and Comstock deposits) (Hedenquist 2000). When the grade and tonnage of the Pajingo
Epithermal System (PES) is compared to those of other LS systems, is can be seen that it is an
unusually high tonnage vein deposit with typically high gold grades (figure 3.14).

Pajingo

Figure 3.14. Grade-tonnage plot of high and low sulphidation epithermal ore deposits including
both production and reserves (Ba=Baguio, Bo=Boliden, CC=Cripple Creek, Ch=Chinkuashih,
Cl=Comstock Lode, Cp=Chelopech, El=El Indio, El(DSO)=El Indio Direct Shipping Ore,
Em=Emperor, Go=Goldfield, Hi=Hishikari, Ke=Kelian, La=Ladolam, Lh=Lahoca,
Le=Lepanto, Mc=McLaughlin, Mi=Midas, Mu=Mulatos, Na=Nansatsu district deposits,
Pa=Pascua, Pi=Pierina, Po=Porgera, PP=Paradise Peak, PV=Pueblo Viejo, Ro=Rodalquilar,
RM=Round Mountain, Sl=Sleeper, Su=Summitville, Ta=Tambo, Ve=Veladero, Wa=Waihi,
Ya=Yanacocha) (Hedenquist 2000).
Both HS and LS deposits are usually fracture controlled and have sharp lower and upper limits.
In some deposits, the ore zones have low grade tops in the form of veins (e.g. the LS Comstock
deposit) or disseminated body’s (e.g. the Ivanhoe deposit) (Hedenquist 2000). For example,
outcrops of the Oriental Vein in the Comstock deposit contains only 50–150ppb gold, despite
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the ore zones rising to within 30m of these outcrops. In general, large low grade HS deposits
usually form at shallow depths where the systems mushroom into permeable lithologies (e.g.
volcaniclastic rocks, lacustrine sediments and ignimbrites). High grade LS vein deposits
(usually massive accumulations of pyrite and sulphosalts minerals) tend to form at greater
depths and are exposed in more deeply eroded terrains.

Low Sulphidation
Deposit
Style
Pajingo
V
Comstock
V
Hishikari
V
Lebong Donkor
V
Creede
V
Toyoltita
V
McLaughlin
V, S
Acupan
V, S, D
Golden Cross
S
Misima
S
Round Mountain
D, V
Kelian
D

High Sulphidation
Deposit
Style
Lepanto
VB
El Indio
VB
Rodolquilar
VB
Le Mejicana
VSB
Pueblo Viejo
DV
Chinkuashih
D
Summitville
D
Nansatsu
DB

Table 3.8. The mineralisation style of some low and high sulphidation epithermal deposits (V =
Vein style, S = Stockwork style, D = Disseminated style, B = Breccia style) (After Hedenquist
2000).
A study by Pincock (2003) into the resource estimation techniques currently applied in 12
epithermal gold deposits showed that traditional techniques (i.e. Polygonal and Inverse Distance
Weighted methods) are commonly used to estimate the mineral resources and ore reserves of
vein and stockwork style epithermal deposits in preference to geostatistical techniques (tables
3.9 and 3.10). This is related to the increased geological complexity and grade variability
associated with deposits of this style (figure 3.15). In comparison, geostatistical techniques (i.e.
Multiple, Indicator and Ordinary Kriging methods) are used more commonly in estimating the
mineral resources and ore reserves of disseminated and breccia style epithermal deposits, due to
their decreased geological complexity and grade variability.
The application of variographic techniques and hence geostatistical methods is also dependent
on grade variability. They were therefore only applied in some cases to vein and stockwork style
deposits, which display lower geological and grade continuities. Closely spaced cross sections
and smaller drill hole grids are associated with these deposits, in order to define their geological
and grade continuity (Pincock 2003). In comparison, variography is applied frequently to
disseminated and breccia style deposits due to their increased geological and grade continuities.
Wider spaced cross sections and larger drill hole grids are associated with these deposits due to
their increased geological complexity and grade variability.
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Figure 3.15. A schematic representation of the geological and grade variability of different style
deposits. The geological variability cartoon illustrates how a deposit progresses from being
simplistic (e.g. a flat lying coal seam) to complex (e.g. vein style ore body’s). The grade
variability cartoon illustrates how a deposit progresses from having good continuity (e.g. all
resources are concentrated in continuous a coal seam) to poor continuity (e.g. nuggetty gold in
vein style ore body’s) (Dominy 2002a).
The PES displays low geological and grade continuities, such that closely spaced cross sections
(i.e. 20m) and closer drill hole spacing (i.e. 20m x 25m) are used by the Pajingo resource
geologists to estimate the deposits mineral resources and ore reserves using traditional
techniques (i.e. the Inverse Distance Weighted method). This is in keeping with the results
achieved by Pincock (2003) for vein style deposits. Variography was applied to the Vera South
deposit with mixed results (see section 6.5), where the search distances used were between 96–
156m. Block models were created for the deposit using 10x10x10m and 20x20x20m block
dimensions (see section 6.6), whose grades were estimated using Ordinary Kriging. In
comparison, search distances between 60–150m along strike and 50–120m down dip were used
in the deposits from Pincock’s study, and the dimensions of the blocks from the various deposit
models were between 6x6x6m and 10x10x7m. The variographic and geostatistical techniques
applied to the Vera South deposit and the results achieved are therefore very similar to those of
achieved in other vein style epithermal deposits.
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Mine

Metals

Mine/
Process

Geologic
Interpretation
Base

Epithermal – Veining & Stockwork
Pajingo,
Au/Ag
Open Pit
Cross Sections
Australia
& UG,
@ 20m
CIP Leach
Bellavista,
Au/Ag
Open Pit,
Cross Sections
Costa Rica
Heap
@ 25m
Leach
Esquel,
Au/Ag
Open Pit,
Cross Sections
Argentina
CIL Mill
@ 40m
Marlin,
Guatemala

Au/Ag

Dolores,
Mexico

Au/Ag

Ocampo
NE,
Mexico
Pimenton,
Chile

Au/Ag
Au/Cu
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Drill Hole
Grid (m)

Deposit
Boundary(s)

Grade
Interpolation
Method

Grade
Capping

Variography

Search
Distances

Resource Classification
(s=samples, h=holes)

Block
Model
Cell Size

20 x 25

Geologic
Controls

IDW to 3rd

95% Percentile

Yes

-

3x3x3

20 x 25

Grade 0.3g/t
Au

MIK

97.5%
Percentile

Yes
(6 domains)

40 x 20 or
40 x 40

Grade Shells
1.5 – 5g/t Au

IDW to 3rd

Au – 16.5g/t,
Ag – 99g/t

Yes

Au – 35g/t
before
compositing
Au – 30g/t, Ag
– 1000g/t

Yes
(Linear SV)

S – 75m,
D – 50m,
A – 50m
S – 60m,
D – 60m,
A – 7.5m
313m in
all
directions
S – 150m,
D – 120m,
A – 60m
½ distance
between
drill holes
½ distance
between
mine
levels

Measured–20x25
Indicated–40x40
Inferred–60x60
Measured–<25m
Indicated–<50–75m
Inferred–Over
Measured–<30m 3s
Indicated–<30m 2s
Inferred–>30m 2s
Measured–<25m 7s/3h
Indicated–<50m 4s/2h
Inferred–305m 2s
Measured–20x17.5x15
Indicated–40x35x40m
Inferred–120x90x60m
Measured – <25m & s on 4 sides,
Indicated – <50m s on <3 sides,
Inferred – 100m
Measured–5m
Indicated–20m
Inferred–>40m

Open Pit
& UG,
Mill
Open Pit,
Mill

Cross Sections
@ 25m

25 x 50

Grade 0.3g/t
Au

OK

Cross Sections
@ 25m

25 x 25

Geologic
Controls

IDW to 5th

Open Pit
& UG,
Mill
UG, Mill

Cross Sections
@ 25 – 50m

25 x 60

Geologic
Controls

Polygonal
Method

No Capping

Yes
(Az. on strike
330, dip 80)
No

Cross Sections
@ 10m, 4
Mine Levels
@ 40m

Variable

Geologic &
UG Mining
Controls

Polygonal
Method

Au – 195g/t

No

6x6x6
5x2x2.5
10x10x7
10x5x3
Blocks
defined in
AutoCAD
Block
projected
between
UG levels

Table 3.9. The general parameters used at 6 epithermal vein and stockwork style gold deposits for deposit modelling (NOTE: UG = Underground, MIK =
Multiple Indicator Kriging, IDW = Inverse Distance Weighted, OK = Ordinary Kriging, SV = Semi-Variogram, AZ = Azimuth, S = Strike, D = Dip, A =
Across) (After Pincock 2003).
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Mine

Metals

Mine/
Process

Geologic
Interpretation
Base

Epithermal – Disseminated & Breccias
Alto
Au/Ag/
Open Pit,
Cross Sections
Chicama,
Cu
Heap
@ 100m
Las
Leach
Lagunas,
Chile
Marigold,
Au/Ag
Open Pit,
Cross Sections
Nevada
Heap
@ 30m
Leach
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Drill Hole
Grid (m)

Deposit
Boundary(s)

Grade
Interpolation
Method

Grade
Capping

Variography

Search
Distances

Resource
Classification
(s=samples, h=holes)

Block
Model Cell
Size

50 x 100

Grade 0.35g/t
Au

IDW to 2nd

Au – 20g/t
Ag – 100g/t

Yes
(Au OmniDirectional)

N60E–50m
S60W–45m
Vert–20m

Measured–10x10x5 3s
Indicated–30x25x20 1s
or 60x50x40 2s
Inferred–90x90x60 1s

10x10x5

30 x 60

Geology &
Grade, 0.005 –
0.006 opt

IDW to 3rd

Composited
Au to 0.06
opt

Yes
(for anisotropy
& range)

S – 200ft
D – 100ft
A – 100ft

20x20x20ft
&
40x40x40ft

Yes
(for
anisotropy,
nugget &
range)
Yes
(for anisotropy
& range)

PA – 137m
SA – 133m
TA – 41m

Measured–66ft 3s
Indicated–125ft 1s
Inferred–All other
blocks
Measured–22m
Indicated–90m
Inferred–All other
blocks

X – 49m
1st Y – 49m
2nd Y – 98
Z – 49m
S – 30m
A – 25m
Depth – 5m

Measured–<25m
Indicated–<50m
Inferred–>50m

5x5x5

75ft
(Measured/
Indicated)
75 – 150ft
(Inferred)

Measured–30ft
Indicated–75ft
Inferred–>75ft

Sam
Martin,
Honduras

Au/Ag

Open Pit,
Heap
Leach

Cross Sections
@ 50m

50 x 50

Geology &
Grade, 0.35g/t
Au

OK

No Capping

El Sauzal,
Mexico

Au/Ag

Open Pit,
Mill –
CIL

Cross Sections
@ 50m

50 x 50

IK & OK

No Capping

Segala,
Mail,
West
Africa
Jerrit
Canyon,
Nevada

Au

Open Pit,
Mill – G –
CIL

Cross Sections
@ 25m

30 x 25

Geology &
Grade
Envelope,
0.5g/t Au
Geology &
Grade, 0.1g/t
Au

MIK

95th & 97.5th
Percentiles

Yes
(for each
domain)

Au

UG, Mill

Closely spaced
cross sections
& plans

Tightly
spaced
~<50ft

Geology &
Grade, 0.15g/t
Au

IK

No Capping

Yes
(by mine &
zone)

7x7x7

5x5x5

15x15x15ft

Table 3.10. The general parameters used at 6 epithermal disseminated and breccia style gold deposits for deposit modelling (NOTE: UG = Underground, G =
Gravity, IDW = Inverse Distance Weighted, OK = Ordinary Kriging, I = Indicator Kriging, MIK = Multiple Indicator Kriging, S = Strike, D = Dip, A =
Across, Vert = Vertical, PA = Primary Axis, SA = Secondary Axis, TA = Tertiary Axis) (After Pincock 2003).
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3.4 THE PAJINGO EPITHERMAL SYSTEM COMPARED TO THE CLASSIC
EPITHERMAL MODEL
When the characteristics of the PES are compared to those of a classic Low-Sulphidation (LS)
Epithermal Model, it can be seen that they conform well to the idealized models characteristics.
These similarities are summarised below.
On a regional scale, LS deposits occur in association with extensional tectonics within
subduction related environments, and locally within structurally complex volcanic environments
where faults control the emplacement of the magmatic heat source (i.e. tension fracture systems
and normal faults). The PES occurs within a major regional intra-cratonic feature, in association
with a second phase of basin extension at ~345Ma (Mustard 2003). A deep-seated
glomerporphyritic andesite intrusion was emplaced 5-6km below the surface at this time, and
drove the PES’s hydrothermal fluids. Mineralisation was deposited in structural traps within
zones of thickening in the Mt Janet Andesites. These rocks were able to maintain the systems
plumbing due to their permeability, and eventually underwent deformation, fracturing and void
development (Smith 1999) to form the Vera-Nancy Structural Corridor (Cornwell 1995).
LS epithermal systems can occur over strike lengths of several kilometers, have vertical extents
of 100–700m, occupy surface areas of 12–190km2, and adopt a number of forms from vein and
vein swarm style deposits to stockwork, disseminated and brecciated deposits. The PES occurs
along the 6km long Vera-Nancy Structural Corridor which extends to depths of 400m (Butler
2000). It occupies an area of 150km2 and mineralisation is of a vein style where high grades
occur exclusively in the quartz material and not in the hosting rocks.
The Mount Janet Andesites host the PES (i.e. porphyritic andesitic volcanic rocks that include
lavas, sub-volcanic intrusives, primary breccias and epiclastic units) (Mustard 2003), which is
consistent with the host rock types of LS deposits (i.e. rhyolitic to andesitic rocks with
associated intrusions and some silicic to intermediate sub-aerial volcanic sediments).
Ore is deposited at depths of between 300m–1000m at temperatures of 200°–300°C (gangue
minerals at 140°C) by fluid boiling, wall rock sulphidation or fluid mixing in LS deposits.
Chalcedonic vein silica and illite in veins, along with fluid inclusion data from the PES
indicates fluid boiling caused primary gold deposition at <200°–250°C temperatures at depths
of 100–600m (Hayba 1985; Richards 1998). Fluid inclusion and oxygen isotope data from the
Scott Lode veins shows these fluids were low salinity, near neutral pH chloride brines (i.e.
<6,600mg/kg) of meteoric origin (Richards 1998). This is consistent with the LS model which
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indicates the ore forming fluids have low salinities (<3 wt% NaCl), neutral pH’s and are of
meteoric origin (magmatic components are also usually present).
LS deposits are characterised by sericitic to intermediate argillic alteration (i.e. quartz,
chalcedony, adularia, clay minerals, calcite, carbonate, sericite, chlorite, acanthite and
argentite). Kaolinite is occasionally present and alunite only occurs as a supergene mineral. The
dominant alteration type within the PES is a propylitic style distal to the main mineralised veins,
which grades into weak hypogene propylitic, argillic, transitional argillic-silica and advanced
argillic silica-pyrite alteration away from the veins (Mustard 2003). These assemblages are
characterized by silica, clay (i.e. illite-smectite, kaolinite-dickite), chlorite and calcite. The wall
rocks are over printed by late alteration ankerite or dolomite and siderite (Cornwell 1995).
Characteristic

LS

deposit

sulphide

minerals

include

pyrite,

gold

and

silver

sulphides/sulphosalts/ selenides, tennantite, tetrahedrite, base metal sulphides (i.e. sphalerite,
galena, chalcopyrite, pyrrhotite and stibnite), cinnabar and arsenopyrite. The mineralised PES
veins commonly contain pyrite and other rare sulphides (i.e. acanthite, stromeyerite, native
silver, chalcopyrite, sphalerite, galena and pyrrhotite in the lower regions of the mineralised
system) (Sims 2000a).
Metals that occur in LS deposits include Au, Ag, As, Pb, Zn, Sb, Se, Hg, Tl, Ba, and Mn (<10%
base metals). Mineralisation in the PES occurs predominantly as native gold and electrum
(75Au:25Ag and 61Au:39Ag) disseminated within quartz/carbonate veins below the level of
oxidation (Sims 2000a). Ag is the only element directly correlated to Au, while as, Sb, Hg, Cu,
Pb, Zn, Mo and Mn exhibit weak correlations. Hg appears in elevated concentrations (average
0.57ppm) (Richards 1998).
Crustiform & colloform banding, comb textures, drusy cavities, vugs, vein breccias and silica
pseudomorphs after bladed calcite characterise LS deposits. All these textures occur in the
mineralised PES veins, with mineralisation being increasingly associated with colloform
banding with depth, and with milky and lesser crustiform textures in the upper regions of the
system.
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GEOLOGICAL CONTINUITY
OF THE VERA SOUTH
DEPOSIT
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4.1 GEOLOGY AND GRADE DISTRIBUTION WITHIN THE MAIN VEIN
4.1.1 GRADE CONTOURING AND WIREMESHING
A number of different techniques were employed to determine which would best display the
spatial distribution of the face chip sample grades in g/t on each production level. The greatest
difficulty encountered in plotting the sample data was the quantity of data (i.e. there are 7,880
individual face chip samples). The samples from each heading sample line(s) (i.e. usually 5
samples) were easily displayed as a single entity, but became obscured over the length of the
production drive and deposit when they were plotted in combination with the samples from
every other heading. Contouring and 3D wireframing of the data were found to produce clear,
easy to interpret results that also provided an insight into the nature of the vein (e.g. vein
thickness, orientation and shape).
The development driving of twenty-two levels in the Vera South ore body has been completed.
Six levels occur within the Vera South Deeps domain and the remaining sixteen occur in the
Vera South Upper domains. The program SURFER was utilised to contour face chip samples
from these levels in plan view. To begin with, the data was grided on 1m x 1m spacings (the
maximum sample width is 1.5m, but most samples widths are <1m). An elliptical search area
was chosen, with a search distance of 9m parallel to the strike direction of each level
(production headings advance ~3m with each cut, so a 9m search distance should theoretically
incorporate the face samples of three consecutive headings). A 3m search distance was chosen
for the across strike search direction (at least 3 samples should theoretically be captured) (figure
4.1). The grade of each grid point was estimated using a minimum of 10 samples, and where the
number of data values dropped below this threshold, the grid point was not estimated. The
resultant grid files were then contoured using the inverse distance weighted (IDW) interpolation
method to the power of 23. The contour plans for each level are given in appendix 4.1.
SURFER was later used to create 3D wireframes to provide an alternative way of viewing the
distribution of the sample grades on each level, where the amplitude of the wireframes was
proportional to the sample gold grades (the same grid files used for contouring were used for the
wireframing). The wireframes for each level are given in appendix 4.2.
The contour plots and wireframes of the Vera South Deeps domain (see section 6.3.2 for details
on the domaining of the Vera South ore body) show that there is an irregular along strike
3

The Inverse Distance Squared interpolation method usually has a power value of between 1 and 5, but
any value can be chosen including non-integer numbers. High power values screen out distant values,
while low power values can cause extreme smoothing (Annels 2002).
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variation in grade, with low grades generally at one or both ends of the vein. The average grade4
of the vein is ~5g/t (i.e. the average of hundreds of face chip sample assays taken along the
entire extent of the vein in each production level, which are between 100–450m long), with gold
grades >10g/t occurring in small pods in the hangingwall side of the vein. Some of these pods
extend from the hangingwall to the centre of the vein. In the Vera South Upper domains, an
irregular along strike variation in grade is also observable. The average grade of the vein is
<3g/t, with gold grades >5g/t occurring predominantly in the hangingwall side of the vein.

Figure 4.1. The orientation of the elliptical search area (i.e. 9m x 3m) used to grid each
production level. The relationship between the search area and the position/spacing of the face
sample lines is illustrated.

4.1.2 UNDERGROUND BACKS MAPPING
Mapping of the Vera South main vein (V1) was undertaken to improve the understanding of the
geological continuity. Three production levels were mapped at a 1:125 scale (i.e. VSD750,
VSD765 and VSD855). The lithological outline of V1 in VSD750 and 765 had already been
delineated with spray paint by production geologists and then surveyed, and the outline was
printed onto the mapping sheets to enable mapping to be conducted quickly and accurately.
A number of characteristics that may affect the distribution of higher gold grades in V1 were
identified during mapping. To begin with, V1 is not a single thick continuous vein. It is an
amalgamation of smaller veins ~10cm wide (up to ~50cm) that have coalesced to form a single
vein up to 16.4m wide (Plates 1 and 2 in appendix 4.3). The amalgamation of these smaller
veins indicates there were probably multiple phases of fluid flow through the same conduit
during mineralisation. The length of the individual vein elements could not be determined, as
tracing them from one heading to another was not possible. No remnants of these veins were left
4

The arithmetic mean of the sample data has been calculated without data de-clustering. Refer to section
6.8.1 for details on data clustering.
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in the drive sidewalls either, and the height and meshing of the drive backs made the distinction
of individual vein elements impossible.
Quartz stringers were also mapped, and occur overwhelmingly in the hangingwall of V1 and to
a lesser extent in the footwall (Plate 4 in appendix 4.3). These stringers form a stockwork in the
wall rocks where their orientations change frequently. They are usually ~10cm wide but their
lengths could not be determined. The individual stringers are variably colloform banded, and
display crosscutting relationships that indicate multiple vein generations are present. Ribbon
quartz veins also occur in the hangingwall.
V1 undergoes intense oxidation once it has been exposed, which causes it to turn a rusty colour
that obscures all the vein textures. Washing down prior to mapping is therefore imperative. The
degree of oxidation varies across the width of the vein, and appears to separate V1 into two
halves. More intense oxidation occurs in the footwall half of V1, and the contact between the
moderately and intensely oxidised vein sections is sharp. This apparent variation in oxidation
across the width of the vein is observable from level to level.
Andesite inclusions of variable size occur throughout V1, but are preferentially concentrated in
the hangingwall (Plates 1 and 5 in appendix 4.3). They constitute ~20% of the vein (refer to the
mapping in appendix 4.4), and this proportion does not vary greatly along the extent of V1’s
hangingwall. The inclusions range in size from ~10cm to >10m in length, with a larger
proportion of the inclusions exceeding 10m. The smaller inclusions appear to concentrate
around the ends of the larger inclusions, or are randomly disseminated in areas free of large
inclusions. The inclusions are elongated parallel to the strike of V1 and are angular in shape.
The ratio of the long to short axes of these inclusions (i.e. parallel and perpendicular to the vein
margins respectively) is approximately 15:1. Quartz veins and stringers crosscut these
inclusions and display varying degrees of colloform banding. Small brecciated fragments of
quartz also occur in the inclusions.
Massive and colloform banding were the only textures observed within V1 (Plates 3 and 6 in
appendix 4.3). Other epithermal textures (e.g. comb textures) may have been present, but were
not visible due to the height of the backs (i.e. ~4m) and the absence of V1 in the drive sidewalls.
Colloform banding occurs predominantly in the hangingwall, concentrated around the andesitic
inclusions. The individual bands or laminae are concentric in nature, are typically <1cm thick,
and have variable spacings (usually <1cm) (Plates 3, 5 and 6 in appendix 4.3). Colloform
banding also occurs in intense isolated patches within the central region of V1, which correlates
with zones of sulphide banding (Plate 2 in appendix 4.3). In other cases, colloform banded
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quartz fragments/blocks occur within the central portion of the vein where they crosscut the
strike of V1.
Mapping completed by the mine geologists for nine inaccessible levels (production driving of
the levels had been completed and the drives stoped) was then inspected to determine whether
the observations described above were discernable. It was found that the same characteristics
had been mapped by the mine geologists, such that they can be assumed to be applicable on a
mine scale. The backs mapping of VSD750, VSD765 and VSD855 in combination with the
mapping by the production geologists of the additional nine levels, was then compared to the
distribution of the gold grades in the contour plots and wireframes. Higher gold grades were
found to be constrained by the hangingwall (i.e. the Crown fault in Vera South Deeps) and
footwall faults (i.e. the Crown fault in Vera South Upper), with no significant grades occurring
beyond the fault contacts. Smaller faults crosscutting the drives also cut across the gold grades.
Elevated gold grades also occur associated with elongated brecciated zones within the
hangingwall of V1 and around faults. These irregular shaped zones are usually <5m wide, and
range in length from <5m to greater than 15m. The breccia clasts are angular, are usually <30cm
in diameter and have spacings that vary from tens of centimetres to >1m. The matrix breccia
varies from being quartzitic to andesitic, and the proportion of clasts to matrix is ~7:3 (i.e. the
breccia is clast supported).
High gold grades also coincide with areas of intense colloform and sulphide banding,
particularly around the margins of andesitic inclusions concentrated in the hangingwall of V1.
Even higher gold grades are associated with larger andesitic inclusions (i.e. >10m) in the
hangingwall which are intensely quartz stringer veined, especially when these stringer veins are
themselves colloform banded.

4.1.3 GENESIS OF THE MAIN VEIN
The backs mapping and the gold grade contouring plans and wireframes indicate that the
highest gold grades are associated with andesitic inclusions surrounded by intense colloform
banding in the hangingwall of V1. Zhang et al (1995) have developed a number of numerical
models with the software UDEC which describe the flow of fluids along a normal fault,
whereby porosity, permeability and dilation are concentrated in the hangingwall of the structure.
The number of similarities between the characteristics of these models with those of the Vera
South deposit enables a number of insights to be made with regards to the deposits method of
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formation, without the need for further or new modelling to be performed. These similarities are
outlined in the following sections.
The numerical models simulated a normal fault that dips at 65°. The fault was treated as both a
regularly and an irregularly shaped structure, such that the effects of a dilational jog on fluid
flow could be investigated. The model area was crosscut by sub-vertical and flat-lying
extensional fractures that were included to simulate a fractured layer above a basement block, to
examine the effects of the extensional fractures on fluid flow around a normal fault.
Deformation within the model area was accommodated by elastic strain, dilation and slip
between the blocks. Table 4.3 summarizes the main parameters and characteristics of each
numerical model.
At shallow depths, the dilation of fractures and associated fluid flow was concentrated mainly
within the fault zone and hangingwall, with very little in the footwall following fault slip
(Figure 4.2) (Zhang 1995). Slip on the fractures in the fault zone and hangingwall produced
some block rotation and accompanying dilation, whose effects were reduced with depth. After
faulting, the porosity of the apertures within the fault zone and hangingwall increased greatly,
while the porosity of the footwall was little changed (Figure 4.3). Fluid pressures decreased
slightly and were probably due to the opening of extensional fractures at rates faster than fluids
could flow in to restore equilibrium. Such fluid pressure reductions are consistent with the
Suction-Pump mechanism (Sibson 1990). The flow rate after faulting in the fault and
hangingwall increased abruptly due to increases in fracture aperture (Figure 4.3), and was found
to be two orders of magnitude higher than before faulting. Fluid flow was not necessarily
confined to the fault zone, and may extend into the hangingwall at shallow depths.
The model of Zhang et al (1996) can be likened to the Vera South Deposit, in that the numerical
model parameters used to simulate fluid flow in deeper environments and along irregular faults
are similar to those observed in the Vera South deposit (these parameters are summarised in
table 4.4). The size of the deeper model is comparable to that of the Vera South deposit. The
model investigates the movement of fluids around a 2.5m wide normal fault, dipping at 65°. In
the Vera South deposit the 20-40m wide Crown Fault dips at 65°, and controlled fluid flow and
the localisation of mineralised fluids. The large difference in size between the two faults implies
greater fluid volumes were involved during mineralisation in the Vera South deposit, and a
larger area would have thus been affected. The amount of displacement along the Crown fault is
unknown, but kinematic indicators show the fault has undergone normal dip-slip movement.
Two main fracture sets were used in conjunction with the model’s normal fault to simulate fluid
flow; a sub-vertical and a flat lying set. Similar fracture sets occur in the Vera South deposit.
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When the results of the numerical models are compared to the characteristics of the Vera South
deposit, a number of similarities can be identified (table 4.3). In the shallow environment
model, the greatest dilation occurred in the fault zone and hangingwall due to an opening of the
sub-vertical fracture set. This dilation of fractures and flow of fluids into the hangingwall
became less pronounced with depth, although it was still present. Within the Vera South
deposit, the distribution of subsidiary quartz veins show the greatest dilation appears to have
occurred within the hangingwall of V1.

Figure 4.2. The apertures (each line represents an aperture) around the fault before and after
fault slip. The apertures have increased in the fault and hangingwall but not in the footwall, as
shown in the second illustration (Zhang 1995).

Figure 4.3. Histograms displaying the percentage porosity and the fluid flow rates before and
after fault slip in different areas (after Zhang 1995).
When the development level and production face maps are examined, it can be seen that quartz
stringer veining is concentrated in the hangingwall of V1. A model by Davis (2003c) describing
the genesis of V1 shows that quartz stringer veining and vein splays are concentrated in the
hangingwall of V1, in restraining or anti-dilational bends (figure 4.4). Zhang et al’s (1995)
models illustrated that anti-dilational jogs may be sites for reduced dilation and flow within
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fault zones, but local stress concentrations and block movements can generate dilation in the
hangingwall, even at greater depths. Where this fluid flow is accompanied by the migration and
precipitation of ores, the models predict that high level mineralisation (i.e. epithermal deposits)
will be preferentially developed in the hangingwall and fault zone where dilation is greatest.
The dilation of fractures and the migration of fluids into the fault zone and hangingwall was
accompanied by block rotation, void formation, thickening and stress decreases in the Zhang et
al (1995) models. The same phenomena can be inferred in the Vera South deposit, where large
andesitic inclusions occur within the hangingwall of V1, and where the andesitic inclusions are
surrounded by colloform banding and other open-space textures.
The fracture apertures in the fault zone and hangingwall of the Zhang et al (1995) models also
increased after faulting, with larger fracture apertures developing in the lower section of the
fault zone in the deeper model. These fractures probably acted as fluid flow channel ways. The
width and grade of the Vera South Deeps ore body is far greater than that of the Vera South
Upper ore body, suggesting fracture apertures in the hangingwall and fault zone increased with
depth during vein formation. The increased width of V1 with depth also suggests the fault zone
acted as a fluid flow channel way during mineralisation.
Due to the many similarities between the Zhang et al (1995) models and the Vera South deposit,
the properties of the models can be used to give an insight into the properties of the Vera South
ore body during formation (see table 4.1). The critical aspect of the models was that fluid flow
was induced along the Vera-Nancy Structural Corridor in response to fault movement. The
material properties and stress conditions of the Zhang et al (1995) models also suggest that the
Vera South ore body could have formed under moderately high vertical and horizontal stresses
(60 and 45 MPa/km-1) with significant hydrostatic fluid pressures (40 MPa/km-1). Lesser shear
stresses would have also contributed to the system to allow the shearing of the host rocks.

Block Property
Density
Shear Modulus
Bulk Modulus
Young’s Modulus
Poisson’s Ratio
Fluid Property
Density
Viscosity
Bulk Stiffness

2500 kg/m-3
13.46 GPa
24.3 GPa
35 GPa
0.26
1000 kg/m-3
0.00035 Pa/s
3 GPa

Fracture Property
Tensile Strength
Cohesion
Friction Angel
Dilation Angel
Joint Normal Stiffness
Joint Shear Stiffness
Residual Aperture
(vert. fracture)
(cross-fracture)
Zero Stress Aperture
(vert. fracture)
(cross-fracture)

0 MPa
0 MPa
35°
5°
24.3 GPa/m-1
13.46 GPa/m-1
0.0002 m
0.0001 m

Stresses
Vertical σ1
(gravity)
Fluid Pressure
(hydrostatic)
Horizontal
Compressive σ3
Effective
Compressive σ13

0.001 m
0.0005 m

Table 4.1. The material properties used for modelling by Zhang et al (1995).
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The UDEC (Universal Distinct Element Code) modelling method was applied by Zhang et al
(1995). It is believed that the same modelling method would be well suited to analysing the
Vera South deposit, as it treats rocks masses as discontinuous assemblages of rigid or
deformable blocks (i.e. it can simulate the brittle fracturing mechanisms that occur on the upper
crust). These methods are able to simulate the sliding along and opening/closing of rock
discontinuities that are controlled by joints and joint shear stiffness’s (i.e. the opening/closing of
the extensional Vera-Nancy Structural Corridor), and allow for block deformation and
movement relative to each other. UDEC can also model complex mechanisms (e.g. material and
discontinuity behaviour coupled with hydro-mechanical and dynamic analysis) and behaviour.
Future numerical modelling of the Vera South deposit could include the application of
hybrid/coupled modelling methods, which might for example combine the modelling
parameters of the UDEC and FLAC methods to simulate intact fracture propagation and the
fragmentation of jointed media (i.e. the concentration of ore fluids in the hangingwall where
quartz stringer veining is well developed). The advantages and disadvantages of these modelling
methods are given in table 4.2.

Figure 4.4. The migration of fluids from a fault zone into the hangingwall at shallow depths
around restraining bends (Davis 2003c).
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Analysis Method
Continuum
Modelling
(e.g. FLAC, FLAC3D,
VISAGE)
(finite element &,
finite difference
methods)

Usage & Critical Input Parameters
Analysis of slopes comprised of massive
intact or weak rocks, and soil-like or heavily
fractured rock masses. Can incorporate
discrete fractures (e.g. faults and bedding
planes). Inappropriate for the analysis of
blocky mediums.
Representative slope geometry, constitutive
criteria (e.g. elastic, elasto-plastic, creep
etc.), groundwater characteristics, shear
strength of surfaces, in situ stress state.

CHAPTER FOUR. GEOLOGICAL CONTINUITY

Advantages
Allows for material deformation and failure.
Can model complex behaviour (i.e. creep)
and mechanisms, and the effects of
groundwater and pore pressures.
Able to assess effects of parameter
variations on instability.
Capability of 3-D modelling.
PC’s can be used with reasonable run times.

(e.g. UDEC, 3DEC,
DDA, PFC2D/3D)
(distinct element,
discrete element)

Hybrid/Coupled
Modelling
(e.g. ELFEN,
GEO-SLOPE,
FLAC3D with PFC3D)

Treats rock slopes as discontinuous
assemblages of rigid or deformable blocks.
The analysis includes sliding along and
opening/closure of rock discontinuities
controlled principally by the joint normal
and joint shear stiffness.
E.g. Investigation of landslides and surface
mine slopes.
Representative slope & discontinuity
geometry, intact constitutive criteria,
discontinuity stiffness and shear strength,
groundwater characteristics, in situ stress
state.
Combination of input parameters listed
above for stand-alone models.
E.g. The influence of high groundwater
pressures on the failure of weak rock slopes.

Requires awareness of model/software
limitations (e.g. boundary effects, mesh
aspect ratios, symmetry, hardware memory
restrictions).
Availability of input data generally poor and
required input parameters are not routinely
measured.
Inability to model effects of highly jointed
rock.

E.g. Buckling type failures in surface coal
mine slopes.

Discontinuum
Modelling

Limitations
Requires modelling experience and good
practice.

Allows for block deformation and
movement relative to each other.
Can model complex behaviour and
mechanisms (combined material and
discontinuity behaviour coupled with hydromechanical and dynamic analysis).
Can assess effects of parameter variations on
instability.

Coupled finite-element/distinct element
models which simulate intact fracture
propagation and fragmentation of jointed
and bedded media.

Can be difficult to perform sensitivity
analysis due to run time constraints.
Requires modelling experience and good
practice. General limitations similar to those
listed above.
Need to be aware of scale effects.
Need to simulate representative
discontinuity geometry (e.g. spacing,
persistence).
Availability of joint property data.

Complex problems require high memory
capacity.
Requires ongoing calibration and
constraints.

Requires comparatively little practical
experience.

Table 4.2. A summary of numerical modelling methods (after Stead 2001).
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Zhang et al (1996) Models
Shallow Depth (model A)
Area

The simulated area was 40m in
height by 50m in width.

Nature of
Fault
Fault
Movement

A 2.5m wide normal fault dipping at
65°.
The hangingwall base was allowed to
move with a constant velocity
parallel to the normal fault. No
vertical movement of the footwall
base was allowed. A total throw of
0.4m was permitted.
A sub-vertical set (±2°) where σ3 is
sub-horizontal, and a flat lying set of
horizontal cross fractures (±5°) that
abut the sub-vertical fracture set.
A hydrostatic fluid pressure was
used. Gravitational loading caused
the vertical stress σ1, and σ3 was in a
horizontal direction.

Fracture Sets

Stresses

Deformation

The material was selected to be
elastic in behaviour. Deformation
was accommodated through elastic
strain and dilation and slip between
the blocks.

Greater Depth (model B)
Fluid flow was simulated to depths
2km below the surface.
Unchanged from model A.

The hangingwall was allowed to
subside 1.1m.

Unchanged from model A.
A hydrostatic fluid pressure was
used for depths<1500m. A suprahydrostatic fluid pressures were
used for depths >1500m.

Unchanged from model A.

Dilational Fault Jog (model C)
The simulated area was 40m in
height by 50m in width.
An irregularly shaped 2.5m wide
normal fault dipping at 65°.

Vera South Deposit
The extracted portions of the
deposit extend over 365m in height
and 416m in width.
The Crown fault is 20-40m wide
and dips at ~70° (Davis 2002).

Unchanged from model A.

The Crown fault has undergone
normal dip-slip movement. The
actual amount of displacement is as
yet unknown (Davis 2002).

Unchanged from model A.

Vertical and sub-horizontal fracture
sets are observable throughout the
main vein.

Unchanged from model A.

The nature of the stresses under
which the deposit formed are
unknown.

Unchanged from model A.

The deposit formed in an
extensional (i.e. dilational)
environment. Brecciated zones with
elevated gold grades are observable
suggesting a component of brittle
deformation.

Table 4.3. The parameters used by Zhang et al (1996) in their studies on the effects of fluid flow and faulting compared to the characteristics of the Vera
South deposit.
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Dilation

Deformation

Porosity

Shallow Depth (model A)
Dilation occurred mainly in the fault zone and
hangingwall. The shear resistance of the subhorizontal fractures was reduced allowing greater
opening and displacement, and thus the opening
of the sub-vertical fractures.
Dilation and slip on fractures in the fault zone
and hangingwall produced some block rotation
and dilation.
Increased in the fault zone and hangingwall, and
was little changed in the footwall.

Fracture
Opening

The fracture apertures in the fault zone and
hangingwall increased greatly.

Fluid Flow
Mechanism
Flow Rate

Suction-Pump Mechanism.

Fluid Flow

Extended into hangingwall.

Increased in the fault zone and hangingwall due
to increases in aperture.

CHAPTER FOUR. GEOLOGICAL CONTINUITY

Zhang et al (1996) Models
Greater Depth (model B)
Greatest dilation occurred near the base of the
fault zone.

Unchanged from model A.
Increased only in the fault zone. Slight decreases
in the hangingwall and footwall.
Larger fracture apertures developed in the lower
section of the fault zone, which acted as fluid
flow channel ways.
Unchanged from model A.
Increased slightly in the fault zone. Decreased in
the hangingwall and footwall.
Concentrated in the fault zone, but extends into
the hangingwall.

Dilational Fault Jog (model C)
Dilation developed variably, particularly along
the fault zone and hangingwall. Large dilations
developed along some sub-horizontal fractures.
Dilation of sub-horizontal fractures caused block
rotation, void formation, thickening and stress
decreases.
-Large openings developed in the fault zone and
hangingwall along fractures in two directions.
Unchanged from model A.
-Concentrated in the fault zone, but extends into
the hangingwall.

Table 4.4. The results achieved by Zhang et al (1996) for their models on the effects of fluid flow and faulting.
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4.2

ANALYSIS OF THE GEOMETRY OF THE VERA SOUTH MAIN VEIN

A number of parametric and non-parametric statistical tests were employed to describe any
relationships that may exist between the various characteristics of V1 in the Vera South ore
body (e.g. between the grade and width of V1). The relationships between different vein
characteristics may then be able to be used to predict the specific characteristics of V1 in less
explored areas. Prior to the application of these tests however, the normality of the various
sample populations was tested to distinguish which statistical test would best identify any
possible relationships. That is, parametric tests are usually applied to normally distributed
populations whilst non-parametric tests are better suited to populations not normally distributed.
The Shapiro-Wilk normality test was applied to the vein characteristic populations (table 4.5).
The results indicate the grade populations of the Vera South ore body are not normally
distributed (results of 0.4 and 0.58 were determined, where 1 represents a perfect normal
distribution). The standard deviation and variance values (see table 4.6) further highlight the
population’s deviations from normality. The width, dip and dip direction sample populations on
the other hand are nearly normally distributed (results between 0.88 and 0.98 where achieved).
Parametric tests are therefore more likely to produce representative correlation results for the
width, dip and dip direction populations, while non-parametric tests are probably better suited to
analysing the grade populations. Normality plots of the vein characteristics (i.e. the values
versus their cumulative frequencies) are given in appendix 4.5.

Vera South Upper
Vera South Deeps

Width
0.8829
0.9564

Grade
0.4443
0.5787

Dip
0.9571
0.9525

Dip Direction
0.9854
0.9877

Table 4.5. The Shapiro-Wilk normality test results for the vein characteristics from the Vera
South Upper and Deeps domains, where a value of 1 represents a perfect normal distribution
(Analyse-It 2000).
Parametric methods were employed to test the parameters of the different sample populations
(e.g. the mean of the grade population compared to the mean of the width, dip and dip direction
populations) that have been measured on a metric scale. Non-parametric methods were then
applied to test for the same relationship(s) by ranking each populations samples, so they can be
presented on a nominal/ordinal scale. In this way, any relationship(s) between the independent
data sets measured on different scales (e.g. width in meters and dip in degrees) could be
identified. The EXCEL based statistical add-on package “Analyse It” and the program
“Statistix” were used to perform the parametric Pearson’s Correlation Coefficient (r), and the
non-parametric Spearman Rank (r2) and Kendall Correlation Coefficients (tau). Two nonparametric tests were applied to determine whether the same results would be achieved, or
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whether correlations in the sample populations would be identified in one test and not another
due to differences in the sensitivities of the tests. The Spearman Rank Correlation Coefficient
was expected to produce more representative results as it is considered more powerful than the
Kendall Correlation Coefficient. The null hypothesis of all the tests was that the first sample
population is not correlated to the second sample population at a 95% confidence level. The
descriptive statistics of the V1 vein characteristic populations were calculated prior to the
application of these tests (tables 4.6 and 4.7), because an understanding of the population
statistics influences the way in which the data can be treated in further statistical examinations.

Minimum
Maximum
Mean
Median
Mode
Variance
Coeff. Var.
Skewness
Kurtosis
Count

Vera South Deposit
Vein Grade
Vein Width
(g/t)
(m)
0.001
0.10
927.00
16.4
19.61
2.8
10.10
1.90
0.001
1.00
1205.04
6.68
0.56
1.08
1.72
11.49
2.97
244.08
2147
2147

Vera South Upper Domain
Vein Grade Vein Width
(g/t)
(m)
0.001
0.10
927.00
9.00
21.52
1.97
10.89
1.50
0.001
1.00
1480.30
2.23
1.75
0.76
10.94
1.34
212.03
1.85
1651
1651

Vera South Deeps Domain
Vein Grade Vein Width
(g/t)
(m)
0.001
0.30
203.91
16.40
13.25
5.57
8.53
5.00
9.92
9.00
317.03
11.57
1.34
0.61
4.95
0.44
37.66
-0.68
496
496

Table 4.6. The descriptive statistics of the Vera South vein grade and width sample populations.

Mean Orientation
1st Eigenvalue
2nd Eigenvalue
3rd Eigenvalue

Vera South Deposit
Vein Dip
Vein Dip
(°)
Direction (°)
75, 163
0.961
0.026
0.013

Minimum
Maximum
Mode
Count

30
90
75
1338

85
266
180
2080

Vera South Upper Domain
Vein Dip
Vein Dip
(°)
Direction (°)
74, 161
0.958
0.027
0.016
30
90
75
961

85
266
180
1602

Vera South Deeps Domain
Vein Dip
Vein Dip
(°)
Direction (°)
76, 170
0.971
0.023
0.006
52
90
75
377

130
237
170
478

Table 4.7. The Vera South vein dip and dip direction sample population’s descriptive statistics
(NOTE: the means are derived from the eigenvectors).
When the parametric and non-parametric correlation coefficient test results for the different vein
characteristics were compared to each other, it was found that they were very similar (the largest
different between the correlation coefficients was 0.16 between the grade and width sample
populations from Vera South Deeps, average difference 0.05). The application of parametric
and non-parametric tests to specific sample populations from the Vera South ore body does not
therefore ensure more reliable or representative results. The only notable difference between the
results was that the parametric test correlation coefficients were slightly higher than those of the
non-parametric tests.
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The grade of V1 is considered the most important vein characteristic for which relationships
were hoped to be determined. Very weak correlation coefficients (r < 0.1, r2 < 0.29 and tau <
0.2) were achieved between the grade and width sample populations using the Pearson,
Spearman and Kendall Correlation Coefficient tests (table 4.8). Very weak correlation
coefficients were also achieved between the grade and dip sample populations (r < 0.06, r2 <
0.08 and tau < 0.06), but the 2-tailed probabilities indicated moderate relationships may exist
between the populations in Vera South Deeps (i.e. r 2P = 56.02%, r2 2P = 53.52% and tau 2P =
52.54%). Similar correlations (r < -0.06, r2 < 0.04 and tau < 0.03) are observable between the
grade and dip direction sample populations (i.e. r 2P = 42.17% in Vera South Upper, and r 2P =
16.85%, r2 2P = 37.04% and tau 2P = 34.79% in Vera South Deeps). The full test results are
given in tables 1 to 3 in appendix 4.6.
The width of V1 has important implications with regards to the economic viability of mining the
deposit (i.e. the selective mining unit). Very weak correlation coefficients (r < 0.28, r2 < 0.28
and tau < 0.2) were achieved between the width and dip sample populations using the Pearson,
Spearman and Kendall Correlation Coefficient tests (table 4.8). Very weak correlation
coefficients were also achieved between the width and dip direction sample populations (r <
0.15, r2 < 0.16 and tau < 0.11), but the 2-tailed probabilities indicated relationships may exist
between the populations in Vera South Upper (i.e. r 2P = 28.01%, r2 2P = 63.12% and tau 2P =
46.83%). The full test results are given in tables 1 to 3 in appendix 4.6.
The dip and dip direction of V1 have important implications with regards to areas of enrichment
within V1. If a relationship can be identified between changes in dip direction with specific dip
angles, then the gold grade of these areas can be investigated. Very weak correlation
coefficients (r < 0.22, r2 < 0.21 and tau < 0.15) were achieved between the dip and dip direction
sample populations using the Pearson, Spearman and Kendall Correlation Coefficient tests
(table 4.8), while the 2-tailed probabilities indicated relationships may exist between the
populations in Vera South Upper (i.e. r 2P = 53.15%, r2 2P = 59.91% and tau 2P = 60.68%).
The full test results are given in tables 1 to 3 in appendix 4.6.
The correlation coefficients and 2-tailed probabilities produced for the above tests between all
the V1 vein characteristics indicate any relationships are weak (the highest correlation
coefficient for any relationship was r2 = 0.29). The linear regressions of these populations (table
4.8) confirm the absence of any relationships such that one vein characteristic cannot be used to
predict another.
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gradewidth

gradedip

widthdip dir

dipdip dir

0.06,
7.81%
0.08,
1.03%
0.06,
1.15%
0.00

gradewidthdip dir
dip
Vera South Upper
-0.02,
0.15,
42.17%
0.00%
-0.07,
0.11,
0.70%
0.07%
-0.05,
0.08,
0.00%
0.05%
0.00
0.02

Pearson’s (r),
2-tailed P
Spearman’s (r2),
2-tailed P
Kendall (tau),
2-tailed P
Linear Regression

0.10,
0.00%
0.29,
0.00%
0.20,
0.00%
0.01

-0.03,
28.01%
-0.01,
63.12%
-0.01,
46.83%
0.00

-0.02,
53.15%
0.02,
59.91%
0.01,
60.68%
0.00

Pearson’s (r),
2-tailed P
Spearman’s (r2),
2-tailed P
Kendall (tau),
2-tailed P
Linear Regression

0.09,
4.75%
0.25,
0.00%
0.17,
0.00%
0.01

0.03,
56.02%
0.03,
53.52%
0.02,
52.54%
0.00

Vera South Deeps
0.06,
0.28,
16.85%
0.00%
0.04,
0.28,
37.04%
0.00%
0.03,
0.02,
34.79%
0.01%
0.00
0.08

0.15,
0.12%
0.16,
0.04%
0.11,
0.03%
0.00

0.22,
0.00%
0.21,
0.00%
0.15,
0.00%
0.00

Table 4.8. The Pearson, Spearman, Kendall and linear regression correlation coefficients
achieved for the Vera South vein characteristics, where an r, r2 and tau value of 1 represents a
perfect correlation (NOTE: dip dir denotes dip direction).

4.2.1 CONCLUSIONS AND RECOMENDATIONS
One parametric and two non-parametric correlation tests were employed to determine whether
any relationships existed between the characteristics of V1 in the Vera South ore body. The
correlation coefficients indicated that a very weak correlation exists between the grade and
width, and width and dip sample populations. Weak correlations were also noted between the
width and dip direction, and dip and dip direction sample populations in Vera South Deeps (see
table 4.8). The 2-tailed probabilities however, indicate there is a moderate probability that a
relationship exists between the widths and dip direction, and the dip and dip direction sample
populations in Vera South Upper. There is also a weak to moderate probability that a
relationship exists between the grade and dip, and grade and dip direction sample populations in
Vera South Deeps.
The weak correlation between grade and width may be due to the general occurrence of higher
gold grades in wider sections of V1 through the central region of the ore body. In these
locations the higher gold grades occur in the hangingwall of V1 (see the contour plans in
appendix 4.1) in association with colloform/crustiform and sulphide banding. This correlation
may therefore indicate that higher gold grades occur in zones of greatest dilation and thus higher
fluid flow. The weakness of the correlation may be due to the erratic distribution of gold within
V1 (i.e. the nugget effect, see section 6.5.3.2).
The widest sections of V1 have dip angles between 70°–80°. These dip angles may have
enabled greater fluid flow through zones of maximum dilation, and this relationship is
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confirmed by a weak correlation noted between these sample populations. A weak correlation
also exists between the width and dip direction sample populations in Vera South Deeps, where
the widest sections of V1 have dip directions between 140°–190°. As with the above
relationship, these dip direction angles probably enabled increased fluid flow through the zones
of maximum dilation. Weak correlations were also observed between the dip and dip direction
populations in Vera South Deeps due to the above relationships. The zones of highest grade are
therefore associated with the widest sections of V1 that dip at 70°–80° and which have dip
directions of 140°–190°. The two-tailed probability results indicate there is a moderate
probability that the grade and dip, and grade and dip direction sample populations are
correlatable. The probabilities indicate that higher grades may be associated with sections of V1
that dip between 70°–80°, and which have dip directions between 140°–190°. These
observations are consistent with those outlined above, such that the sections of V1 that displays
these preferred orientations probably represent areas of maximum dilation along V1 during
mineralisation, where higher grades are concentrated in steeper sections.
These correlations can be applied to the deposit formation model proposed by Davis (2003c),
where the steeper sections of V1 are considered to represent releasing bends through which
maximum fluid flow occurred. As a result, these steeper zones are the widest, and whose widths
increase with depth (i.e. V1 is wider in Vera South Deeps compared to Vera South Upper).
Higher gold grades therefore occur in these zones due to the increased fluid flow through the
host structure during formation.
The lack of correlation between many of the vein characteristics also has important implications
for the way in which V1 formed. If the width, dip and dip directions of V1 are unrelated, then it
may not have formed in response to shear in a dilational jog which contradicts many previous
ideas on the origin of V1, and should be further investigated (Blenkinsop 2004). One method
would be to look at the vein width distributions (i.e. the width versus the dip and strike of real
dilational jogs). This could be performed in simply, where a number of different dilational jogs
are analysed through photographs taken normal to the vein and the opening vector of the vein.
The spatial correlations of the sample populations could be investigated though the application
of cross-variograms, as classical statistics do not account for the spatial component of
correlations. Unfortunately cross-variograms were not able to be generated, for software to
perform the correlations was unavailable. In future studies, QQ plots could be used to compare
the independent variables. It is therefore recommended that future studies into the correlation
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between the vein characteristics should include the production of cross-variograms and QQ
plots.

4.3 ANALYSIS OF THE WIDTH OF THE VERA SOUTH MAIN VEIN
The Vera South deposit is believed to have formed due to simple dilation along the Vera-Nancy
Structural Corridor (Butler 2002). The following is a preliminary attempt to determine what
constraints the geometry of the host structure has placed on mineralisation. It attempts to
explore the feasibility of using this sort of analysis to quantify the stress and fluid pressure
regimes at Pajingo, as this has not been attempted in previous studies.
Work by Pollard et al (2000) on the dilational form of a fluid filled crack (an igneous dyke was
in fact modelled) was applied to the V1 structure, to determine whether the vein may have
formed through the simple dilation of a mode I crack. The driving stress required to open a
mode I fracture is defined as the difference between the fluid pressure in the fracture and the
remote stress acting normal to the fracture, where the driving stress can be estimated from the
fracture (vein) geometry (Pollard 2000). The hypothesis of the analysis was that fluid pressure
caused the vein walls to dilate against the host rocks to produce the vein profile. The origin of
the co-ordinate system was located at the centre of the vein (figure 4.5) where x1 and x2 are
perpendicular and parallel to the long dimension of the vein. It was assumed there was no shear
displacement across the vein, such that ΔσII = ΔσIII = 0. As the vein is idealized as a mode I
crack, the fluid pressure was assumed to be uniform over the vein length. The maximum
dilation (Δμo1) occurring at x2 = 0 is given by the following formula (Pollard 2000);
Δuo1 = 2 (1 – ν) Δσ1 a
μ
Δuo1
ν
Δσ1
a
μ

= Maximum dilation (m).
= 0.22, Poisson’s Ratio.
= Maximum Driving Stress (MPa)
= 225m, Half the vein length.
= 70 x 109 N/m2, Shear Modulus.

Figure 4.5. An idealized diagram of the Vera-Nancy Structural Corridor represented as a mode
I crack with maximum dilation Δuo1 (Pollard 1987).
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The Vera-Nancy Structural Corridor is ~6000m long, such that a length of 3000m was used (i.e.
half the length of the structure, as stipulated by the formula). Poisson’s ratio “ν” (0.22 for fine
grained igneous rocks) measures the relative expansion of a rock in the lateral direction, to it’s
shortening in the direction in which the uni-axial compression is applied (Franklin 1989). The
shear modulus “μ”, or modulus of rigidity “G” measures a materials resistance to changes in
shape under an applied shearing force (~70 x 109 N/m2 for andesitic rocks) (Holden 1991;
Jaeger 1979). Through the application of the above formula, it was found that the driving stress
required to dilate the Vera-Nancy Structure to 16.4m (the largest recorded vein width) at a depth
of 2km was ~245MPa.
The fluid pressures required to open the structure were then determined by adding the normal
stress due to the effect of gravity in an elastic solid (i.e. 0.28 x 26MPa/km, the lithostatic
pressure gradient) to the driving stress (Δσ1) at a depth of 2km (the deposit is known to have
formed within 2km of the surface during mineralisation). It was found that pore fluid pressures
of ~260MPa (i.e. 0.28x26x2 + 245) would be needed to open the structure. An estimation of the
possible depth from which these fluids must be derived to provide the driving stress was then
calculated by dividing the driving stress by the hydrostatic fluid pressure.
To calculate the hydrostatic fluid pressures, the simple hypothesis that the vein formed due to
hydrostatic fluid pressures in a lithostatic stress field was applied. The vertical lithostatic stress
(σV) due to gravity is given by ρgz (i.e. ρ is the rock density, g the acceleration due to gravity
and z depth), and the horizontal stresses (σH) in the confined medium are given by σH = (ν / 1 –
ν) σv. In this example σH = 0.28 x σv. The hydrostatic fluid pressure is then given by P = ρwgz
(i.e. ρw is the fluid density, ~ 1000kg/m3). The driving stress available is then the difference
between σH and P. These calculations show that the hydrostatic fluid pressure at a depth of 2km
is 19.6MPa (i.e. ~10MPa/km). The depth from which the mineralising fluids would have to have
been derived is thus ~13.2km.
A derivation of the mineralising fluids from depths of 13.2km is considered unrealistic, such
that the Vera South deposit must have formed in either an environment where abnormal, overpressured pore fluid pressures prevailed, or in an environment where remote regional
extensional stresses existed. It is also possible that the vein developed through incremental
opening, the effects of which warrant additional investigation but which were beyond the scope
of this project. Hence, according to the above calculations in which over-pressured pore fluid
pressures were not present, such a deposit must have formed within a regional extensional
environment. A modern analogy is the Taupo region in New Zealand (Hayba 1985).
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4.3.1 CONCLUSIONS AND RECOMMENDATIONS
The hosting vein structures in each deposit along the Vera-Nancy Structural Corridor are
extensions of each other, such that the main host structure is considered to be 6km long. The
theoretical driving stresses and pore fluid pressures that would be required to dilate this
structure to 16.4m (the maximum recorded vein width) at a depth of 2km (the deposits are
known to have formed within 2km of the surface during the mineralising event) were calculated
to be ~245MPa and ~260MPa respectively. To obtain such hydrostatic pore fluid pressures, the
mineralising fluids would have to have been derived from depths of ~13.2km. This depth is
unrealistic, such that the deposit is believed to have formed within a regional extensional
environment and/or from over pressured fluids.
A number of assumptions were made in order for these basic linear elastic fracture mechanics
problems to be calculated. The maximum driving stresses were calculated using standard values
(e.g. a Poisson ration of 0.22 for fine grained igneous rocks). Different properties could have
been applied to determine how sensitive the analyses are if more time had been available. The
Vera-Nancy Structure was assumed to represent a pre-existing fracture which could be opened.
The only stresses applied to this structure were gravitational, such that the effects of regional
extensional stresses and shearing have not been accounted for, but could significantly alter the
results. The hosting rock mass was also assumed to be laterally confined, and to exhibit elastic
behaviour (any plastic flow would increase the driving stresses required by increasing the
horizontal component of the vertical stress due to gravity). The effects of the incremental
opening of the vein to maximum widths of 16.4m were also not taken into account. Future
studies into the mechanics of the Pajingo Epithermal System should thus take these points into
consideration to determine whether they significantly alter the results achieved in this study.
When the above dilational analysis is compared to Zhang et al (1995) models, a major
difference can be seen between the two. The models by Zhang et al (1995) model fluid flow
induced by faulting, whereas the dilational analysis looks at the opening of the Vera-Nancy
Structural Corridor in response to pore fluid pressure without the requirement for faulting. This
analysis places some restraints on the physical mechanisms driving the formation of the deposits
along the structure (i.e. the driving stress and pore fluid pressure requirements), while the Zhang
et al (1995) models describe how the influence of faulting can alter fluid flow channel ways in
different sections of a deposit due to changes in the physical properties of the host rock (i.e.
porosity and permeability).

- 101 -

BIANCA PIETRASS MASTERS THESIS CHAPTER FOUR. GEOLOGICAL CONTINUITY

CHAPTER FIVE.
GRADE CONTINUITY OF
THE VERA SOUTH
DEPOSIT
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5.1 FRACTAL ANALYSIS
The Vera South diamond drill and face chip gold sample populations have undergone fractal
analysis, to determine whether they conform to a power law distribution. If the sample
populations are shown to be fractal, then their fractal dimensions may possibly be used to
predict the prospectivity of different vein networks.
Studies into the growth of veins and vein systems have shown that the relationship between the
fractal dimension and the nucleation and growth of veins can be quantified (Monecke 2001).
Authors such as Sanderson (1994), Loriga (1999), Roberts (1999) and Stowell (1999) have also
shown that vein thickness, length and spacing sample populations can be fractally distributed,
and that the fractal dimension can be used to characterise the system of fractures that provide a
path for fluid flow and localized deformation.
Sanderson et al (1994) and Roberts et al (1999) applied the theory that veins in natural vein
networks grow to produce clusters of connected veins, with growth being in proportion to the
existing vein length. Unconnected, isolated veins are dominated by small lengths and
thicknesses, and are characterised by higher vein thickness fractal dimensions (D>1). These
vein networks are considered less prospective. As a fracture network becomes more connected,
conduits for fluid flow and localised deformation develop. The more connected a vein network
becomes the lower the vein thickness fractal dimensions (D<1). Connected veins are more
likely to have larger apertures that may facilitate the introduction of ore-bearing fluids from
greater distance and depths, and which permit significant increases in the fluid flux through
such systems. Natural vein networks with lower vein thickness fractal dimensions are thus
considered more prospective. The fractal dimension of natural vein networks can therefore be
used to predict the prospectivity of different vein systems. Fractal dimensions can also be used
to estimate the number of veins greater than a given thickness that are likely to be encountered
in a certain volume (McCaffrey 1996).
Sanderson et al (1994) also investigated the fractal distribution of gold grades, and found that
lower fractal dimensions were associated with higher-grade intervals, while higher fractal
dimensions were associated with lower-grade intervals. The fractal dimension of a grade
distribution is therefore a sensitive indicator of the prospectivity of vein-hosted gold (especially
high grade low tonnage deposits) and may provide a guide for use in mineral exploration.
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5.1.1 FRACTAL THEORY
A fractal is a rough or fragmented geometric shape that can be subdivided in parts, each of
which is approximately a reduced/size copy of the whole (Mandelbrot 1983). Fractals repeat
themselves at all scales to produce irregular shapes and surfaces that cannot be represented by
classical geometry (i.e. they are scale invariant) (Network 2003). This is known as “Self
Similarity”, a property that describes how an object can be broken down into an arbitrary
number of small pieces, and each of those pieces is a replica of the entire structure (Figure 5.1)
(Green 1998). At some point however, this scale invariance breaks down (Maher 2004). A
fractal relationship and thus scale invariance may therefore only exist over 5-6 orders of
magnitude (i.e. from a scale that includes the entire feature down to a scale where the laws of
quantum mechanics become involved). It is therefore important to note that no natural feature is
fundamentally fractal.

Figure 5.1. The “Sierpinski Gasket” fractal, illustrating the principle of self-similarity (Green,
1998).
The underlying principle of fractals is that a simple process goes through an infinite number of
iterations to become a very complex process. Fractals attempt to model these complex processes
by searching for the simple process underneath (i.e. Chaos Theory). Fractal equations and
dimensions therefore measure the complexity of objects (Green, 1998). Fractal dimensions are
derived through the following equation (Mandelbrot 1983):
N(≥ z) = C Z –D

(1)

where = Z is the parameter being tested.
N(≥ z) is the number of objects greater than or equal to Z.
C is a proportionality constant.
D is the fractal dimension
The log of N(≥ z) vs. Z plots as a line with a negative slope in log-log space, and the slope yields
the fractal dimension (from Stowell 1999):
D = d (log N(≥ z)) / d (log 1/p)
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Departures from the power law distribution occur in the upper portion of fractal plots, producing
flat curves. This is usually because there are too few lower value samples (Sanderson 1994),
which is normally a function of the detection limit for the given variable (e.g. the detection limit
of the fire assaying technique is ~0.001g/t).

5.1.2 FRACTAL DISTRIBUTION OF GOLD GRADES
The diamond drill and face chip gold sample grades underwent fractal analysis, to determine
whether they conform to a power law distribution. Fractal plots were created for the sample
populations for the Vera south ore body and four domains, and for the Nancy, Nancy North and
Vera ore body’s (appendix 5.1 and 5.3). An EXCEL based program designed by Dr. Thomas
Blenkinsop was used to conduct the fractal analysis. This program creates a logarithmic
cumulative frequency plot, and straight line(s) were fitted to the resultant curve. The upper and
lower most point values were then noted, and represented the grade ranges over which a fractal
distribution existed. The points lying on the straight line(s) were then segregated so that the
fractal dimensions and correlation coefficients with related errors of standard estimation could
be determined.
The fractal plots for the diamond drill and face chip sample populations showed there were two
breaks in slope, meaning two straight lines could be fitted to the plots. The fractal dimensions
(i.e. the slope of the lines), the related errors of estimation for each fractal grade population and
their correlation coefficients are shown in table 5.1. The fractal dimensions of the lower grade
diamond drill fractal populations are up to three times smaller than those of the higher grade
fractal populations, whilst the fractal dimensions of the lower grade face chip fractal populations
are half those of the higher grade fractal populations. When each domain’s fractal dimensions
(i.e. diamond drill and face chip sample populations) are compared to the overall fractal
dimensions of the Vera South ore body, the values are very similar. This indicates the same
fractal grade ranges apply throughout the deposit.
The errors of estimation associated with the calculation of the fractal dimensions are very low,
such that a high degree of confidence can be placed in the values. The correlation coefficients
are very high, indicating the gold grades within each fractal grade population closely fit the
straight line. Two breaks in slope are observable in the diamond drill and face chip sample
populations fractal plots showing there are two grade populations. This is compatible with the
hypothesis that the gold was deposited during more than one mineralisation phase or by more
than one precipitation method. Mustard et al (2003) suggests that the mineralising processes in
the Vera South system occurred as a part of an evolving system, which experienced a major
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bonanza gold event early in the development of the main vein. This was followed by subsequent
fluid-fault activity that does not appear to have produced as high gold grades. The gold
precipitation mechanisms may have therefore been less efficient or the fluids were less endowed
with gold.
Diamond Drill Population
0.19 – 1.25 g/t
1.58 – 3.98 g/t
0.17
0.69
0.93
0.99
0.01
0.03

Face Chip Population
10.0 – 50.11 g/t
63.09 – 100 g/t
0.95
2.02
0.99
1.00
0.03
0.11

Vera South
Ore Body

D-value
R2
D Error

Vera South
Deeps

D-value
R2
D Error

0.24
0.98
0.01

0.70
0.99
0.03

1.12
1.00
0.03

2.05
1.00
0.11

Domain 1

D-value
R2
D Error

0.17
0.95
0.01

0.58
0.99
0.03

1.37
0.99
0.04

1.22
0.99
0.14

Domain 2

D-value
R2
D Error

0.21
0.99
0.01

0.64
0.99
0.04

0.89
0.99
0.04

2.15
1.00
0.05

Domain 3

D-value
R2
D Error

0.33
0.99
0.01

0.77
1.00
0.03

0.85
1.00
0.02

1.76
0.98
0.24

Table 5.1. The properties of the diamond drill and face chip sample fractal populations for the
Vera South ore body and domains.
The gold grades from each fractal range were plotted in post plot graphs (appendix 5.2) to
determine whether the different grade ranges showed any preferential spatial distribution. The
plots show the samples that comprise the lower fractal grade population are evenly distributed
across the entire width and depth of the Vera South ore body. The grades from the higher fractal
grade population are also evenly distributed within the central region of the deposit and
individual domains (i.e. they do not extend to the full width and depth of the deposit).
Histograms of the diamond drill and face chip sample populations were created as a part of a
statistical analysis of the populations for accurate variography and kriging to be performed (see
chapter 6 for detailed population statistics). The histograms of the raw diamond drill sample
data showed it is univariate, extremely negatively skewed, and that the mean, mode and median
values are low. The histograms of the raw face chip sample data showed it is also univariate,
extremely negatively skewed, and that the mean, mode and median values are elevated.
Two fractal grade populations were identified in the diamond drill and face chip sample
populations (i.e. low and high grade populations). The fractal grade ranges of these populations
can be used to predict whether subsequent diamond drill or face chip samples are from low or
high grade populations. In the context of exploration drilling, being able to predict whether
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assay results are from low or high grade populations may help with the identification of
potential ore body’s. The number of samples that will exceed a certain grade (i.e. 5g/t) can also
be predicted using the power law distribution (see Sanderson 1994). The fractal dimension of
the grade distributions of the diamond drill and face chip sample populations is therefore an
indicator of prospectivity in high grade low tonnage deposits, especially vein-hosted gold
(Sanderson 1994).
The fractal dimensions also indicate the number of low grade samples in a population in
proportion to the number of high grade samples. Larger fractal dimensions indicate there are
more low-grade samples relative to the number of high grade samples. The diamond drill fractal
dimensions are smaller in the low grade fractal populations (i.e. D = 0.17 for 0.19 – 1.25g/t)
than in the high grade fractal populations (i.e. D = 0.69 for 1.58 – 3.98g/t), implying there are
more high grade samples in proportion to low grade samples in the lower grade fractal
population. These fractal grade ranges were then applied to the four individual Vera South
domains, and the fractal dimensions were found to range from 0.17 to 0.33 and 0.58 to 0.77 in
the low and high grade fractal populations respectively. Domain 3 displays the highest fractal
dimensions (i.e. there are more low-grade samples in proportion to high grade samples), and
domain 1 has the lowest fractal dimensions.
The fractal dimensions obtained by Sanderson et al (1994) for core diamond drill gold assays
where very similar to those obtained for the Vera South ore body (i.e. 0.45–0.7 versus 0.17–
0.77). The results show the bulk of the high grade samples occur in a small number of high
grade drill intersections. The grade ranges over which these fractal dimensions apply however,
are different (i.e. <4ppm versus 0.19–3.98g/t) (table 5.2). The low fractal dimensions obtained
for the Vera South ore body imply there are more low-grade samples in proportion to high grade
samples.

Vera South Ore
Body

Data Type
Diamond Drill Samples
Face Chip Samples

La Codosera area,
southwest Spain

Fractal Dimension
0.17 – 0.33 and
0.58 – 0.77
0.85 – 1.37 and
1.22 – 2.15

Gold Mineralisation
0.19 – 1.25g/t and
1.58 – 3.98g/t
10.0 – 50.11g/t and
63.09 – 100.0g/t

0.7
0.45

<1g/t
<4g/t

Drill hole # 28
Drill hole # 27

Table 5.2. The fractal dimensions and associated fractal gold grade ranges obtained for the Vera
South deposit compared to the results obtained by Sanderson et al (1994).
Departures from the power law distribution were observed in the upper portions of the Vera
South diamond drill fractal plots at assay grades <0.05g/t, where there were too few lower grade
assays due to “resolution effects”. This is usually due to the detection limit of a given analytical
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technique (e.g. ~0.001g/t for fire assay techniques) (AusIMM 2001). The gold grade detection
limit for samples from the Vera South ore body is ~0.01g/t. A breakdown in the power law
distribution due to “roll off” was observed in tails of the Sanderson et al (1994) fractal plots for
gold grades >1ppm. The erratic behaviour of the plots at these grades is due to there being too
few high grades, which could have been caused by the averaging of the gold grades over 2m
intervals when the gold may have been distributed in thinner veins. This same effect was visible
in the diamond drill fractal plots at grades >5g/t, such that any assay grades >5g/t were not
considered to conform to a power law distribution and were not used in any fractal analyses.
This could have been due to a statistical effect, where the probability of procuring high grade
samples was reduced due to the reduced frequency of high grade material. The procurement of
high grade samples is also dependent on the quality of sampling procedures, where higher
grades could have been missed resulting in their exclusion from the fractal plots. The important
implication of this breakdown in the power law relationship is that it lowers the probability of
drilling very high grade intersections.
The fractal dimensions of the Vera South face chip sample populations showed that the fractal
dimensions are generally smaller in the lower grade populations (D = 0.85 to 1.37) and larger in
the higher grade populations (D = 1.22 to 2.15). The fractal dimensions of all the populations
are however, higher than those observed for the diamond drill fractal populations. The larger
fractal dimensions indicate there are more low-grade samples in proportion to high grade
samples. This may be due to there being far more face chip samples available than diamond drill
samples, and this increased sample number causes a greater proportion of the samples to be
obtained from barren host rock material (i.e. from along the margins of and within the
mineralised zone), which are then incorporated into the fractal analysis to produce higher fractal
dimensions. Roll off effects were visible in the face chip fractal plots at assay grades <0.08g/t,
and resolution effects were visible at grades >125g/t (these assays were not used in any fractal
analyses).
No literature was found where the fractal dimension of face chip data has been calculated, such
that comparisons could not be made between the Vera South results and those of other
researchers whom have employed fractal analysis techniques. This is possibly due to the degree
of confidence that can be placed in the gold sample values themselves. Face chip samples
generally have very large ranges (this may be due to analytical inaccuracy or sampling error),
and the sample grades are usually more susceptible to over or under estimation due to the erratic
distribution of gold grades within the mineralised zone.
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5.1.3 FRACTAL DISTRIBUTION OF GOLD GRADES IN ORE BODY’S ALONG THE
VERA-NANCY STRUCTURAL CORRIDOR
The face chip sample populations from the ore body’s occurring along the Vera-Nancy
structural corridor (i.e. the Vera, Nancy and Nancy North deposits) underwent fractal analysis,
to determine whether their gold grades conformed to the same fractal grade ranges as the Vera
South ore body sample populations (the diamond drill sample populations were not analysed, as
the data was in an unsuitable format). The fractal grade ranges obtained were found to be very
similar to those obtained for the Vera South ore body (table 5.3).
Two breaks in slope were observed in the fractal plots of the Nancy, Nancy North and Vera
sample populations whose fractal grade ranges are very similar to those of the Vera South
sample populations (see table 5.4). The presence of two grade populations suggests that the gold
in the Nancy, Nancy North and Vera ore body’s may have been deposited during more than one
mineralisation phase. The similarity of the fractal grade ranges is compatible with the
hypothesis that the mineralisation mechanisms (see Mustard et al 2003) active during the
formation of the Vera South ore body were also active along the extent of the Vera-Nancy
structural corridor at the same time.

Vera
Ore Body

D-value
R2
D Error

15.84 – 50.11 g/t
1.27
0.99
0.07

63.09 – 158.49 g/t
2.08
1.00
0.05

Nancy
Ore Body

D-value
R2
D Error

1.34
0.99
0.07

2.22
1.00
0.02

Nancy North
Ore Body

D-value
R2
D Error

1.11
0.99
0.05

1.88
1.00
0.07

Table 5.3. The fractal gold grade ranges observed for the face chip sample populations of the
deposits along the Vera-Nancy structural corridor.

Fractal Grade Ranges
15.84 – 50.11 g/t
63.09 – 158.49 g/t
10.0 – 50.11 g/t
63.09 – 100 g/t

Vera South
0.95 (0.85 – 1.37)
2.02 (1.76 – 2.15)

Vera
1.27
2.08
-

Nancy
1.34
2.22
-

Nancy North
1.11
1.88
-

Table 5.4. The fractal dimensions of the different fractal grade ranges obtained for the Vera
South ore body face chip sample populations, compared to those of the deposits along the VeraNancy structural corridor.
The gold grades for each fractal range were plotted in scatter graphs (appendix 5.3) as they were
for the Vera South ore body, and show that the individual samples from the lower fractal grade
population are evenly distributed across the entire width and depth of each ore body. The grades
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from the higher fractal grade population are evenly distributed within the central region of the
deposits (i.e. they do not extend to the full width and depth of the deposit). As in Vera South,
this implies that the gold was deposited during different mineralisation phases.

5.1.4 RECOMMENDATIONS
Fractal geometry has been used in economic geology to describe the distribution of minerals in
the crust (Mandelbrot 1983), to show a relationship between grade and tonnage (Turcotte 1986)
and to show that the clustering of deposits can be described well by fractal relationships over
different length scales (Carlson 1991). Some of these techniques could be applied to sample
data from the PES to help identify potential economic exploration targets.
The fractal distribution of the Vera South ore body’s diamond drill and face chip gold sample
populations was investigated, as was the fractal distribution of the face chip sample populations
from three other deposits along the Vera-Nancy structural corridor. Unfortunately, the fractal
distribution of the diamond drill sample populations from these deposits was not investigated
due to data unavailability. It is therefore recommended that a future study be made based on
these samples when they are correctly formatted (i.e. consist of only the sample intervals that
directly intersect the main quartz vein in each deposit). The less reliable nature of the face chip
sample populations and hence the fractal dimensions obtained also means the results generated
from these data populations are tentative. Better comparisons regarding the distribution of gold
grades between the deposits could be made if the fractal distribution of the diamond drill sample
populations could be investigated.
The diamond drill samples from the Pajingo epithermal gold system (PES) undergo multielement analysis during exploration drilling. Some of the major elements assayed for include
silver, lead, zinc and arsenic. The fractal analysis of these elements could be useful in
exploration, if they are found to conform to a power-law distribution. The potential fractal
dimensions of the different elements may give an indication of the prospectivity of exploration
targets, and could possibly be used to predict gold grades. Unfortunately, the multi-element
sample populations were unable to be analysed for the data was undergoing validation during
this project and so was unavailable.
Recent studies have shown that the processes leading to the concentration of ores may be scale
invariant, such that the grade-tonnage relationship is likely to be fractal. Turcotte (1986) showed
that the renormalization group approach can successfully predict the behaviour of a variety of
scale-invariant phenomena by giving the concentration of minerals required to form economic
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mineral deposits. This approach predicts a fractal power law relationship between grade and
tonnage, where high fractal dimensions indicate a strong volumetric concentration of the
element under investigation. This technique could be applied to the Vera South ore body grades
and tonnages and the deposits along the Vera-Nancy structural corridor to help predict whether
gold occurs in economic concentrations within different exploration targets.
Fractal analysis could be used to determine whether the spatial distribution of gold deposits and
prospects within the PES can be described as being fractal. Any resultant fractal relationships
between the number of mines or prospects with a certain minimum gold production level in the
given study area can be used in a number of ways (Blenkinsop 1995):
1. To calculate any mines gold production within the study area, given its rank of
production.
2. To evaluate the total gold production of the study area.
3. To help develop exploration strategies, where the cost of exploring a certain square area
can be evaluated.
Two different methods can be used to calculate the fractal dimension of the spatial distribution
of gold deposits: the square counting and the number-in-circle methods. Both methods have
been applied successfully, although the square counting method is more sensitive to variations
in the fractal dimension with length scale (Blenkinsop 1995). If a fractal relationship is
identified, then geological knowledge of the different deposits and prospects can be integrated
into the fractal results for a better understanding of the spatial distribution of gold deposits in
the study area.

5.2 AUTOCORRELATION (FRY ANALYSIS)
Autocorrelation or Fry Analysis has been performed on the face chip gold samples from the
Vera South ore body, to determine whether the technique can successfully identify high grade
trends within the deposit. Norman Fry developed the technique in the 1970’s, which aims to
graphically describe the spatial distribution of point data (Fry 1979). The technique can be
performed manually, but is often performed by computer to deal with large quantities of data
and to deal with data within specified ranges. Autocorrelation has been used to describe the
spatial distribution of ore deposits (i.e. Kimberlites, Porphyry Copper and Archaean Gold
Deposits) (Vearncombe 1999), to measure the distribution of strain in rocks (Fry 1979) and for
examining spatially clustered data.
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The autocorrelation technique can be used for 2 or 3 dimensional correlations. It is usually
implemented using a computer program, but 2 dimensional correlations can be performed
manually. The technique is performed through the replication of the location of every data point
in a population around each individual data point in turn. A large data cloud is produced, for
which a plot is created to graphically display the spatial distribution of the point data. If 2
dimensional correlations have been generated, then the points can be easily display on a normal
scatter graph. If 3 dimensional correlations have been performed, then software that can display
point data in 3 dimensions is required. The number of data points required to produce an
autocorrelation is normally <500. Large quantities of data produce obscured plots where any
trends are hidden by the number of data points on the individual plots, while small quantities of
data fail to define any trends due to there being insufficient data points in the plots. The
autocorrelation plots are commonly accompanied by rose diagrams to show the preferred
alignment directions within the data clouds. Rose diagrams are generated by plotting the dip and
strike/dip direction values assigned to each data point in the sample population (i.e. each data
point has a unique dip and strike/dip direction value which is maintained throughout
autocorrelation). The directions of maximum correlation are then read off the diagrams.

5.2.1 AUTOCORRELATION OF GOLD GRADES
The face chip gold sample grades were used in an autocorrelation analysis to determine whether
they showed a preferred spatial orientation. The spatiality of the gold grades as a whole and also
within specific grades ranges was examined for the Vera South ore body and for four of the
domains (autocorrelation was not performed on the samples from Domain 1, as there were too
few samples from each grade range for the technique to be applied meaningfully). An EXCEL
based program designed by Dr. Thomas Blenkinsop was used to perform the autocorrelations,
and the results were plotted/presented using the programs Sigma Plot, Rockworks and GOCAD.
The autocorrelation results for the Vera South ore body show that continuous high grade zones
exist throughout the deposit. The plunge bearings of these high grade zones within the Vera
South ore body and in each of the four domains are comparable (between 215°–255°), and
crosscut the strike direction of the main vein (V1) in each domain. The plunges of the high
grades zones are also comparable across the domains (between 25°–65°) (table 5.5). The
autocorrelation plots and rose diagrams of the autocorrelation plunges for the different grade
ranges are given in appendix 5.4. The location of the face chip samples comprising each grade
range in Vera South Upper and Deeps are shown in figure 5.2. The sample points are coloured
coded according to which grade range the sample values fit.
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Vera South
Ore Body
Vera South Deeps

Domain 2

Domain 3

Grade Cut-Off (g/t)
>200
150 – 200
100 – 150
>200
150 – 200
100 – 150
>200
150 – 200
100 – 150
>200
150 – 200
100 – 150
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Plunge (°)
55
55
45-55
55
55
45-55
55-65
55-65
45-55
55-65
55
65

Plunge Bearing (°)
225
235
215
255
235
235
225
225
215
255
235
255

Table 5.5. The plunges and plunge bearings of the high grade trends observed in the Vera South
ore body and each domain.

A

B
Figure 5.2. The location of the individual samples in A: Vera South Deeps and B: Vera South
Upper. Red indicates grades >200g/t, purple for grades between 100–200g/t, yellow for grades
between 50–100g/t and grey for grades between 20–50g/t.
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When the locations of the high grade trends within V1 are correlated with geological mapping
and grade contouring data, it is found that they occur in specific locations. The trends appear in
the hangingwall (see section 4.1.2) of the widest sections of V1 that occur within the central
region of the structure as a whole. These sections of V1 display constant orientations (i.e. there
are no dramatic changes in strike direction), and may represent zones of maximum dilation
along the hosting structure (i.e. they occur between the two limbs of the sigmoidal host
structure). V1 also has a slightly concave shape in these zones. This concavity extends down the
dip of the hosting structure at an angle of ~40°. The high grade trends appear to straddle the
ridge of this concave structure until they are truncated by faults and discontinuities in the
structure of V1.
5.2.2 RECOMMENDATIONS
The occurrence of high grade trends in other deposits along the Vera-Nancy Structural Corridor
could be investigated using autocorrelation. If high grade trends are identified, their attitude
could be compared to those of the Vera South high grade trends, to see if they are similar.
Autocorrelation could also be performed on the Vera South diamond drill sample populations
using different grade ranges due to differences in the statistics of the two sample population
types (i.e. the diamond drill samples may produce more reliable results due to the greater
confidence that can be placed in their assay values). The orientation of any identified trends
could then be compared to those identified using the face chip data.
The orientation of these high grade trends also has important implications with regards to
resource estimations, in that autocorrelation successfully identified high grade trends within the
ore body whose orientations are similar to those obtained using variography (section 5.3). The
autocorrelation technique may be used in preference to variography however, for it is a simple
and direct method that requires no assumptions. The method effectively described the
orientation of high grade trends in the Vera South deposit and could be used to identify possible
high grade trends in other PES deposits and prospects.

5.3 VARIOGRAPHY
Variography was utilised to determine whether the distribution of gold within V1 showed a
preferred spatial continuity, and to determine the plunge and plunge direction of any high grade
trends that may be present. The theory of variography is not discussed in this section, but an
explanation of the methodology of the technique is covered in section 6.5. Variography was
only performed using the diamond drill sample populations, for the face chip sample
populations produced very weak or no variographic structures. A study of the stationarity of the
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sample populations was not possible due to time restrictions, such that the populations have
been assumed to be stationary (see section 6.3.1). The geostatistical program “GEOSTOKOS”
was used to perform the variographic analyses and the following sample modifications were
performed prior to the commencement of the variography (an explanation on the purpose and
methodology used to perform these modifications is given in section 6.5.2):
1. The co-ordinates of the midpoints of the sample intervals were extracted using
VULCAN.
2. The co-ordinates of the samples from domain 2 where transformed so that the domain
could be aligned with the mine grid.
3. The gold grades were scrutinised and spurious values were removed (e.g. codes 999
was removed from the assay result fields, for it denotes un-sampled intervals not gold
values of 999g/t).
Three-dimensional experimental variograms were created for the diamond drill sample
populations for each domain, and only the samples that intercepted V1 were used. The plunge
bearings of V1 in each domain were determined by averaging the vein strike measurements
recorded for each face. Two plunge bearings were used in combination with five plunge angles
(e.g. plunge angles of 0°, 22.5°, 45°, 67.5° and 90° were used to search for high grade trends in
domain 1 first using a plunge bearing of 78°, then in the opposite direction using an angle of
262°). Plunge angles 22.5° apart were used to search for high grade trends in eight different
directions through V1. 22.5° conical search angles were applied (i.e. to search in eight
directions through V1) with resultant semi-tolerance angles of 12.5° (i.e. the radius of the
conical search volume). The plunges and plunge bearings used for each domain in are shown in
table 5.6 below.
Numerous directional experimental variograms were created based on different lag sizes and
spacings, in accordance with the related sample population grid spacing. This was to test which
parameters (i.e. the lag spacing, the number of lags used and the distance of reliability)
produced to most representative experimental variograms (Annels 2002). The most dependable
lag spacings and distances achieved for the diamond drill sample populations from the four
domains were determined through trial and error. The results are given in table 5.7 below.
The simple spherical model was applied to the Vera South experimental variograms to produce
reasonably shaped curves. The directional variograms displayed discontinuous behaviour near
the origin (i.e. the nugget variance) which accounts for up to 75% of the sill value in some of
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the variograms. The nugget variance is the proportion of variance that cannot be explained by
the regionalised component of the regionalised variable. As it is incorrect to model the nugget
variance with different values in different directions (i.e. it is not anisotropic), the nugget
variance values determined for kriging (section 6.6) have been used (table 5.11).

Vera South Deeps
Domain 1
Domain 2
Domain 3

Plunge Bearings
82° & 262°
78° & 258°
57° & 237°
91° & 271°

Plunge Angles
0° – 22.5° – 45° – 67.5° – 90°

Table 5.6. The azimuths and plunges used in the variographic analysis of the Vera South ore
body and domains.

Lag Spacing
Lag Distance
Search Length

DIAMOND DRILL SAMPLE POPULATIONS
Vera South Deeps
Domain 1
Domain 2
Domain 3
10m
8m
12m
20m
10m
12m
13m
7m
100m
96m
156m
140m

Table 5.7. The most dependable lag spacings and distances achieved for the diamond drill
sample populations (NOTE: The search lengths are determined through the multiplication of the
lag spacing and distance values).
The value of the sill (table 5.8) in all the variograms was equal to the variance of the sample
populations. The points on the variograms fluctuated around these value, indicating the presence
of a possible hole-effect. The range in the variograms was equal to the distance at which the sill
stabilised. The directional variograms produced for the four domains displayed geometric
anisotropy, such that the range of each variogram was different. This led to the production of
polar plots to allow the identification of the directions of maximum and minimum anisotropy in
the vein (table 5.8). These ranges were found to be very similar in all four domains.

Vera South Deeps
Domain 1
Domain 2
Domain 3

Sill
6.7
7.8
8.8
5.2

Directional Variogram Parameters
Nugget Effect
Minimum Range
5.0
20m
3.5
25m
6.5
10m
2.7
25m

Maximum Range
40m
30m
35m
30m

Table 5.8. The directional variogram parameters for the Vera South diamond drill sample
populations (NOTE: the sill values represent the variance of the sample populations, while the
nugget effect values represent the proportion of variance that cannot be explained by the
regionalised component of the regionalised variable).
An anisotropic cyclicity was observed in the variograms, where a curve that resembled a holeeffect was present in some directions and was non-existent in the perpendicular directions. In
this way, a high grade trend was identified in each of the Vera South domains, whose plunges
and plunge bearings are given in table 5.9, and are illustrated in figure 5.3. Drift does not appear
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to influence the shape of the directional variograms at lower sample separation distances but
does appear at higher separation distances, where it is not significant so has not been modelled.
The simple spherical model adequately describes the shape of the variograms.

Vera South Deeps
Domain 1
Domain 2
Domain 3

High Grade Trend Orientation
67.5° Plunge, 262° Plunge Bearing
45° Plunge, 258° Plunge Bearing
22.5° Plunge, 237° Plunge Bearing
67.5° Plunge, 271° Plunge Bearing

Lower Grade Trend Orientation
22.5° Plunge, 082° Plunge Bearing
45° Plunge, 078° Plunge Bearing
67.5° Plunge, 057° Plunge Bearing
22.5° Plunge, 091° Plunge Bearing

Table 5.9. The plunge and plunge bearing of the high grade trends in the Vera South domains.

5.4

CONCLUSIONS

High grade trends were identified in the four Vera South domains using variography, whose
plunge and plunge bearings were found to be between 22–68°and 237–271° respectively (figure
5.3). These orientations are very similar to those obtained in the autocorrelation analyses (i.e.
plunge and plunge bearings of 45–65° and 215–255°). The purpose of the two methods, the
accuracy of the results and the application of the two methods is however different.
Variography was utilised to determine whether the distribution of gold in the various domains
was showing a preferred spatial continuity.

The directions of maximum continuity were

therefore being determined. It is a sophisticated mathematical technique that is relatively easy to
apply (note: variograms are easily generated but are meaningless if inappropriate input data is
used), but the application of models and the interpretation of the results is difficult and may
require a degree of experience, especially if the variogram shapes are atypical. One must also
ensure that adequate search directions are used. For example, if only 4 compass directions are
used (0° – 90° – 180° – 270°) and a trend occurs between these orientations (25°) then its effect
may be missed in the variogram plots. A number of trends were identified in the plots and their
orientations able to be accurately determined.
In comparison, autocorrelation was utilised using specific grade intervals, to determine whether
samples over or between certain gold grades were localised in specific spatial orientations. The
technique was able to be applied with relative ease to obtain quick results that clearly identified
the high grade trends through the ore body. Autocorrelation is therefore a simple way to quickly
determine whether high grade trends are present in an ore body and what their orientations are.
Autocorrelation can thus be used to effectively identify the location of samples of specific
grades, while variography will identify the directions of maximum continuity. Both techniques
can be applied, but one must take into consideration to purpose of the results when choosing
which technique is appropriate.
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B

C

D

Figure 5.3. The minimum and maximum ranges and the plunges of the high grade trends
observed in A: Vera South Deeps, B: domain 1, C: domain 2 and D: domain 3.
The implications for future resource estimations are that high grade trends have been proven to
exist in the deposit, such that the plunges of these trends through the 16m wide vein should be
taken into account when performing resource estimations. This may include changing
variographic parameters to account for the trends, re-orientating the block models to better
estimate the block grades of those blocks within and around the high grade trends, and by
applying different estimation techniques to determine which effectively estimate the block
grades of those blocks within and around the high grade trends.
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6.1 CURRENT PRACTICES
The Vera South mineral resources and ore reserves are currently generated using “Inverse
Distance Weighted Methods (IDW)”. The wireframes for Inferred and Indicated Mineral
Resources5 are based on diamond drilling intercepts only. Wireframes for Measured
Resources are based on underground infill diamond drilling, face and back mapping and
development face chip samples. The ore reserves are calculated using a total cost cut-off
grade of 5.5 g/t Au. The resources and reserves for Vera South as of May 2003 are given in
table 6.1 (Aitchison 2003).

Inferred Mineral Resources
Tonnes
Au
Au
(m)
(g/t)
(oz)
4,000
13.9
2,000

Proven Ore reserves
Tonnes
Au
Au
(Mt)
(g/t)
(oz)
75,000
16.4
39,500

Probable Ore reserves
Tonnes
Au
Au
(m)
(g/t)
(oz)
1,229,000
11.6
457,500

Table 6.1. The Vera South mineral resources/ore reserves as of May 2003 (Aitchison 2003).

6.2 DATA ANALYSIS AND REVIEW
In order to conduct a comprehensive geostatistical study of an ore body, a thorough
knowledge of the data sets to be utilised is necessary. A thorough study of the data is
therefore required and begins with a general overview of the various sample population(s)
available. This is followed by a statistical review that identifies which distribution if any the
data set(s) most closely fit, such that the relevant geostatistical approaches can be applied. In
reviewing the data sets, Annels 2002 identifies a number of factors that should be examined
and considered:
1. The sample type(s) and sample support,
2. The analytical precision and accuracy of the assay data,
3. The quality of the sampling procedure(s) and thus the precision and accuracy of the
related analyses,
4. The nature of high grades (i.e. extreme values) and how they should be treated,

5

Inferred and Indicated Mineral Resources are terms used for classifying tonnage and grade estimates,
so as to reflect different levels of geological confidence and economic evaluation. An Inferred Mineral
Resource is a part of a Mineral Resource for which tonnage, grade and mineral content can be
estimated with a low level of confidence. An Indicated Mineral Resource is a part of a Mineral
Resource for which tonnages, densities, shape, physical characteristics, grade and mineral content can
be estimated with a reasonable level of confidence. Further detail on Mineral Resource Classifications
is contained in the JORC code JORC: Australasian code for reporting of mineral resources and ore
reserves: The Joint Ore Reserves Committee of The Australian Institute of Mining and Metallurgy,
Australian Institute of Geoscientists and Minerals Council of Australia, 1999.
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5. The coverage of the sampling (i.e. the data’s spacing and orientation, and the nature
of any data clustering),
6. Whether the sample data has undergone adequate validation for errors and
7. Whether the sample data should be subdivided into domains based on lithology,
style of mineralisation, geological structure etc.

6.2.1 SAMPLE TYPE
Geostatistical methods are to be applied to the Vera South diamond drill and face chip
sample populations. Resource estimates will therefore be produced for each sample
population type, in order to compare the different estimates to demonstrate the effects of
varying sample type and thus support. “Support” is defined as “the basic volume upon which
a grade (or other regionalised variable) is defined or measured”. Complete specification of
support includes the shape, size and orientation of the volume. Grades defined on RC chips,
NQ core and mining blocks will thus be distinctly different (Olea 1991).
The diamond drill samples used in the resource estimates consist of only the intervals that
directly intersected the Vera South ore body (i.e. only the sample intervals that intersect the
main quartz vein). This is to ensure the estimate produced is based solely on the gold bearing
quartz material and not the surrounding barren host rock, as no face chip sample data is
available for the host rock material beyond the margins of the main vein (V1).
The diamond drill samples were selected using a triangulation of the ore body produced by
the mine. This triangulation was created through the combination of underground backs
mapping information with face chip and NQ2/BQ sized diamond drill geology and assay
data. The shape of the triangulation representing areas already mined was therefore very
accurate. The triangulation shapes in areas below the current mining level was however less
accurate, such that these samples were not utilised. A total of 4,504 samples were used in the
estimates. The selection of the underground face chip samples to be used in the resource
estimates was much simpler. All the face chip samples available were used, with the
exclusion of replicate/duplicate samples. A total of 5,217 samples were used in the estimates.

6.2.2 SAMPLE SUPPORT
When taking into account the support of different sample populations, the effect of
“Dispersion” must be considered. Dispersion describes the spread of the data around the
mean value of the data set. It increases with the dimensions of the given domain, such that
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the smaller the domain the closer the data values. Support affects dispersion by decreasing it
as the support increases within a fixed domain (Dutter 2003). Grades measured on smaller
supports (e.g. chip or core samples) can be much richer or poorer than grades of the same
mineralisation that have been measured on larger supports (e.g. mining blocks). Grades on
smaller supports are therefore generally more dispersed than grades on larger supports. Thus
grades on sample support are more dispersed than grades on block support. Dispersion can
be measured using the range of a population, and also by measuring the variance of a
population (Vann 2001). The “Support Effect” is the influence of support on the distribution
of grades. If sampling is unbiased, the global mean grade of different supports is equal. So
where the global mean grade for different supports is identical at zero cut-offs, the variance
of smaller supports will be higher. Thus, when the support size is increased, the global mean
is unchanged but the dispersion is reduced.
The influence of the support effect on the distribution of grades is best illustrated as in figure
6.1. The global mean for both distributions is the same, but the curve of the smaller support
is more dispersed (i.e. there are more high and low grades measured on smaller supports).
Smaller supports therefore predict higher grades if the cut-off is greater than the mean (Vann
2001). Extreme grades tend to be smoothed out (i.e. averaged) when larger supports are
considered.

The Support Effect - Vera South Deeps Diamond Drill Kriged Block Models
25

10x10 blocks
20x20 blocks

Relative Frequency

20

15

10

5

0
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2

3

4

5

6

7

8

9

10

Bins (g/t)

Figure 6.1. The influence of support on grade distribution, as illustrated by a relative
frequency graph of kriged block grades from a 10m x 10m block model compared to a 20m x
20m block model from the Vera South Deeps domain (0.5g/t bin intervals were used).

- 122 -

BIANCA PIETRASS MASTERS THESIS
ESTIMATION

CHAPTER SIX. RESOURCE

The implication of sample support in mining is critical. The percentage of mining blocks
over a given cut-off grade is a function of the support. As the lengths of sample intervals that
intersect the mineralisation are often shorter than those from the waste material, sample
compositing is often applied. Compositing is a procedure by which adjacent irregular sample
intervals from boreholes are combined to produce one of the following sets of results
(Annels 2003):
1. Regular length composites,
2. High grade composites,
3. Minimum length & grade composites.
4. Ore body intersections,
5. Lithological or metallurgical composites,
6. Bench composites or section composites,
The grade of each new interval is calculated on the basis of the weighted average of the
original sample grades. These are usually weighted by length and possibly by specific
gravity and core recovery (Annels 2002). Ideally, compositing should be kept to a minimum
(especially in complex geological environments), for it lowers variance and gives smoother
variograms. It should also be undertaken carefully to avoid loss of definition at the ore body
margins. Composite sample intervals were not used in the calculation of the resource
estimates for the Vera South ore body. Individual sample grades were used instead, so the
effects of support on the block models and hence resource estimates created using diamond
drill and face chip samples could be assessed.
GEOSTOKOS was used to perform the resource estimations based on the diamond drill and
face chip samples. The support of these samples was stipulated for the program as point data
with associated sample interval lengths. The program does not require that the width of the
sample intervals be specified. It was expected that the support of the diamond drill samples
would be more reliable than that of the face chip samples. Drill core samples sizes are more
consistent (although core loss should be accounted for), the orientation of the samples is
known from down-hole surveys, and the samples are subjected to fewer biases during
collection (e.g. sampler bias where some zones are better sampled than others, contamination
or inadequate sample size).
When considering support dispersion, the face chip samples show greater dispersion than the
diamond drill samples. This is related to the differences in physical properties of the samples
(i.e. sample volume, shape and orientation). As such, the face chip samples with the smaller
- 123 -

BIANCA PIETRASS MASTERS THESIS
ESTIMATION

CHAPTER SIX. RESOURCE

supports are more dispersed than the diamond drill samples with larger supports. This
relationship is best displayed through the comparison of the ranges, variances, means and
coefficients of variation (CV) of the different sample populations. The CV% (CV% =
Standard Deviation / Mean x 100) provides a measure of the nature of the grade population,
and can be used to compare distributions where the higher the values the more dispersed the
distribution. Values <25% indicate simple symmetrical distributions; 25–100% indicates
skewed distributions; >120% indicates highly skewed distributions and >200% indicates
extremely skewed and erratic distributions (Dominy 2002a). Table 6.2 shows the range,
variance, mean and CV% values for the diamond drill samples are less than those of the face
chip samples which have greater support dispersion.

Vera South Deeps
Domain 1
Domain 2
Domain 3

Range
9.98g/t
9.98g/t
9.98g/t
9.82g/t

Diamond Drill Samples
Variance
Mean
6.75
2.36g/t
7.81
2.34g/t
8.82
2.78g/t
5.73
1.89g/t

CV%
110
119
106
126

Range
424.99g/t
266.99g/t
663.99g/t
603.99g/t

Face Chip Samples
Variance
Mean
598.03
11.91g/t
234.70
5.49g/t
1090.32
15.24g/t
913.06
12.04g/t

CV%
260
279
217
251

Table 6.2. The ranges (g/t) and variances of the diamond drill and face chip sample
populations from the Vera South ore body.
Twenty-eight different standards are utilised at the Pajingo Gold Mine. Their grades range
from 0.62g/t to 85.53g/t (twenty-six standards have expected grades of <30g/t, and two
greater >50g/t), but the lower grade standards are utilised more frequency due to their
relative abundance (see figure 6.2). The expected grades of each standard and the number of
times they have been used is summarised in the table 6.3. The descriptive statistics of each
standard are summarised in appendix 6.1.

Standard
Number
B
JP2
JP3
JP4
JP5
N2
N3
N4
N5
P3
NX63
NX65
NX66
NX67

Expected
Value (g/t)
12.78
4.57
6.73
9.28
15.05
3.64
27.96
57.23
85.53
14.02
15.02
18.93
14.02
8.46

Number of Times
Standard Was Used
7
28
38
25
26
7
22
12
25
1
45
19
14
18

Standard
Number
NX68
NX69
NX72
NX73
NX74
NX95
NX96
P01
P02
P03
P04
P05
P06
P07

Expected
Value (g/t)
3.78
10.01
7.90
9.55
1.76
3.78
3.24
5.23
7.40
9.56
13.8
20.13
26.3
0.62

Number of Times
Standard was Used
2
13
25
1
26
7
20
21
4
22
14
16
17
11

Table 6.3. The standards used at Pajingo, their expected grades and the frequency at which
each standard has been used (data obtained from the Pajingo assay database).
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The resource estimates calculated for each block model are different, for dissimilar sample
supports have been used in all of the models. These models show the effects of differences in
support on resource estimates (i.e. difference in sample volume, shape and orientation
between the diamond drill and face chip samples). The large variances observed in the face
chip sample populations indicate they will not produce reliable resource estimates due to
sampling error. The coefficients of variation also show that the degree of variability within
each sample population is very high, and this will have implications as to which resource
estimation technique can be utilised effectively.
Histogram of Standard Usage
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Figure 6.2. A histogram showing the usage frequency of the standards (5g/t bin intervals
have been used).

6.2.3 ANALYTICAL PRECISION AND ACCURACY
The precision and accuracy of diamond drill and face chip assay results for Vera South are
controlled through the incorporation of duplicate and standard assays into the sampling
procedure. Duplicate samples are used to monitor assay precision, while standards are used
to test assay accuracy. The percentage difference between the expected and achieved mean
gold values for the standards indicates that on a whole the laboratory results are globally
accurate (see table 6.4). A plot of all of the standards with 10% error lines (figure 6.3) shows
that the majority of standard assay results are within 10% of their expected grades. When the
standard assay grades are plotted against time, the precision of the laboratories results can be
seen to be satisfactory (appendix 6.2).
The precision of each standards assay results was investigated over time, by plotting the
expected standard assay values against the assay results appendix 6.2). The graphs show that

- 125 -

BIANCA PIETRASS MASTERS THESIS
ESTIMATION

CHAPTER SIX. RESOURCE

the grades for all standards are over-estimated during January 2003, and are under-estimated
during October 2003. This could be for a number of reasons (i.e. problems with the
laboratory equipment, staffing considerations etc.), but is beyond the scope of this project.
The standards assay grades also only vary from their expected values by <1g/t at all grades
ranges.
Standard Grade vs Expected Grade
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Figure 6.3. The assay results received for the standards plotted versus their expected grades.
10% error lines indicate that the majority of the results are within 10% of their expected
grades. Graph A: all the standards. Graph B: only those standards with expected grades
<30g/t. Graph C: only those standards with expected grades >50g/t (data obtained from the
Pajingo assay database).

Standard
Number
JP2
JP3
JP4
JP5
N3
N5
NX65

Expected
Mean (g/t)
4.57
6.73
9.28
15.05
27.96
85.53
15.02

Mean
Achieved (g/t)
4.56
6.66
9.33
14.58
29.4
86.54
14.91

Percentage
Difference
0.22%
1.04%
-0.54%
3.12%
-5.15%
-1.18%
0.73%

Standard
Number
NX66
NX68
NX73
NX95
P01
P04
P07
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Expected
Mean (g/t)
18.93
8.46
7.90
1.76
3.24
9.56
26.30

Mean
Achieved (g/t)
19.02
8.56
10.09
1.66
3.35
9.78
26.17

Percentage
Difference
-0.48%
-1.18%
-27.72%
5.68%
-3.40%
-2.30%
0.49%
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Table 6.4. The percentage difference between each standard's expected and achieved mean
gold values. Only those standards whose frequencies exceeded 20 were used (data obtained
from the Pajingo assay database).
A number of parametric and non-parametric tests were then employed to indicate the
percentage likelihood that each standard’s expected and actual diamond drill sample grades
are the same. Different parametric and non-parametric tests were applied to determine
whether the same results would be achieved, or whether relationships in the sample
populations would be identified by one test and not another due to differences in the
sensitivities of the tests. Their suitability also depends on whether or not the sample
populations are normally distributed (see section 4.2).
The parametric “Paired Sample T-Test”, was used to determine whether a significant
difference existed between the average values of the same measurement made under
different conditions (Easton 2004). The non-parametric “Wilcoxon Signed Ranks Test” is
designed to test a hypothesis about the location of a population’s median (Easton 2004),
while the “Sign Test” and “Friedman One Way Analysis ANOVA by Ranks Test” test for
significant differences between the medians of two related samples. The sign test is similar
to the Wilcoxon signed-ranks test, except it only takes into account the sign of the difference
between each pair of observations.
The parametric test showed that in one out of four cases the expected grades will be different
from the actual grades, while the three non-parametric tests showed that on average the
expected standard grades are different from the actual grades 23%, 25% and 18% of the time
respectively. This level of accuracy is considered acceptable by Pajingo (Harrison 2004),
such that the assay results for the diamond drill samples can be used with confidence (see
appendix 6.3 for the full test results).
Duplicate samples are taken predominantly during face chip sampling to test the precision of
the sampling, and to also indicate the variability of grade within the mineralised quartz vein.
Summaries of the descriptive statistics of these samples are given in appendix 6.4. When the
variances and coefficients of variation of the primary and duplicate sample populations are
compared (table 6.5), it becomes apparent that the duplicate samples show a high degree of
variability. The populations are also positively skewed.

Au
Au1

Variance
1801.2366
1911.5410

Vera South Upper
CV
Skewness
1.75
5.3588
1.73
4.8828

Kurtosis
48.0730
35.2640

Variance
533.6204
1048.7186
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Vera South Deeps
CV
Skewness
1.31
2.3402
1.80
3.6809

Kurtosis
6.4024
15.7702
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Table 6.5. The variance, skewness and kurtosis of the original and duplicate sample
populations from the Vera South Upper and Deeps Ore Body’s.
Linear regressions between the original face samples (Au) and the duplicate face samples
(Au1) returned r2 values of 0.35 and 0.36 for Vera South Upper and Deeps respectively,
indicating there is a very weak positive linear correlation between Au and Au1. The variation
due to regression (SSR) (Davis 2002) indicates that the Au values are not useful in predicting
the Au1 values, as the p-value is very small. The variation about the regression (i.e. the error
variance) (SSE) is greater for Vera South Upper. The degree of correlation between Au and
Au1 was also displayed graphically in scatter plots (figure 6.4). These show that the
correlation between the two variables in Vera South Upper is very weak (i.e. a large
proportion of the data lies outside of the 95% confidence belt at all grades), but is slightly
stronger in Vera South Deeps (i.e. a larger proportion of the data lies inside the 95%
confidence belt at grades <20g/t). The linear regression analyses therefore show that Au and
Au1 do not correlate well, and this is inferred to be a function of the mineralisation style.
The face chip sample data is thus unreliable and should be used with great caution. The full
results of the linear correlations are given in appendix 6.5.
Vera South Upper

Vera South Deeps
200

400
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300
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Au1

Au1
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0

0
0
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y = 0.8411x + 3.0784

-50

y = 0.6136x + 10.462

-100

0

600

50
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Au

Au

Figure 6.4. Scatter plots of Au versus Au1 for Vera South Upper and Deeps, showing the
linear regression trend line and equation. The blue lines outline the 95% confidence belt
around regression, and the black lines indicate the 95% confidence belt for individual
observations.
Parametric and non-parametric tests were employed to identify changes between the original
and duplicate face chip sample populations. The parametric Paired Sample T-Test showed
that in Vera South Upper and Deeps respectively, the duplicate sample grades are expected
to be different from the primary sample grades 38.8% and 94.1% of the time. The nonparametric Wilcoxon Matched Pairs Signed Rank Test, the Sign Test and the Friedman 1Way ANOVA by Ranks Test showed that on average the duplicate standard grades are
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different from the primary standard grades 6.1%, 30% and 28.3% of the time respectively in
Vera South Upper, and 25.1%, 57.6% and 48.4% of the time in Vera South Deeps. The full
test results are given in appendix 6.6.
Parametric and non-parametric tests were also applied to test correlations between the
original and duplicate face chip samples. The parametric Pearson's correlation coefficient (r)
showed that a moderate correlation (r = 0.6) exists between the original and duplicate
samples in Vera South Upper and Deeps. The non-parametric Spearman Rank Correlation
Coefficient (r2), the Kendall Correlation Coefficient (tau) and the Kolmogorov-Smirnov Test
showed that the Vera South Upper samples have greater reproducibility, as higher correlation
coefficients were produced (r2 = 0.8 & 0.73 and tau = 0.63 & 0.57 in Vera South Upper and
Deeps). The Kolmogorov-Smirnov test indicated the Vera South Upper original and
duplicate samples have similar distributions, while those from Vera South Deeps share less
similar distributions. The results for these tests are given in appendix 6.6.
The duplicate face chip samples show poor precision such that the data is highly unreliable
(greater precision was obtained for the Vera South Deeps samples). When the parametric and
non-parametric test results are compared to each other, they are shown to be very similar.
The application of parametric and non-parametric tests to the different sample populations
does not however ensure more reliable or representative results. The only notable differences
between the results were that the parametric test results were higher than those of the nonparametric tests. The results for the various tests are summarised in table 6.6.

Paired Samples T-Test
Wilcoxon Matched Pairs
Signed Rank Test
Sign Test
Friedman 1-Way ANOVA
Pearson Correlation
Spearman Correlation
Kendall Correlation
Kolmogorov-Smirnov Test

Vera South Upper
38.8% prob. have the same mean
6.1% prob. have the same median

Vera South Deeps
94.1% prob. have the same mean
25.1% prob. have the same median

30% prob. have the same median
28.3% prob. have the same median

57.6% prob. have the same median
48.4% prob. have the same median

Moderate correlation (r = 0.6)
Strong correlation (r2 = 0.8)
Strong correlation (r2 = 0.73)
Moderate correlation (tau = 0.63)
Moderate correlation (tau = 0.57)
Similar distributions
Less similar distributions

Table 6.6. Summary of the statistical test results achieved for the primary and duplicate face
chip samples.

6.2.4 SAMPLE QUALITY
The quality of samples and hence assays is paramount in a resource estimation. The
procedure by which samples are collected is therefore very important if bias and
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contamination are to be reduced. Pajingo therefore makes every effort to ensure the correct
sampling procedures are implemented and adhered to.
The diamond drill holes are drilled on 20m x 30m spacings and only intervals that intersect
quartz material (e.g. stockwork veining, quartz veins and siliceous alteration) are sampled.
The core is half-sampled and the intervals are between 30cm–1m long. Standards are used
between the samples as with the face chip samples, to monitor the assay accuracy, and
duplicate core samples are used to test assay precision. The precision of the assay could not
be assessed however, for duplicate core sample data was not available.
Face chip samples are taken from every ore heading unless a face is inaccessible. Each cut
usually advances 3m (i.e. sample line spacing is 3m) and line chip samples are taken at a
height of 1m above the drive floor. Standards are used between samples but not as frequently
as with the diamond drill samples. Duplicate assays are commonly used after every ore
sample to test assay precision in the ore zone (i.e. the quartziferous material). Section 6.2.3
showed that these face chip duplicate assays have very low precision. It should be stated
however, that face chip sampling is widely known to be difficult to perform well and that the
related assay results should be used carefully. Chip sampling is usually used to define assay
cut-offs in development headings and for grade control in producing mines (Annels 2002).
The pros and cons of various sampling techniques and their applications are outlined in
detail by Annels (2002).
The unreliability of the face chip samples from the Vera South deposit is probably due to
unintentional biases introduced through variable chip sample sizes (i.e. the siliceous nature
of the mineralised rock makes the collection of fist size samples very difficult), the over and
under sampling of higher-grade zones (i.e. the stockwork and stringer ores can be difficult to
selectively sample) and due to contamination (i.e. by the sampling equipment and by residual
material left in the drive from previous cuts). The degree of confidence that can be placed in
the resource estimates calculated using the face chip samples is therefore low, and more
emphasis must be placed in the estimates achieved using the diamond drill samples.

6.2.5 TREATMENT OF EXTREME VALUES (OUTLIERS)
Extreme values (sometimes referred to as “outliers”) represent values than lie above a certain
threshold, and which are uncharacteristic of the main population (Davis 2002). They
generally have low spatial continuity and cause problems in resource estimation by imposing
high variances on the populations, and by influencing variography through poor
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experimental variograms and thus modelling inconsistencies (Dominy 2002a). Extreme
values may represent spurious results obtained through poor sample preparation, or they may
represent high grade zones with limited spatial extent and continuity. It is not uncommon for
extreme values to account for 5% of a total population, but to contain 90% of the contained
value such that their exclusion will result in the severe underestimation of grade.
Extreme values are usually dealt with by either retaining or cutting the values from the
sample population (Dominy 2002a). Cutting is most commonly employed but must be used
with caution, for it is difficult to determine the correct level of cut to apply and it reduces the
influence of the values. When deciding on how to cut values, the size and type of samples is
considered, as cut factors on larger volumes should not be as great as on small volumes.
Some examples of arbitrary cut factors that may be used are as follows:
1. A pre-determined maximum grade,
2. The average of the two closest samples,
3. 1½ or 2 times the mean of the population,
4. 15-20% of the extreme value,
5. The 97.5 percentile value on a cumulative frequency curve,
6. A value four or five times the standard deviation,
7. The value where the ragged tail begins on a histogram,
8. The upper break point on a log-probability plot,
9. The Gordian Knot (CIM) which proposes a decile approach.
The impact of extreme values on the coefficient of variation (CV%) should also be
evaluated, as they elevate a grade populations CV% values. The CV% is however a function
of sample size, such that extreme values may only represent 5% of the total population
(Dominy 2002a). The spatial location of extreme values is therefore important when cutting
is considered, such that purely statistical approaches are risky. Some other methods
employed to deal with extreme values include the transformation of the values using
logarithmic, Gaussian anamorphosis and rank & indicator techniques.
Cutting was not used to eliminate extreme values in the Vera South diamond drill and face
chip sample populations. Very few extreme values existed in the data sets, such that they
were not believed to have caused a problem during variography. The extreme values were
considered a part of the true continuity structure so was not ignored.
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6.2.6 SAMPLE COVERAGE
An adequate number of quality samples are required to calculate a mineral resource. This is
dependent on the number of drill holes and samples lines available, which is in turn
dependent on the size of the drilling or sampling grid. Geostatistics can be used to determine
optimum sample spacings based on previous drilling within an area, or on knowledge of the
areas geology (Annels 2002). Optimum spacings are then determined using variography,
which tests the range in multiple directions. When the range of the variograms is determined,
good sample coverage and covariance is generally expected if the spacing selected is less
than the range. Once the range and hence the sample spacing is determined, other factors that
will influence the effectiveness of the chosen spacing must be considered. For example, the
structural complexity of the target mineralisation, the style of mineralisation (e.g. stockwork
mineralisation) and whether the ore body is subject to splaying (Vann 2001).
Exploration drilling around the Vera South ore body is performed on a density of 60m along
strike and 60m down dip. NQ2 size diamond drill core (i.e. 50.7mm diameter) is used and
core recovery is usually 100% (exceptions being when core is lost down hole during
retrieval) (Aitchison 2003). LTK60 in-mine underground drilling is conducted on a 25m
(RL) by 20m (E-W sections on the Vera–Nancy mine grid, which is oriented approximately
perpendicular to the strike of the deposits) spacing. Local vein flexures can cause the veins
trend or the drill holes intersection angle to vary up to 40° from perpendicular. LTK48 size
core is used for vein definition drilling and the grid is spaced approximately 10m x 10m.
Experimental variograms of the Vera South diamond drill sample populations produced
optimum range values of between 45–65m (see section 6.5.3.2). The directions in which
these range values were determined do not however, correspond to the drill grid orientations.
In the east-west drilling direction, the drill spacing (i.e. 25m) is less than the range of the
variograms (25–30m). In the vertical direction, the drill spacing (i.e. 20m) is less than the
range of the variograms (25–50m). Based on these grids, it is believed that adequate
diamond drill sample coverage and covariance has been achieved. Plan and sectional views
showing the location of the diamond drill-hole samples are given in appendix 6.10.
Face chip samples are taken from consecutive production headings that advance
approximately 3m with each cut. The sample spacing is therefore approximately 3m x 15m
(i.e. the distance between levels). Adequate sample coverage is achieved using this grid, but
the data is subject to clustering. This is due to there being a large amount of data along each
drive (i.e. ~5 samples every 3m), but very little data in the 15m between the levels. This
irregular sample spacing may cause problems during variography and will affect the
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selection of block size during kriging. Plan and sectional views showing the location of the
face chip samples are given in appendix 6.10.

6.2.7 DATA VALIDATION
The diamond drill and face chip samples were validated to identify and correct all possible
errors prior to their use in the resource estimations. The sample data was then domained in
readiness for variography. The main errors identified and corrected were as follows:
1. The double entry of data,
2. Incorrect co-ordinates especially for collars,
3. The insertion of missing data where possible (i.e. missing geology codes, cut grades,
assay values and sample numbers),
4. The correction of “To” and “From” depths for geological and assay intervals,
5. The correction of sample interval lengths,
6. The correction of down hole survey depths, dips and bearings,
7. Post-plots of the sample data in plan and section to visually examine their spatiality.

6.3 DOMAIN DEFINITION
The domaining of an ore body is extremely important and involves its division into separate
discrete populations (i.e. domains). Different domains are usually selected based on their
differences in either geological or grade continuity. The geological and grade continuity of
any domain can not however, be absolutely proven or refuted. Diamond drilling and
underground development data are therefore imperative in improving the understanding of a
domain’s continuity. The incorrect definition of ore body domain(s) can lead to complex
grade populations that are difficult to model (Dominy 2002a). In some instances however,
even well constrained domaining will not allow complex grade populations to be resolved.
Geological continuity also has important implications for the estimation of tonnage. For
example, a vein may have good vertical and horizontal continuity, but if its width varies
erratically the tonnage estimate will be poor if drill hole spacing is inadequate.
“Geological Continuity” describes the geometrical continuity of geological structures
controlling or largely coincident with mineralisation (e.g. length, width and thickness)
(Sinclair 1994). Such features can be lithological, structural, primary (e.g. faults and veins)
or secondary (e.g. deformed sulphides and metamorphism). The geological features that
control mineralisation are not necessarily mineralised throughout, and even where
mineralised the grade can be below the cut-off grade. “Grade or Value Continuity” measures
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the physical and/or statistical continuity of a value measure (e.g. grade and thickness). It can
be evaluated quantitatively through the examination of strings of assay information in
various directions through a deposit, or quantitatively through the use of an autocorrelation
function (e.g. variogram) that quantifies the average spatial character of the variable, the
nugget effect and the range of influence. Grade continuity is often less than geological
continuity, especially in fault- and fracture-related gold systems (Sinclair 1998a).
The “Stationarity” of an ore body may also be used as a basis for domaining. Stationarity
describes the statistical homogeneity of a given domain, where the stationarity is generally
closely related to the domain’s geological, structural and/or weathering character (Vann
2001). Consideration should therefore be given to the statistical homogeneity of an ore body
when making domaining decisions, as it has important implications for resource estimation.
The concept of stationarity is outlined in section 6.3.1.

6.3.1 STATIONARITY
The term “Stationarity” implies that all the moments of a variables distribution are invariant
under translation (i.e. the same distribution at every point in the field considered) (Vann
2001). A stationary random function is homogeneous and self-repeating in space. It is not
usually possible to assume stationarity in a mining context, for a strong assumption is not
usually possible from the limited sampling usually available. It is not necessary for
stationarity to exist to enable statistical inference in geostatistical applications. The
assumption of stationarity makes statistical inference possible.
If only the first two moments of a distribution (i.e. the mean and the covariance) are
invariant under translation, this is called weak or second order stationarity (Vann 2001). In
practice, the assumption of weak stationarity may not be satisfied such that the intrinsic
hypothesis is applied. This assumes the increments of a function are weakly stationary,
meaning the mean and variance of the increments are independent of the specific location of
the point. Using the intrinsic hypothesis therefore means it is appropriate to pool sample
pairs separated by the same distance vector in the same domain of interest.
Intrinsic geostatistical methods assume stationarity exists up to the scale of the search area
used in kriging, but it is not applied too rigidly as there are some models in which variance
continues to increase as the samples are taken from larger and larger areas. The concept of
“quasi-stationarity” is therefore applied. These methods use the variogram (Annels 2002).
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Transitive geostatistical methods assume there is no stationarity and the co-variogram is used
in which covariance is plotted against the distance between sample pairs.
Determining whether a sample population displays stationarity is therefore quite important.
A number of sources are used in making assumptions on stationarity and these include (Vann
2001):
1. The geological zonation of an ore body,
2. Weathering domains,
3. The statistical characteristics (especially variance),
4. The spatial variation and
5. Assumptions about zones of homogenous mineralisation.
A thorough geostatistical analysis is required to determine whether the diamond drill and
face chip sample populations from the Vera South ore body display stationarity. Such a study
was not possible due to time restrictions placed on this project, such that the different sample
populations have been assumed to exhibit stationarity and the variogram has been used to
determine the geostatistical characteristics of the sample populations.

6.3.2 DOMAINING OF THE VERA SOUTH ORE BODY
The interpreted geological continuity of the Vera South ore body was used to create four
domains, based on the geological continuity of the mineralised vein structure. The Vera
South Deeps ore body was selected as the first domain, as it is physically separated from the
Vera South Upper ore body. The Vera South Upper ore body was then divided into three
domains based on the orientation of the mineralised vein structure. The vein structure in
Vera South Upper displays a classical sigmoidal shape, where the three limbs of the structure
have been treated as separate domains. The four domains are illustrated in figures 6.5 and
6.6, and their main characteristics have been summarised in table 6.7.
Once the Vera South ore body had been domained based on geological continuity, the grade
continuity of the sample populations from the four domains was investigated. The results
indicate that each population’s statistics differ from one domain to another (see tables 1 and
2). The differences between the means, standard deviations, variances and coefficients of
variation from the diamond drill sample populations is minimal in comparison to those
values achieved for the face chip sample populations. The results for all the domains indicate
that in addition to geometrical differences, the broad statistical parameters of the four
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domains are also different. The four domains will therefore undergo resource estimation
independently of each other.

6.4 STATISTICAL ANALYSIS
A statistical review of the different data population(s) was conducted according to a number
of identifiable steps, to define the population(s) to be studied (Annels 2002):
1. The calculation of the population(s) descriptive statistics (i.e. mean, standard
deviation etc.),
2. The production of raw and log transformed histograms and probability plots for each
population,
3. The examination of the data population(s) for normality or log-normality,
4. Conducting 3-parameter log-transformations if necessary.

6.4.1 DOMAIN STATISTICS
Descriptive statistics describe a population’s size and shape, whether multiple populations
are present and the types of distributions that can be fitted to the data. This is of great
importance, as the distribution type guides which geostatistical estimation technique can be
applied. The statistics for each Vera South sample population are given tables 6.8 and 6.9.
Average Dip (°)
76

Average Strike (°)
082

Domain 1

74

078

Domain 2

73

057

Domain 3

72

091

Domain
Vera South Deeps

Co-Ordinates (m)
X – 5639 to 5936 E
Y – 9896 to 10006 N
Z – 536 to 855 mRL
X – 5638 to 5855 E
Y – 9908 to 10136 N
Z – 855 to 1189 mRL
X – 5855 to 6010 E
X – 855 to 1206 mRL
Y – 9896 to 10241 N & Y – 9896 to 10241 N
Z – 5937 to 6010 E
Z – 536 to 855 mRL
X – 6010 to 6301 E
Y – 9941 to 10236 N
Z – 520 to 1195 mRL

Table 6.7. The coordinates and the average dip and strike of the four Vera South domains
from eigenvector analysis.
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Figure 6.5. The Vera South ore body domains and their related dips and strikes as seen in
plan view.
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Figure 6.6. The Vera South ore body domains as seen in sectional view when looking north.
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The mean and median gold grade values for all the diamond drill sample populations are very
low (<2.8g/t and <1.6g/t respectively). The sample populations are negatively skewed and the
standard deviations are very small. The populations are therefore dominated by low gold grades.
Domain 2 exhibits the highest mean and median gold grades (2.79 g/t and 1.57g/t), and standard
deviation and variance values (2.97 and 8.82). Domain 3 exhibits the lowest mean and median
gold grades (1.89 g/t and 0.72g/t), and standard deviation and variance values (2.39 and 5.73).
The mean, standard deviation and variance values for the face chip sample populations are all
high (>5.49g/t, >15.32 and >234.7 respectively). The sample populations are strongly
negatively skewed and their ranges are large (i.e. there are numerous high and low gold grades).
Domain 2 exhibits the highest mean gold grade, and standard deviation and variance values
(15.24g/t, 33.02 and 1090.32). Domain 1 exhibits the lowest mean and median gold grades
(5.49g/t and 0.70g/t), and standard deviation and variance values (15.32 and 234.7).
The coefficient of variation (CV) is used in resource estimation to give a rough guide as to
which estimation techniques may be used with different sample populations (see section 6.2.2).
Generally the higher the CV, the more difficult subsequent geostatistical analysis and estimation
will be. High CV values >2 (i.e. >200%) imply conventional methods will be more risky than
geostatistical methods. The diamond drill sample population CV values for all four domains
(i.e. 1.06–1.26) indicate that geostatistical estimation techniques may be utilised with relative
confidence. The face chip sample population CV values (i.e. 2.17 – 2.79) are higher than those
of the diamond drill sample populations, and this is probably due to a higher nugget effect.
Geostatistical techniques may therefore produce more reliable estimates, as conventional
techniques are likely to produce estimates that are more risky. The CV values for the diamond
drill and face chip sample populations are given in tables 6.8 and 6.9.

Count
Mean
Median
Mode
Minimum
Maximum
Range
Standard Deviation
Variance
Kurtosis
Skewness
Coefficient of Variation

Vera South Deeps
1610
2.36g/t
1.30g/t
0.01 g/t
0.01 g/t
9.99 g/t
9.98 g/t
2.60
6.75
0.41
1.20
110%

DIAMOND DRILL SAMPLE POPULATIONS
Domain 1
Domain 2
351
948
2.34 g/t
2.79 g/t
0.96 g/t
1.57 g/t
0.01 g/t
0.00 g/t
0.01 g/t
0.00 g/t
9.99 g/t
9.99 g/t
9.98 g/t
9.99 g/t
2.79
2.97
7.81
8.82
0.25
-0.50
1.21
0.92
119%
106%

Domain 3
1595
1.89 g/t
0.72 g/t
0.06 g/t
0.00 g/t
9.83 g/t
9.83 g/t
2.39
5.73
1.42
1.53
126%

Table 6.8. The descriptive statistics of the diamond drill-hole sample data for the Vera South
ore body.
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Count
Mean
Median
Mode
Minimum
Maximum
Range
Standard Deviation
Variance
Kurtosis
Skewness
Coefficient of Variation

Vera South Deeps
1952
11.91 g/t
4.48 g/t
0.10 g/t
0.00 g/t
848.00 g/t
848.00 g/t
30.92
956.21
306.94
13.77
260%

CHAPTER SIX. RESOURCE
FACE CHIP SAMPLE POPULATIONS
Domain 1
Domain 2
668
3265
5.49 g/t
15.24 g/t
0.70 g/t
3.70 g/t
0.10 g/t
0.10 g/t
0.00 g/t
0.00 g/t
227.00 g/t
664.00 g/t
227.00 g/t
664.0 g/t
15.32
33.02
234.70
1090.32
88.14
91.85
7.91
7.26
279%
217%

Domain 3
1995
12.04 g/t
2.13 g/t
0.10 g/t
0.00 g/t
604.00 g/t
604.00 g/t
30.22
913.06
94.06
7.31
251%

Table 6.9. The descriptive statistics of the diamond drill-hole sample data for the Vera South
ore body.
The CV values of the diamond drill and face chip sample populations were found to be highly
compatible between the four domains but not between sample types when compared, implying
there is a purely statistical argument (i.e. not geostatistical) that the domains could all be
combined. The resource estimates for the four domains have therefore been calculated
independently of each other.

6.4.2 FREQUENCY HISTOGRAMS
Frequency histograms are used to view large data populations in preference to observing the
data in tables. Histograms allow a distribution’s overall shape to be visualised, and this helps to
identify whether a univariate or bivariate population exists. Multiple populations are easily
distinguished on frequency curves through the location and presence of multiple modes. When a
data population is highly skewed however, the distributions features can be difficult to
distinguish. In such cases the variable of interest can be log-transformed to produce less skewed
and easier to interpret histograms. The domaining of sample data is important when multiple
populations exist. In some instances however, domaining may not be possible due to bimodality
caused by the intimate intermixing of overprinted alteration events as opposed to spatially
separate domains (Vann 2001).
The frequency histograms of Vera South show that the raw and log-transformed diamond drill
data populations are skewed and have low mean, mode and median values. These observations
are in accordance with the analysis made in section 6.4.1. The data populations are also to be
treated as univariate populations (a possible second higher grade population may exist around
9g/t, but could not be proven or disproved conclusively). The frequency histograms of the raw
and log-transformed face chip data populations are skewed and have elevated mean, mode and
median values, and the data populations are considered univariate. The frequency histograms
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and data tables for the diamond drill and face chip sample populations are given in appendices
6.7 and 6.8.
6.4.3 DISTRIBUTION FITTING
The diamond drill and face chip sample populations were tested for log normality using
histograms and log-probability plots with fitted theoretical distributions. The plots for the
diamond drill sample populations indicate the data is not log-normally distributed, while the
plots for the face chip sample populations indicate they are approaching log-normality (in
particular the Vera South Deeps domain). To further check this approach to log-normality,
three-parameter log-transformations were made to the raw face chip data in the following
section. The histograms and log-probability plots for the diamond drill and face chip sample
populations are given in appendix 6.9.
6.4.4 3-PARAMETER LOG TRANSFORMATIONS
The three-parameter log transformation method is a normalisation technique used to transform
raw data into log-normally distributed data (Vann 2001), when log transformed data plotted on a
log-probability plot deviates from a straight line (i.e. it is not log-normally distributed). The
transformations use a third parameter called the “additive constant (a)”, which may transform
the distribution to log-normality. “a” is calculated by (Annels 2002):
a = (x50 – x75.x25) / (x25 – x75.x50)
Where x25, x50 and x75 are the 25th, 50th and 75th percentile values.
The additive constant is added to the raw values and the results are then log transformed. A new
population (ln(xi + a) results, which when plotted on a log-probability plot may give a straight
line. The additive constant is later subtracted from the final result (Annels 2002).
The three-parameter log transformation log-probability plots for the diamond drill sample
populations show that even after transformation, the data is not log-normally distributed. The
log-probability plots for the face chip sample populations show that the data is approaching lognormality (in particular the Vera South Deeps domain). The results are not however irrefutably
log-normally distributed. The log-probability plots for the diamond drill and face chip sample
populations are given in appendix 6.9.

6.5 VARIOGRAPHY
A large quantity of literature is available on variography (e.g. Clark 1979; Annels 2002), such
that only the fundamentals of the technique and how it was applied to the Vera South ore body
are to be covered in the following sections.
- 141 -

BIANCA PIETRASS MASTERS THESIS
ESTIMATION

CHAPTER SIX. RESOURCE

6.5.1 THE EXPERIMENTAL VARIOGRAM
Variography consists of the calculation of an experimental variogram and the subsequent fitting
of appropriate variogram models. A variogram is a graph that illustrates the average variability
between sample pairs and the distances between samples with a given relative orientation. It
measures the correlation that sample values in one location have with surrounding sample
values and should capture the main features of spatial variability that are important for the
kriging process (Clark 1979). The experimental variogram plots the gamma function values γ(h)
(i.e. the geostatistical variance) against the distance or lag spacing (h). The experimental
variogram for each lag is obtained using the following formula (Dominy 2002a):
γ(h) = Σ ni=1 {Z(Xi) – Z(X1 + h)}2 / 2N
N = Total number of data points counted at each lag.
Z(Xi) and Z(Xi + h) = Values of the regionalised variables (e.g. grade) separated by (h).
The main components of the variograms used in kriging are the sill, range and nugget variance
values (figure 6.7). The “Sill (C)” represents the value of γ at which the variogram levels off. It
refers to the spatial variability of the data and is equal to the ordinary sample variance (Clark
1979). At separation distances less than the sill, samples exhibit some degree of spatial
correlation. Beyond this distance samples are not spatially correlated (Vann 2001). The “Range
of Influence (a)” is the separation distance at which samples become spatially uncorrelated
(Clark 1979). It represents the point at which the curve reaches the sill. Only variograms with a
sill have a range. The “Nugget Variance (Co)” represents the random portion of the variability
of the regionalised variable (Annels 2002) and is the product of sampling and assaying errors,
plus microstructures at a scale smaller than the sampling interval. The “Spatial Variance (C)” is
the remaining variance. Co divided by C gives the nugget effect which is a measure of the
importance of the random factor in an ore body.

Figure 6.7. The variogram and its main components (after Annels 2002).
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6.5.2 SAMPLE DATA MODIFICATION
GEOSTOKOS was used to perform variography on the Vera South diamond drill and face chip
sample populations. These sample populations underwent a number of modifications prior to
variography:
1. The co-ordinates of the midpoints of all the sample intervals were extracted using the
program VULCAN. These sample co-ordinates were needed to create the experimental
variogram.
2. The coordinates of the samples from domain 2 were transformed so that they could be
aligned with the mine grid. The Vera South mine grid is orientated east-west along the
strike of the ore body. The sigmoidal shape of the V1 allows the two limbs of the
structure (i.e. domains 1 and 3) to be parallel to the mine grid, whilst the central section
of the ore body (domain 2) is orientated 33° off 90° towards the northeast. Domain 2’s
sample co-ordinates were therefore transformed so that later block modelling and
kriging results could be interpreted with greater ease (i.e. it is easier to interpreted the
kriged block model grades in a sectional rather than an oblique view). The formulas
used to transform the sample co-ordinates were as follows (see figure 6.8) (Annels
2002):
Tx =

X
Sin φ

+

Ty
Tan φ

Ty =

y -x
Tan φ

. Sin φ

Where Tx = Transformed x co-ordinate
Ty = Transformed y co-ordinate
X = x co-ordinate
Y = y co-ordinate
φ = clockwise rotation angle 90° from the y-axis

Figure 6.8. The methodology behind sample coordinates rotation (after Annels 2002).
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Plan and sectional images showing the location of the diamond drill and face chip
samples from the four Vera South domains were created to check the location of
individual samples, and to show the spatial extent of each domain. The images of
domain 2 show the location of the samples after co-ordinate transformation. The plots
also show that in some domains the spatial distributions of the diamond drill and face
chip samples differs. The definition of the hangingwall and footwall in the diamond
drill and face chip models is therefore a little different. These images are given in
appendix 6.10.
3. The gold grades were scrutinised and spurious values were removed (e.g. codes such as
999 were removed from the assay result fields, for it denotes un-sampled intervals not
gold values of 999g/t).

6.5.3 VERA SOUTH EXPERIMENTAL VARIOGRAM
6.5.3.1 VARIOGRAM PARAMETERS
Three-dimensional experimental variograms were created for the diamond drill and face chip
sample populations for each domain. As only the diamond drill samples that intercepted the
mineralised vein itself were used, there were no surrounding samples. It was therefore important
to orientate the dip search direction of the variograms parallel to the dip of the vein. The dip in
the south direction was automatically oriented parallel to the true dip of the vein, whilst the dip
in the remaining azimuth directions were not. In order to orientate the dip search direction
parallel to the vein, the apparent dips in the specified azimuth directions had to be used. Eight
different azimuths and dip directions were applied the diamond drill and face chip sample
populations, instead of the classical four directions of the compass. This was so that the long
axis of the ellipse of anisotropy could be identified if anisotropy existed in the four domains.
The dip direction (and thus azimuths) and dip of the mineralised vein in each domain was
determined by averaging the vein dip and strike measurements recorded for each face.
Stereoplots of the dips and azimuths recorded for each domain are shown in appendix 6.11, and
the azimuths and apparent dips used for each domain are shown in figures 6.9 to 6.12.
Numerous directional and omni-directional experimental variograms were created based on
different lag sizes and spacings in accordance with the related sample populations sample grid
spacing. This was to test which parameters (i.e. the lag spacing, the number of lags used and the
distance of reliability) produced to most representative experimental variograms (Annels 2002).
The “Lag” is the distance at which sample differences are compared. It should not be less than
the minimum sample spacing in each direction of the sample grid, and should not exceed half
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the sample spacing in each direction (Annels 2002). This dictates the distance of reliability,
whereby the points on a variogram that are beyond half the lateral extent of the deposit are
increasingly unreliable, and should not be used as a basis for modelling. The most dependable
lag spacings and distances achieved for the diamond drill and face chip sample populations
from the four domains are given in table 6.10. These were determined through trial and error,
and through the comparison of each variograms results.

Figure 6.9. The azimuths and dips used for the variographic analysis of Vera South Deeps. The
22.5° search tolerance angle is also shown.

Figure 6.10. The azimuths and dips used for the variographic analysis of domain 1.
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Figure 6.12. The azimuths and dips used for the variographic analysis
of domain 3.
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Lag Spacing
Lag Distance
Search Length

DIAMOND DRILL SAMPLE POPULATIONS
Vera South Deeps
Domain 1
Domain 2
Domain 3
10m
8m
12m
20m
10m
12m
13m
7m
100m
96m
156m
140m

Lag Spacing
Lag Distance
Search Length

FACE CHIP SAMPLE POPULATIONS
Vera South Deeps
Domain 1
Domain 2
10m
10m
10m
10m
10m
15m
100m
100m
150m

Domain 3
10m
13m
130m

Table 6.10. The most dependable lag spacings and distances achieved for the diamond drill and
face chip sample populations (NOTE: The search lengths are determined through the
multiplication of the lag spacing and distance values).
GEOSTOKOS places the apex of a conical search volume at the first sample point in the
domain at an orientation defined by the azimuth direction. The angle of regularisation (i.e. the
conical search angle) is defined on the basis of the semi-tolerance angle. In the case of the Vera
South domains, a conical search angle of 22.5° was used, with a resultant semi-tolerance angle
of 12.5°. GEOSTOKOS did not allow the conical search angle to be set to a maximum
bandwidth, after which the search area becomes a constant corridor of this width (see figure
6.13) (Annels 2002).
Omni-directional variograms are usually generated in conjunction with directional variograms
to create pseudo down-hole variograms to determine the nugget effect. They are also used when
directional variograms can not be generated. In the case of the Vera South deposit, omnidirectional and directional variograms were created so that the results can be compared. The
same lag spacings and distances were used for both variogram types.

Figure 6.13. A figure illustrating the geometry of variographic sector searches (Annels 2002).
As a rule of thumb, the minimum number of sample points required to produce a quality
variogram is at least 150-200. The number required can however, be related to the Coefficient
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of Variation (CV) by the expression N = 4 x CV% (Dominy 2002a). Table 6.11 shows that
sufficient sample points were available to produce variograms for each domain, with the
exception of Domain 1.

Vera South Deeps
Domain 1
Domain 2
Domain 3

DIAMOND DRILL SAMPLE POPULATIONS
Coefficient of Variation (CV) Number of Sample Points Number of Points Required
1.10 (110%)
1610
440
1.19 (119%)
351
476
1.06 (106%)
948
424
1.26 (126%)
1595
504

Vera South Deeps
Domain 1
Domain 2
Domain 3

FACE CHIP SAMPLE POPULATIONS
Coefficient of Variation (CV) Number of Sample Points Number of Points Required
2.60 (260%)
1952
1040
2.79 (279%)
668
1116
2.17 (217%)
3265
868
2.51 (251%)
1995
1004

Table 6.11. A table showing the minimum number of sample points, and the number of sample
points available to produce reliable variograms for the four Vera South domains.

6.5.3.2 VARIOGRAM MODELLING
Variogram definition and model fitting are of great importance in geostatistical estimation, as
kriging relies on obtaining a variogram that accurately describes the spatial continuity of the
mineralisation (Dominy 2002a). Most variograms have simple forms, so the functions used to fit
models are also usually fairly simple. A variogram model is however, a mathematical model for
spatial variability such that not just any model is acceptable (Armstrong 1981).
The spherical model fitted with a nugget effect is the most commonly used variogram model, as
it is can be fitted to nearly all experimental variograms seen in mining applications. The model
matches quasi-linear behaviour near the origin, followed by stabilisation near the sill (a
spherical model with a sill is known as a transitional model) (Vann 2001). The model is given
by the following formulas where γ (h) is the geostatistical variance:

γ (h) = Co + C { 1.5 (h/a) – 0.5 (h/a)3 }

where h ≤ a

γ (h) = Co + C

where h > a

The behaviour of the variogram near the origin gives an indication of the nature of the
continuity of the samples. High continuity is characterised by extremely continuous short-range
regularity, and is parabolic in behaviour near the origin (Vann 2001). Continuous continuity is
characterised by moderate short-range regularity and lineararity near the origin. Discontinuous
continuity near the origin reflects the highly irregular behaviour of the samples at short
distances. Random behaviour represents extreme discontinuity and equates to complete
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randomness of the samples. A 100% nugget effect is present. These relationships are illustrated
graphically below in figure 6.14.

Figure 6.14. Behaviour of the variogram near the origin. A: High Continuity, B: Continuous
Continuity, C: Discontinuous Continuity and D: Purely Random Behaviour (Vann 2001).
Discontinuity of the variogram near the origin is called the “nugget effect”, which is equivalent
to the Co value (see section 6.5.1 above). The model for the nugget effect assumes that there is a
zero value at the origin and a constant value for all values greater than this (Clark 1979):
γ (h) = Co {1 – δ (h)}

for ≠ h

γ (h) = 0

for h = 0

The nugget effect (or nugget variance) has the same units as variance, and is the proportion of
variance that cannot be explained by the regionalised component of the regionalised variable. It
is incorrect to model the nugget effect with different values in different directions, as it is not
anisotropic. The nugget effect may be due to a number of reasons (Vann 2001):
1. Due to there being no sample data at distances smaller than the fist point of the
variogram, resulting in the “integration of microstructures” in which short-range
structures cannot be resolved. This is to an extent unavoidable, for short-range
structures can never be fully resolved with sampling even though closer spaced
sampling reduces the nugget effect.
2. Due to sampling and assaying errors. Ways of reducing the sampling error include Gy’s
theory and modifications by Francois-Bongarcon (Gy 1982).
3. Due to isotropy where one direction in the ore body is more closely sampled than
another. This direction will however, most accurately determine the nugget effect.
Drift in a variogram exists when the mean of the increments is not equal to zero. That is, for
large separation distances (h), γ (h) must increase more rapidly than a parabola (i.e. γ (h)/h2 ≠ 0
as h → ∞ ). At small separation distances the drift is therefore quite small. At larger separation
distances however, drift may become dominant and we see a rapid increase in the variogram
(Vann 2001).
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The omni-directional variograms produced for the face chip sample populations were unstable
due to elevated sample variances (i.e. 234.70–1090.32) and coefficients of variation (between
217–279%). Variogram modelling was therefore not possible and as such, directional
variograms were not generated. The omni-directional and directional variograms produced for
the diamond drill sample populations on the other hand, showed good spatial correlation
(variances between 5.73–8.82, and coefficients of variation between 106–126%).
Simple spherical models were applied to all the experimental variograms to produce reasonably
shaped curves. These models were fitted with fitted nugget effects, as discontinuous behaviour
was observed near the origins in the diamond drill and face chip omni-directional and
directional variograms (see appendix 6.12 for the experimental variograms plots). The nugget
variance in the face chip omni-directional variograms accounts for up to 87% of the sill values.
Vera South Deeps displays the highest nugget variance, whilst Domain 1 appears displays the
lowest nugget variance (see table 6.13). The nugget variances of the diamond drill variograms
are also high and are greater in the omni-directional variograms compared to the directional
variograms (i.e. 90% and 75% of sill values respectively). A pure nugget effect is therefore
being approached. Only in the case of Domain 1 is the nugget variance lower in the omnidirectional variogram (this may be related to clustering or the number of sample pairs used to
create the variograms). Domain 2 displays the highest nugget variance, whilst Domain 3
displays the lowest nugget variance (see table 6.12).
The sill values in the omni-directional and directional variograms (see tables 6.12 and 6.13) are
equal to the overall sample population variances. The points in the variograms fluctuate around
these values, indicating a hole-effect may be present. The range of the variograms (see tables
6.12 and 6.13) is equal to the distance at which the variogram stabilises at the sill.

Vera South Deeps
Domain 1
Domain 2
Domain 3

Sill
6.7
7.8
8.8
5.2

Omni-Directional
Nugget Variance
4.6
6.8
7.9
3.5

Range
35m
20m
25m
45m

Sill
6.7
7.8
8.8
5.7

Directional
Nugget Variance
5.0
3.5
6.5
3.0

Range
50m
45m
60m
65m

Table 6.12. The omni-directional and directional variogram parameters for the diamond drill
sample populations.

Vera South Deeps
Domain 1
Domain 2
Domain 3

Sill
690
220
1200
1000

Omni-Directional
Nugget Variance
600
75
1000
850

Range
20m
45m
35m
25m

Table 6.13. The omni-directional variogram parameters for the face chip sample populations.
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Drift was not observed or considered applicable to the omni-directional and directional
variograms due to the high nugget variances. As such, drift has not been modelled for the
simple spherical model adequately describes the shape of the variograms.

6.5.3.3 ANISOTROPY
The shape of the search volume used to capture the sample points for kriging may be either
isotropic or anisotropic. Isotropic volumes are used where a variogram's parameters are only
dependent on the magnitude of the distance separating the samples (i.e. the search volume will
be a sphere as the ranges in all directions are identical) (Vann 2001). Anisotropic volumes are
used where a variogram’s parameters are different in different directions. Two different types of
anisotropy exist; geometric and zonal anisotropy. Geometric anisotropy (or elliptical anisotropy)
produces variograms in which the sills in different directions are the same (Vann 2001). Only
the range is different. This can be corrected by performing a linear transformation of the coordinates to change one of the ellipses into a sphere. Zonal anisotropy (or stratified anisotropy)
produces variograms in which the sills and ranges for different directions are different. This
usually occurs where there is a distinct zonation of high and low values (i.e. high grade pods in
low grade material). This causes variability in the variogram in directions perpendicular to the
zonation, and a smooth structure parallel to the zonation.
The diamond drill directional variograms were found to display geometric anisotropy. As the
range of each variogram was different, polar plots of the individual directional variograms were
produced to allow the identification of the directions of maximum and minium anisotropy. The
plots suggest that the minimum and maximum range values (see table 6.14) were between 25m–
40m (i.e. domain 3 and 1 & 2 respectively) and 45m–65m (i.e. domain 1 and 3 respectively).
These values should be used with caution, as the meaningfulness of anisotropy declines as the
nugget effect increases. The polar plots for each domain are also shown in figures 6.15 and 6.16
(NOTE: The dotted lines indicate ranges for which only weak variograms were produced).

Vera South Deeps
Domain 1
Domain 2
Domain 3

Anisotropic Search Volume
Minimum Range
Maximum Range
30m
50m
40m
45m
40m
60m
25m
65m

Isotropic Search Volume
Sphere Radius
35m
20m
25m
45m

Table 6.14. The length of the axes of the anisotropic and isotropic search volumes for the Vera
South diamond drill sample populations.
Polar plots could not be created for the face chip sample populations, as reliable directional
variograms could not be created. Omni-directional variograms were created instead, producing
isotropic search spheres. The size of these isotropic spheres is tabulated below.
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Sphere Radius
20m
45m
35m
25m

Vera South Deeps
Domain 1
Domain 2
Domain 3

Table 6.15. The isotropic search volume radii for the Vera South face chip sample populations.

Figure 6.15. Polar plots of the experimental variograms ranges determined for the Vera South
Deeps and Domain 1 diamond drill samples.

Figures 6.16. Polar plots of the experimental variograms ranges determined for the Domain 2
and Domain 3 diamond drill samples.

6.6 KRIGING
The diamond drill and face chip sample variography parameters were used to estimate the Vera
South ore body “Global Resources or In-Situ Resources” using “Ordinary Kriging”. Global
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Resource estimation provides an estimate of the grade-tonnage curve of a deposit as defined by
geological and/or grade boundaries from which representative samples have been taken, where
no reference is made to the selective mining unit (SMU) (Vann 1995). In comparison, “Global
Reserves or Recoverable Resources” determine the amount of minable material that can be
recovered from the global resource as a function of the SMU method and economic criteria

6.6.1 INTRODUCTION
Geostatistical methods are defined as either linear or non-linear. Linear methods estimate grade
at a given location by weighting samples on their distance from the block being estimated.
Kriging is a linear geostatistical method often referred to as a “Best Linear Unbiased Estimate
(BLUE)”, where kriging weights are applied to sample values in such a way that the mean
squared estimation error is minimised. Only the values nearest the point or block have any
significant effect on the point or block estimates. Distant values are therefore filtered out and
this is known as the “Screen Effect” (Annels 2002). Non-linear geostatistical estimators are
those that use non-linear functions of the data to obtain the conditional expectation. Non-linear
estimators allocate weights to samples that are functions of the grades themselves. That is, they
are not solely dependent on the location of the data (Dominy 2002a).
Kriging is a moving average method that allocates weights to sample values captured by a
search area or volume (Dominy 2002a). The relationship of each sample in the search area or
volume with all the other samples, and between it and the mesh point under evaluation is
expressed as a weight that is combined in a kriging equation. Simultaneous equations are
created for all the samples plus one equation that contains the condition that the sum of all
weights equals one. The simultaneous equations are solved to determine the “Kriging Weights”.
Kriging weights are controlled by the variogram parameters and by the degree of directional
anisotropy (Annels 2002). Their values change with distance from the block under
investigation. These distances are a function of the sampling pattern and density, and the
orientation of the vector passing through each discretization point in the ore block and sample.
The discretization points form a three dimensional matrix within the block and allow the
support of the block to be taken into account.
Kriging is generally used in preference to inverse distance weighted methods, as it takes into
account the size of the estimation block (Annels 2002). The kriging variance allows an estimate
of the confidence of each block to be made, and gives an estimate of the error involved in block
grade evaluation. It also overcomes the regression effect (i.e. the underestimation of low-grade
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areas and the over-estimation of high grade areas), such that the results are unbiased and
estimation errors are minimised. Kriging is however still a smoothing technique, which presents
problems where sharp assay contacts exist in an ore body. Such contacts undergo smearing.
When the relative nugget effect is low and the ranges short, only the values nearest a block gain
a significant weighting factor whilst more distant values are screened out (Annels 2002). In such
cases, kriging will not be as advantageous as traditional estimation techniques (e.g. “Inverse
Distance Weighted (IDW)” methods). As the nugget effect increases the screen effect begins to
deteriorate, and the values further away from a block begin to influence the block estimate. A
more average estimate results due to the high uncertainty, such that kriging become a more
effective estimation technique. Kriging is therefore usually applied effectively to sample
populations with high nugget effects in preference to IDW. It is generally accepted that kriging
is theoretically superior to conventional techniques, but IDW may produce as good a result as
kriging methods when the nugget effect is low.

6.6.2 ORDINARY KRIGING
Ordinary kriging (OK) is a robust estimator that can deal with reasonable amounts of skewness
in the data distribution. It is susceptible to the presence of outliers and may give unreliable
results, but the same can be said for conventional estimation techniques where skewness is high.
OK is theoretically applied in stationary conditions (Dominy 2002a). In ordinary kriging,
simultaneous equations are created for each sample plus an additional equation that says that all
the weighting coefficients equal one (i.e. if we have n samples, there are n + 1 equations)
(Annels 2002). The kriging weights are based on the variogram model, such that the estimates
account for nugget variance and short-range structures. The estimates also reflect the support of
the estimated block. The kriging equations are solved to generate kriging weights and a
weighted average is taken to produce a block estimate. The ordinary kriging and block estimator
equations are given below. Figure 6.17 illustrates the application of these equations.
Σni=1 Ki σi,j + μ = σi,v
Σni=1 (Ki) = 1
K = Kriging Coefficient.
i=1→n
σi,j = the covariance between points i and all discretization points in block V.
μ = Lagrange Parameter.
Z*OK = Σni=1 Ki.Zi
Z*OK = OK estimator for a block.
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K1 cov1,1 +K2 cov1,2 + K3 cov1,4 + μ = cov1,j
K1 cov2,1 +K2 cov2,2 + K3 cov2,4 + μ = cov2,j
K1 cov3,1 +K2 cov3,2 + K3 cov3,4 + μ = cov3,j
K1 cov4,1 +K2 cov4,2 + K3 cov4,4 + μ = cov4,j
K 1 + K2 + K3 + K4 = 1

Figure 6.17. An illustrated example of the application of kriging equations for ordinary kriging
(after Dominy 2002a).
An advantage of ordinary kriging is that it is able to minimise the variance of the estimation
error. Ordinary kriging shows a negative exponential increase in kriging variance with a
decrease in the number of samples in the search area. The kriging variance of a block is given
by (Annels 2002):
σ2k = σv,v + μ - Σni=1 Ki.σi,v
σv,v = the average covariance between all possible pairs of points in the block.
6.6.3 ORDINARY KRIGING PARAMETERS
Block models were created for the diamond drill and face chip sample populations using
GEOSTOKOS, and ordinary kriging was used to estimate the grade of these blocks. The extent
of each domains search area and thus the limits of each block model are shown in table 6.16
below. The diameter of the search volumes used to estimate each block were equivalent to the
geostatistical ranges. No drift below these ranges was observed in the variograms, such that the
ranges were not restricted. A smaller search area could have been used to reduce any smoothing
generated by the high nugget variances, but the range was not changed. The effect of changing
range value could have been investigated, but time restrictions made this impractical. The
ranges used for each domain and the sizes of the associated search ellipses are given in tables
6.14 and 6.15.
The sample spacing was considered when choosing the block model block sizes, as correct
block sizes lead to low conditional biases (Dominy 2002a). Larger blocks improve the
reliability of estimates, while smaller blocks have increasingly high estimation variances. The
“small block problem” arises when blocks have small dimensions relative to the sampling grid.
Blocks that are 1/3 or ¼ of the sample spacing result in the very strong smoothing of estimates
and the misallocation of ore and waste. That is, the data density cannot justify the interpolation
of grades into smaller blocks. Generally, the optimum block size should not be less than half the
routine sample spacing in each direction.
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Vera South Deeps
Domain 1
Domain 2
Domain 3

DIAMOND DRILL SAMPLE POPULATIONS
Easting
Northing
Depth
5630 – 5940mE
9890 – 10010mN
530 – 860mRL
5630 – 5860mE
9960 – 10140mN
850 – 1190mRL
16090 – 16500mE
3350 – 3610mN
730 – 1210mRL
6010 – 6310mE
9940 – 10240mN
520 – 1200mRL

Vera South Deeps
Domain 1
Domain 2
Domain 3

FACE CHIP SAMPLE POPULATIONS
Easting
Northing
Depth
5690 – 5900mE
9920 – 10000mN
730 – 830mRL
5730 – 5860mE
9980 – 10030mN
910 – 1000mRL
16110 – 16410mE
3420 – 3550mN
890 – 1120mRL
6000 – 6170mE
10080 – 10190mN
870 – 1080mRL

Table 6.16. The limits of the Vera South ore body block models for each domain.
Small blocks can however, be estimated using linear geostatistical techniques, if the nugget
variance is low. Where the nugget variance is high, estimating block grades will be difficult
even where the block size is the same as the drill spacing. Non-linear methods are considered to
provide the best solution to the small block problem, as they allow the estimation of the
proportion of blocks above a specified cut off (Dominy 2002a). Ideally 15 samples were
captured in the search volumes used to estimate the block grades, but where the number of
samples dropped below 5 the block was not estimated.
The face chip block models were created using omni-directional variographic parameters. The
spacing of the face chip sample grid is approximately 3m x 15m, such that block models were
created for each domain using 10m x 10m blocks (i.e. these dimensions approximate the 3m x
15m sampling grid). This block size is also identical to that used for the diamond drill block
models, such that the kriging results for each block model can be directly compared. A total of
four block models were therefore created for the face chip sample populations.
The diamond drill block models were created using omni-directional and directional
variographic parameters. The spacing of the diamond drill sample grid is 25m x 20m, such that
block models were created for each domain using blocks 20m x 20m blocks and 10m x 10m
blocks (i.e. half the sampling grid). Anisotropic blocks were not used (e.g. a block whose
dimensions were different, e.g. 10m x 5m x 5m), such that the maximum block dimension was
not orientated parallel to the direction of maximum anisotropy. Isotropic blocks were chosen to
enable the direct comparison of kriging results across the four domains, and to also allow the
comparison of results from the omni-directional and directional block models. A total of twelve
block models were created for the diamond drill sample populations.

6.6.4 ORDINARY KRIGING RESULTS
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6.6.4.1 BLOCK MODEL REPRESENTATION
GEOSTOKOS was used to perform the block modelling and ordinary kriging of the Vera South
sample populations. The grades of each block and their associated kriging standard deviations
were outputted to text files which were used to create two-dimensional long sections parallel to
the strike of the vein in the program EXCEL. These files are located in appendix 6.14 on a
compact disk, as the long sections are too large to be printed on conventional A4 or A3 paper.
The block models and their corresponding EXCEL file names are shown in table 6.17 below.
The sectional maps have been colour coded according to the grade of each block, and these
grades (i.e. the first value) along with the kriging standard deviations (i.e. the second value) are
displayed in each block. The same colour codes were applied to all the domains to enable easy
visual comparisons. Two separate grade colour codes were used for the diamond drill and face
chip block models however, as the grade ranges were vastly different. The grade colour codes
are displayed on each section.

Vera South Domains
Vera South Deeps
– Diamond Drill

– Face Chip
Domain 1
– Diamond Drill

– Face Chip
Domain 2
– Diamond Drill

– Face Chip
Domain 3
– Diamond Drill

– Face Chip

Block Model
10m x 10m Directional Model
20m x 20m Directional Model
10m x 10m Omni-Directional Model
20m x 20m Omni-Directional Model
10m x 10m Omni-Directional Model

Block Model EXCEL File Name
Drill_VSD_Dir_Blocks 10x10.xls
Drill_VSD_Dir_Blocks 20x20.xls
Drill_VSD_Omni_Blocks 10x10.xls
Drill_VSD_Omni_Blocks 20x20.xls
Chip_VSD_Omni_Blocks 10x10.xls

10m x 10m Directional Model
20m x 20m Directional Model
10m x 10m Omni-Directional Model
20m x 20m Omni-Directional Model
10m x 10m Omni-Directional Model

Drill_VSU 1_Dir_Blocks 10x10.xls
Drill_VSU 1_Dir_Blocks 20x20.xls
Drill_VSU 1_Om_Blocks 10x10.xls
Drill_VSU 1_Om_Blocks 20x20.xls
Chip_VSU 1_Om_Blocks 10x10.xls

10m x 10m Directional Model
20m x 20m Directional Model
10m x 10m Omni-Directional Model
20m x 20m Omni-Directional Model
10m x 10m Omni-Directional Model

Drill_VSU 2_Trans_Dir_Blocks 10x10.xls
Drill_VSU 2_Trans_Dir_Blocks 20x20.xls
Drill_VSU 2_Trans_Omni_Blocks 10x10.xls
Drill_VSU 2_Trans_Omni_Blocks 20x20.xls
Chip_VSU 2 Trans_Om_Blocks 10x10.xls

10m x 10m Directional Model
20m x 20m Directional Model
10m x 10m Omni-Directional Model
20m x 20m Omni-Directional Model
10m x 10m Omni-Directional Model

Drill_VSU 3_Dir_Blocks 10x10.xls
Drill_VSU 3_Dir_Blocks 20x20.xls
Drill_VSU 3_Om_Blocks 10x10.xls
Drill_VSU 3_Om_Blocks 20x20.xls
Chip_VSU 3_Om_Blocks 10x10.xls

Table 6.17. The Vera South domain block models and their corresponding EXCEL file names.

6.6.4.2 HIGH GRADE ZONES IN THE BLOCK MODELS
The directional diamond drill 20m x 20m block models followed by the detailed directional
10m x 10m block models were examined to identify any trends. The omni-directional 10m x
10m block models were then compared to the directional block models to determine whether
different or similar trends were observable. These results were then compared to those of the
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omni-directional face chip block model to determine whether the same trends observed in
directional block models were present or if different features were apparent.
A number of high grade trends were identified in both the diamond drill and face chip block
models. The margins of the face chip block models were much sharper, so were used to better
constrain the margins of the trends in the diamond drill block models. Thus only the shape of
the high grade trends differed between the individual block models due to differences in scale.
Holes exists in the Vera South Deeps and domain 2 block models, and are probably due to there
being insufficient sample data for the kriging of the block grades. A high grade trend occurs in
the directional models whose plunge6 and azimuth is 35° and 262°. The same high grade trend
occurs in the omni-directional block models. In Domain 1, 2 and 3, the highest grades occur in
pods that are separated by low-grade material (<1g/t). These pods have a plunges and azimuths
of 60° and 258°, 40° and 237° and 50° and 271° respectively in the directional block models
and appear to constitute the same high grade trends (i.e. they are continuations of each other).
The same trends also exist in the omni-directional block models. The location of these high
grade trends in each domain are given in table 18 below, and are also displayed spatially in
figures 6.18 and 6.19.
Vera South Deeps

Domain 1
West of 5775mE
& between
915mRL–875mRL

Domain 2
16155mE–16275mE
& between
815mRL–760mRL

Domain 3
6095mE–6205mE
& between
750mRL–725mRL

East of 5755mE
& between
825mRL–685mRL

5735mE–5815mE
& between
1040mRL–950mRL

16125mE–16375mE
& between
1100mRL–900mRL

6000mE–6150mE
& between
850mRL–950mRL

35° Plunge
262° Azimuth

East of 5765mE
& between
1175mRL–1115mRL
60° Plunge
258° Azimuth

16425mE–16500mE
& between
1125mRL–1050mRL
40° Plunge
237° Azimuth

West of 6175mE
& between
1100mRL–1000mRL
50° Plunge
271° Azimuth

High Grade
Trend(s)

Orientation

Table 6.18. The extent of the high grade trends in the diamond drill and face chip block models.

6.6.4.3 MARGINAL BLOCK GRADES
When interpreting the results of block kriging, the grade estimates of those blocks along the
margins of the model should be considered for the “edge effect” which can cause the over

6

Apparent plunges were used during variography to search for high grade trends within the Vera South
ore body, and the long axis of the anisotropic search ellipse used during ordinary kriging was orientated
parallel to the direction of maximum continuity. The high grade trends are then observable in the resultant
block models, but the plunges of these trends are no longer apparent plunges. This is because the block
models and cross sections are orientated parallel to the strike of the ore body. The plunge of the high
grade trends is simply measured from these cross sections.

- 158 -

BIANCA PIETRASS MASTERS THESIS
ESTIMATION

CHAPTER SIX. RESOURCE

estimation of grades. It should be determined whether the results are sensible and that the
geological boundaries have been respected (Vann 2001).

A

Figure
6.18. The high grade trends in the diamond
A
drill and face chip block models of A: Vera South
Deeps and B: Domain 1.
B

C

Figure 6.19. The high grade trends in the diamond drill and
face chip block models of C: Domain 2 and D: Domain 3.

D

The kriged block model estimates made for the Vera South domains appear to be sensible and
reliable. Extreme block estimates do not exist along the model margins, or as isolated high
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grade blocks within the block models themselves. Where elevated estimates do occur along the
block model margins, their position can be correlated with higher individual sample grades
(refer to the post plots).

6.6.4.4 ANISOTROPY
Geometric anisotropy was observed in the directional variograms for all the Vera South
domains, such that the sample populations were kriged using both isotropic and anisotropic
search volumes. The block models kriged using an anisotropic search ellipses show that the
highest block estimates occur parallel to the long axis of the search ellipse, whilst the lowest
grades occur perpendicular to the long axis of the ellipse (i.e. parallel to the short axis of the
ellipse). When the omni-directional block models are examined, high grade trends with plunges
similar to those observed in the directional models are apparent. This confirms that the block
estimates are anisotropic in nature.
The apparent plunges of the anisotropic search ellipses used for kriging and the plunges of the
high grade trends are shown in table 6.19. The results indicate that the search ellipse parameters
used for kriging were correct, as the apparent plunge angles used are similar to the plunge
angles of the high grade trends observed in both the omni-directional and direction models.

Vera South Deeps
Domain 1
Domain 2
Domain 3

Apparent Plunge of
Search Ellipse
22.5°
67.5°
45°
67.5°

Plunge of HGT* in
Directional Models
35°
60°
40°
50°

Plunge of HGT* in
Omni-Directional Models
30°
45°
40°
55°

Table 6.19. The plunges of the high grade zones in the Vera South ore body block models
(NOTE: HGT* denotes High Grade Trend).

6.6.4.5 MEAN BLOCK MODEL GRADES
The kriged block models were validated by comparing their mean grades to those of the raw
samples. The average difference in grade was 0.37g/t (see table 6.20). The greatest difference
exists between the Vera South Deeps block models (i.e. 0.54g/t) and the smallest difference
exists between the Domain 3 block models (i.e. 0.19g/t). These low mean grade differences
indicate that the global biases are very low. When the mean grades of the 20m x 20m and the
10m x 10m directional block models were compared, the results were almost identical. The
same was apparent for the omni-directional block models, although their grades were slightly
higher than those of the directional block models.
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The face chip block models were then validated and the results were vastly different. The
average difference in grade was 4.18g/t. The greatest difference exists between the Domain 2
block models (i.e. 5.45g/t) and the smallest difference exists between the Domain 1 block
models (i.e. 3.56g/t). These high mean grade differences indicate that there is a large global
bias, such that the results should be treated with great scepticism. These large variations in
grade are related to the block variance, which is covered in the following sections.

Mean Grade
Raw Data
Vera South Deeps
Domain 1
Domain 2
Domain 3

2.36 g/t
2.34 g/t
2.79 g/t
1.89 g/t

10m x 10m
Directional
1.87 g/t
2.04 g/t
3.03 g/t
2.02 g/t

Mean Grade of Block Models
20m x 20m
10m x 10m
20m x 20m
Directional Omni-Directional Omni-Directional
1.82g/t
1.95 g/t
1.91 g/t
1.87 g/t
2.20 g/t
2.20 g/t
3.07 g/t
2.93 g/t
2.78 g/t
2.03 g/t
2.08 g/t
2.08 g/t

Table 6.20. The mean grades of the Vera South diamond drill raw samples and block models.

Vera South Deeps
Domain 1
Domain 2
Domain 3

Mean Grade
Raw Data
11.91 g/t
5.49 g/t
15.24 g/t
12.04 g/t

Mean Grade of Block Model
10m x 10m Omni-Directional
8.35 g/t
2.82 g/t
9.79 g/t
7.00 g/t

Table 6.21. The mean grades of the Vera South face chip raw samples and block models.
When the mean grades of the diamond drill and face chip block models are compared, the omnidirectional block model results can be seen to be greatly elevated in comparison to those of the
diamond drill block models. Domain 2 consistently displays the highest mean grades, whilst
Vera South Deeps and Domain 1 display the lowest mean grades for the diamond drill and face
chip block models respectively.

6.6.4.6 VARIANCE
Kriging standard deviations were generated by GEOSTOKOS and these were saved to text files
for exporting into EXCEL, so that they could be converted to kriging variances (i.e. σ = √σ2,
standard deviation = square root of the variance). Two-dimensional long sections parallel to the
strike of the vein were created for the block variances. These files are located in appendix 6.14
on a compact disk, as the long sections are too large to be printed on conventional A4 or A3
paper. The block models and their corresponding EXCEL file names are shown in table 6.22.
The sectional maps have been colour coded according to the variance of each block. The same
colour codes were applied to all the domains, but two separate grade colour codes were used for
the diamond drill and face chip block models, as the variance ranges were vastly different. The
variance colour codes are displayed on each section.
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Kriging variances can be used as an index to the sample spacing, where high variances are
associated with poorly sampled areas and low variances are associated with densely sampled
areas (Vann 2001). In the Vera South domains, the greatest kriging variances exist in the
marginal blocks of the block models, and the lowest block variances are concentrated in the
central portions of each domain where there has been more intense sampling. The lowest
kriging variances also coincide with the blocks that form the high grade zones in each domain,
implying greater confidence can be placed in the block estimates that form the high grade zones.
Kriging variances can also be used to illustrate the accuracy of individually kriged block
estimates, by giving an indication of the degree of confidence that can be placed in each
estimate. If a kriging variance is >0 (i.e. 0 indicates no variance), then the estimate is inaccurate
and variability exists within the block. This variability is a function of the range of a sample
population. High variances indicate a high degree of variability exists between the sample
grades used to calculate a block estimate. Low variances indicate there is very little variability
between the sample grades used to calculate a block estimate.

Vera South
Domains
Vera South Deeps
– Diamond Drill

– Face Chip
Domain 1
– Diamond Drill

– Face Chip
Domain 2
– Diamond Drill

– Face Chip
Domain 3
– Diamond Drill

– Face Chip

Variance Block Model

Variance Model EXCEL File Name

10m x 10m Directional Model
20m x 20m Directional Model
10m x 10m Omni-Directional Model
20m x 20m Omni-Directional Model
10m x 10m Omni-Directional Model

Drill_VSD_Dir_10x10_variance.xls
Drill_VSD_Dir_20x20_variance.xls
Drill_VSD_Omni_10x10_variance.xls
Drill_VSD_Omni_20x20_variance.xls
Chip_VSD_Omni_variance.xls

10m x 10m Directional Model
20m x 20m Directional Model
10m x 10m Omni-Directional Model
20m x 20m Omni-Directional Model
10m x 10m Omni-Directional Model

Drill_VSU 1_Dir_10x10_variance.xls
Drill_VSU 1_Dir_20x20_variance.xls
Drill_VSU 1_Om_10x10_variance.xls
Drill_VSU 1_Om_20x20_variance.xls
Chip_VSU 1_Om_variance.xls

10m x 10m Directional Model
20m x 20m Directional Model
10m x 10m Omni-Directional Model
20m x 20m Omni-Directional Model
10m x 10m Omni-Directional Model

Drill_VSU 2_Trans_Dir_10x10_variance.xls
Drill_VSU 2_Trans_Dir_20x20_variance.xls
Drill_VSU 2_Trans_Omni_10x10_variance.xls
Drill_VSU 2_Trans_Omni_20x20_variance.xls
Chip_VSU 2 Trans_Om_variance.xls

10m x 10m Directional Model
20m x 20m Directional Model
10m x 10m Omni-Directional Model
20m x 20m Omni-Directional Model
10m x 10m Omni-Directional Model

Drill_VSU 3_Dir_10x10_variance.xls
Drill_VSU 3_Dir_20x20_variance.xls
Drill_VSU 3_Om_10x10_variance.xls
Drill_VSU 3_Om_20x20_variance.xls
Chip_VSU 3_Om_variance.xls

Table 6.22. The variance block models for the Vera South domains and their corresponding
EXCEL file names.
The kriging variances attained for the omni-directional face chip block models are extremely
elevated. The lowest average variance achieved was 144.56, and the greatest was 1154.88 (table
6.24). These values indicate a great deal of confidence cannot be applied to block estimates
achieved using the face chip samples, for the differences in grade between the individual
samples used to calculate the block estimates are enormous.
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The lowest average kriging variances achieved for the omni-directional and directional diamond
drill block models were 3.16 and 7.86, and 5.13 and 8.78 respectively (table 6.23). The average
variances achieved for the omni-directional block models were thus greater than those of the
directional block models. This indicates greater error is incurred in estimating block grades
using the omni-directional parameters. The average variances of the 20m x 20m block models
were also found to be slightly lower than those of the 10m x 10m block models, suggesting the
block estimates are more reliable when larger block sizes are used.
Although kriging variance indicates how well a block has been estimated, the mean of the
kriging variances cannot be applied globally. To determine the global kriging variance of a 3D
block model, the estimation variance of each block is divided by the total number of blocks in
the model (Annels 2002). The block estimation variances are then determined from the
extension variances of parallelepipeds. The arithmetic average of the block estimation variances
can then be taken to give the global kriging variance. Unfortunately extension variances could
not be calculated for the Vera South block models due to time restrictions, such that a global
kriging variance was not determined.

Directional
10m x 10m
Directional
20m x 20m
Omni Directional
10m x 10m
Omni Directional
20m x 20m

- Minimum
- Maximum
- Average
- Minimum
- Maximum
- Average
- Minimum
- Maximum
- Average
- Minimum
- Maximum
- Average

Vera South Deeps
5.01
8.20
6.10
5.02
8.01
6.01
4.64
8.21
6.53
4.67
7.67
6.06

Domain 1
3.55
7.47
4.46
3.56
8.02
4.48
6.90
8.32
7.72
6.92
8.00
7.38

Domain 2
6.51
10.09
7.86
6.53
10.12
7.82
7.91
9.35
8.78
7.95
9.07
8.50

Domain 3
2.70
4.84
3.18
2.71
5.01
3.16
3.54
7.42
5.57
3.57
6.96
5.13

Table 6.23. The minimum, maximum and average variances of the diamond drill block models.

Directional
10m x 10m

- Minimum
- Maximum
- Average

Vera South Deeps
601.25
736.05
651.22

Domain 1
77.06
235.64
144.56

Domain 2
1001.53
1342.46
1154.88

Domain 3
852.80
1088.79
951.80

Table 6.24. The minimum, maximum and average variances of the face chip block models.

6.6.4.7 GRADE-TONNAGE CURVES
Grade-tonnage graphs allow estimates about the grade and tonnage of a deposit to be made at
different cut-off grades (COG). These graphs are constructed from sample data by either
calculating theoretical grade-tonnage curves using distribution models, or by applying cut-offs
to see how many samples are above a given level (Annels 2002).
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Grade-tonnage graphs could not be created for the Vera South sample populations using
theoretical distribution models (e.g. normal or log-normal distributions), for the data do not fit
any distribution models. Empirical grade-tonnage graphs where thus calculated through the
application of cut-offs. The tonnages of the various block models were calculated in EXCEL
through the multiplication of the block areas by their specific gravity (i.e. SG = 2.65, a figure
determined by the Pajingo mine). The average grades were determined by taking the arithmetic
mean of the kriged block grades. The results are given in tables 6.25 and 6.26.

Directional
10m x 10m
Directional
20m x 20m
Omni-Directional
10m x 10m
Omni-Directional
20m x 20m

- No. Blocks
- Total Tonnes
- Average Grade
- No. Blocks
- Total Tonnes
- Average Grade
- No. Blocks
- Total Tonnes
- Average Grade
- No. Blocks
- Total Tonnes
- Average Grade

Vera South Deeps
5,430
14,389,500t
1.87g/t
705
14,946,000t
1.82g/t
5,580
14,787,000t
1.95g/t
809
17,150,800t
1.91g/t

Domain 1
3,912
10,366,800t
2.04g/t
560
11,872,000t
1.87g/t
2,467
6,537,550t
2.20g/t
392
8,310,400t
2.20g/t

Domain 2
10,234
27,120,100t
3.03g/t
1,448
30,697,600t
3.07g/t
7,469
19,792,850t
2.93g/t
1,108
23,489,600t
2.78g/t

Domain 3
13,972
37,025,800t
2.02g/t
2,059
43,650,800t
2.03g/t
23,916
63,377,400t
2.08g/t
3,239
68,666,800t
2.08g/t

Table 6.25. The total tonnes and grade of the diamond drill block models.

Omni-Directional
10m x 10m

- No. Blocks
- Total Tonnes
- Average Grade

Vera South Deeps
1,371
3,633,150t
8.35g/t

Domain 1
585
1,550,250t
2.82g/t

Domain 2
6,776
17,956,400t
9.79g/t

Domain 3
2,512
6,656,800t
7.00g/t

Table 6.26. The total tonnes and grade of the face chip block models.
The average grades of the diamond drill omni-directional and directional block models are
similar, but are slightly higher in the omni-directional block models. The average grades of the
20m x 20m block models are also slightly lower than those of the 10m x 10m block models. The
average grade estimates of the face chip block models are three to four times higher than those
of the diamond drill block models. This is probably due to the presence of numerous elevated
individual sample grades in the sample population.
The tonnage estimates for the diamond drill omni-directional and directional block models are
different due to the size of the estimation areas. The average tonnages of the 20m x 20m block
models are therefore greater than those the 10m x 10m block models. When a 1g/t (i.e. low
grade stockpile material) COG is applied to the diamond drill block models grade-tonnage
curves, the average grade ranges between 2.49–3.94g/t and the total percentage of recoverable
tonnes is between 56–81%. When a 5.5g/t (i.e. mill feed grade material) COG is applied to the
diamond drill block model grade-tonnage curves, the average grade ranges between 5.74–

- 164 -

BIANCA PIETRASS MASTERS THESIS
ESTIMATION

CHAPTER SIX. RESOURCE

7.09g/t and the total percentage of recoverable tonnes is between 0.6–17%. At both COG’s, the
omni-directional and directional models average grades are comparable, but the omnidirectional models consistently display the highest percentages of recoverable tonnes. The
grade-tonnage graphs and tables for each block model are given in appendix 6.13.
When the average grades and tonnes of the diamond drill block models are compared to those of
the face chip block models, the results are very different. At a 1g/t COG, the average grade
ranges from 3.77–10.72g/t and the total percentage of recoverable tonnes is between 70–92%.
At a 5.5g/t COG, the average grade ranges from 9.8–17.46g/t and the total percentage of
recoverable tonnes is between 12–49%. The grade-tonnage graphs and tables for each block
model are given in appendix 6.13.

6.7 CONCLUSIONS
Variography and ordinary kriging were performed on both the Vera South diamond drill and
face chip sample populations so that the respective results could be compared. It was found that
the results for each sample type were vastly different, to the extent that the credibility of the face
chip block model estimates should be treated with caution.
The Vera South ore body was domained to create four separate areas based on the interpreted
geological continuity of the mineralised vein structure in each. The diamond drill and face chip
sample populations from each domain were assumed to exhibit stationarity. Isotropic and
elliptical search volumes were used during variography, and simple spherical models fitted with
fitted nugget effects were applied to all the experimental variograms. Geometric anisotropy was
found to exist in the four domains, where domain 2 and Vera South Deeps were found to have
the largest and smallest elliptical search volumes respectively. Domain 3 and 1 were found to
have the largest and smallest spherical search volumes respectively.
The global resources of the Vera South ore body were estimated using Ordinary Kriging. Block
models were created from the diamond drill sample populations using 20m x 20m and 10m x
10m block sizes, and from the face chip sample populations using 10m x 10m blocks. Both
omni-directional and directional block models were created to produce a total of twelve models.
A number of high grade trends were identified in the diamond drill and face chip block models
(see table 6.27). The multiple high grade trends identified in some domains appear to constitute
the same trends (i.e. they are continuations of each other), and the plunge angles of these high
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grade trends in each domain were similar to the apparent plunges of the search ellipses used to
create the omni-directional and directional models.

Vera South Deeps

Domain 1
West of 5775mE
& between
915mRL–875mRL

Domain 2
16155mE–16275mE
& between
815mRL–760mRL

Domain 3
6095mE–6205mE
& between
750mRL–725mRL

East of 5755mE
& between
825mRL–685mRL

5735mE–5815mE
& between
1040mRL–950mRL

16125mE–16375mE
& between
1100mRL–900mRL

6000mE–6150mE
& between
850mRL–950mRL

35° Plunge
262° Azimuth

East of 5765mE
& between
1175mRL–1115mRL
60° Plunge
258° Azimuth

16425mE–16500mE
& between
1125mRL–1050mRL
40° Plunge
237° Azimuth

West of 6175mE
& between
1100mRL–1000mRL
50° Plunge
271° Azimuth

22.5°

67.5°

45°

67.5°

Extent of High
Grade Trend(s)

Orientation of
HGT*
Apparent Plunge
of search ellipse

Table 6.27. The extent and orientation of the high grade trends and search ellipses
identified/used in the diamond drill and face chip block models (NOTE: HGT* denotes High
Grade Zone).
The mean grades of the omni-directional block models were elevated in comparison to those of
the directional block models for both the diamond drill and face chip sample populations (see
table 6.28). The differences between the mean grades of the 20m x 20m and 10m x 10m block
models were however negligible. Domain 2 consistently displays the highest mean grades (i.e.
2.78–3.07g/t & 9.79g/t), whilst Vera South Deeps and Domain 1 display the lowest mean grades
for the diamond drill and face chip block models respectively (i.e. 1.82–1.95g/t & 2.82g/t).

Vera South Deeps
Domain 1
Domain 2
Domain 3

Face Chip
10m x 10m
Omni-Directional
8.35 g/t
2.82 g/t
9.79 g/t
7.00 g/t

10m x 10m
Directional
1.87 g/t
2.04 g/t
3.03 g/t
2.02 g/t

20m x 20m
Directional
1.82g/t
1.87 g/t
3.07 g/t
2.03 g/t

Diamond Drill
10m x 10m
Omni-Directional
1.95 g/t
2.20 g/t
2.93 g/t
2.08 g/t

20m x 20m
Omni-Directional
1.91 g/t
2.20 g/t
2.78 g/t
2.08 g/t

Table 6.28. The mean grades of the Vera South diamond drill and face chip raw samples and
block models.
Low mean grade differences were achieved between the raw diamond drill samples and the
kriged block grades indicating the global biases were low. The mean grade differences between
the raw face chip samples and the kriged block grades were however high, indicating a large
global bias exists. The results have as such been treated with great scepticism.
The blocks along the margins of the models display the highest kriging variances, whilst the
lowest variances are concentrated in the central portions of each domain where more intense
sampling has been undertaken. These low variances coincide with the blocks that form the high
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grade zones in each domain, implying greater confidence can be placed in the block estimates
from the high grade zones.
The kriging variances of the omni-directional face chip block models were extremely elevated
in comparison to those of the diamond drill block models (i.e. 144.56–1154.88 and 3.16–7.38
respectively). Very little confidence was therefore placed in the face chip block model
estimates. The average variances of the omni-directional diamond drill block models were
greater than those of the directional block models’, indicating greater error is incurred in
estimating block grades using omni-directional parameters. Lower variances were also
associated with block models created using larger block sizes (i.e. 20m x 20m).
The average grades of the diamond drill omni-directional and directional block models were
similar, but are higher in the omni-directional block models. The average grades of the 20m x
20m block models are also slightly lower than those of the 10m x 10m block models. In
comparison, the average grade estimates of the face chip block models are three to four times
higher than those of the diamond drill block models. The average tonnes of the diamond drill
block models were less than those of the face chip block models, and the tonnage estimates of
the diamond drill omni-directional and directional block models were different due to the size of
the estimation areas (i.e. the 20m x 20m block model tonnages are greater than those the 10m x
10m block models).
In conclusion, the diamond drill directional block models appear to have estimated the grades of
the Vera South domains most accurately. The results of the 10m x 10m and the 20m x 20m
block models are very similar, such that the use of either block model size is adequate (smaller
block sizes provide greater detail). The results of the face chip omni-directional block models
are subject to speculation. The grade estimates are extremely elevated, as are the associated
block variances. The calculated grade estimates are very different to those of the diamond drill
block models, although the same high grade trends and features are present. This indicates the
face chip samples may be able to be used in block modelling, if alternative kriging methods that
deal with extreme ranges and outliers are employed.

6.8 RECOMENDATIONS
6.8.1 DATA CLUSTERING
The effects of data clustering in the Vera South domains could be investigated during the data
analysis phase of any future studies to determine whether clustering causes the over-estimation
of grades when more data is available in higher-grade zones compared to the lower-grade zones.
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“Declustering” is usually used to reduce the effects of data clustering. Methods such as the
polygonal technique produce declustered histograms of the data that remove any
misconceptions about the mean grade, and which reveal the true form of a distribution. If a
hidden distribution is present in the data, declustering may reveal it so that more appropriate
estimation techniques can be applied. The theoretical basis for cell declustering is provided by
Journel (1983).

6.8.2 GY’S SAMPLING THEORY
The sampling of broken material has been investigated by a number of authors (e.g. G.
Matheron, D. Francois-Bongarcon and F. Pitard). In the 1950’s Dr. Pierre Gy developed a
generalised “Theory for the Sampling of Particulate Materials”, which allows the calculation of
the error (expressed as variance) encountered at each stage in a sample reduction process, and
thus the error for a given sample split size. It also allows the calculation of what sub-sample size
should be used to obtain a specified variance at a 95% confidence error (Annels 2002).
Gy’s theory could be applied to the Vera South ore body, to determine whether the current
sampling procedures are producing samples of adequate size and quality. If sample analyses are
not representative of the in-situ material, then they should not be utilised in resource
estimations. The calculation of the parameters for Gy’s theory will also give an insight into the
nature of the mineralisation (i.e. particle shape, dimension and density) and processability of the
mineralised material (i.e. the particle liberation factor and size). An understanding of the nature
of the mineralisation is also important with respects to exploration. Exploration sampling
programmes should be optimised to ensure adequate samples are collected correctly, and
considering the application of Gy’s theory can perform this.

6.8.3 SPECIFIC GRAVITY
A common error encountered in resource estimation involves the application of an industry
average specific gravity value (SG) for a given rock type or material. Very few if any ore body’s
are homogenous, such that ignoring variations in the specific gravity of the ore and waste
material may result in incorrect tonnage estimates (Dominy 1997). Variations in SG within ore
zones are principally associated with changes in the sulphide content (i.e. higher sulphide
contents result in higher SG’s). The bulk SG of an ore body is subject to changes in rock type,
the degree of fracturing, weathering, porosity and mineralisation intensity. A program of SG
measurements on core and rock samples should therefore be performed, and the results
modelled along with grade during resource estimation. An SG value of 2.65 was used in the
tonnage estimates for the Vera South block models. This SG was established some time ago,
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such that a more comprehensive study of the SG of the ore and waste material from the deposit
would ensure that more accurate grade-tonnage estimates in the future.

6.8.4 STATIONARITY
The diamond drill and face chip sample populations from the Vera South ore body were
assumed to be stationary in order to conduct geostatistical analyses of the data populations.
Stationarity assumes that the mean grade of a deposit is the same everywhere. To test a deposits
stationarity it is broken up into a number of evenly sized domains, whose statistics are then
determined. If they are the same over the entire deposit, then the deposit is be said to be
stationary. If the statistics are different then the deposit is not stationary, in which case nonlinear geostatistical methods are better suited (e.g. universal kriging which was developed to try
and deal with non-stationary data, but its application is complex).
The stationarity of the Vera South deposit was assumed, for time restrictions prevented a
thorough study of the stationarity being performed. It is therefore recommendation that such a
study be executed in the future so that the appropriate geostatistical techniques can be applied to
produce more reliable resource estimates.

6.8.5 VARIOGRAPHY
Relative variograms compensate for the “Proportional Effect” (i.e. where a relationship exists
between the local mean and the corresponding local variance). If a relationship exists between
the squared mean plotted against the variance (or the mean against the standard deviation), then
there is said to be a proportional effect. This is common in deposits exhibiting skewed
distributions (Vann 2001).
Relative variograms can sometimes provide better resolution of the underlying structure when a
proportional effect is evident. The “Pairwise Relative Variogram” is the most commonly
utilized to reduce the effects of very large values on a local basis (i.e. it reduces the effects of
extreme values). These variograms are calculated by dividing the square of the differences of
each pair of regionalised variables by the square of the mean of the two values. This is repeated
for all pairs of samples at all lags. The nugget and regionalized variances are then converted
back to their normal equivalents by multiplying each by the ratio of the normal sill to the
pairwise sill (Annels 2002). “Indicator Variograms” could also be used to reduce the effects of
extreme values and skewed distributions, by transforming the raw data to indicator values based
on a selected threshold. Indicator variograms use 0/1 data of the threshold-based transformation
to calculate the spatial continuity of the 1/0 data (Dominy 2002a).
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The Vera South sample populations are highly negatively skewed, such that the application of
pairwise relative variograms could produce clearer structures than those observed in the
conventional variograms. Indicator variography may also be useful for identifying any
anisotropy in the distribution of the high grade trends. That is, indicator variography can be used
with specific grade intervals to determine whether the directions of anisotropy change with
higher/lower grades.

6.8.6 POINT KRIGING
“Point Kriging” (also called Cross Validation and Jack-Knifing) is method used to check the
reliability of a set of given experimental variogram parameters (Annels 2002). The experimental
variograms parameters are used to estimate a certain point’s value once it has been removed
from the sample population. All the adjacent values that fall within a specified search area or
volume around this point are then used to estimate the point’s value. In this way, the
experimental variograms parameters can be tested before they are used in kriging.
The application of point kriging to the Vera South experimental variograms would have been
useful, but could not be performed due to time restrictions. Point kriging would have identified
any possible errors in the estimation of the nugget variance and range values for the various
domains, and would have enabled the re-modelling of the variograms if the need arose.
Different variogram parameters could have been experimented with to test which best describes
the sample distributions.

6.8.7 BLOCK MODELLING
The size of the individual blocks in the block models created for the Vera South domains were
isotropic (i.e. each side of the blocks were equal) and were chosen to fit the size of the
respective sampling grids. Anisotropic blocks could be used where the largest block dimension
is orientated parallel to the direction of maximum anisotropy. The sizes of the block chosen
would depend not only on the sampling grid size, but also on the range of each population and
the anisotropy ratio determined during variography. The size of the blocks may differ from one
domain to another, such that a study would have to be made of the optimum block size.
The effectiveness of block size can be determined by the “Kriging Efficiency (KE)”, which
measures local block accuracy. Values close to 100% indicate the absence of conditional bias,
and where KE is close to 0% there is very poor local reliability. The application of the KE
would determine whether the block sizes chosen were adequate. KE is given by the following
formula (Dominy 2002a):
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σ2BK = block variance
σ2K = accuracy of the local kriged estimate

6.8.8 KRIGING
Ordinary kriging (OK) is one of the commonly used kriging methods, as it is a robust estimator.
It is able to deal will skewness but is susceptible to the presence of outliers such that the results
may be unreliable. It is therefore recommended that other kriging methods be applied to the
Vera South sample populations, to determine the accuracy of the OK results. Non-linear
“Indicator Kriging (IK)” could be employed, and is widely employed in the mining industry as
it is not affected by outliers (Annels 2002). IK converts raw grades into indicator grades (either
1 or 0) depending on the cut-off grade chosen. IK then determines the proportion of blocks that
have a 95% chance of lying above the cut-off grade. Once the raw samples have been assigned
indicator variables, each ore block is kriged using OK.
“Three Stage Kriging” is another kriging method that could be utilised. IK is used to estimate
the block grades of an ore body that contains high grade zones mixed with lower grade material
(Dominy 2002a). Three steps are involved in this estimation technique. 1: The data is split into
high and low-grade populations, 2: IK is used to estimate the proportion of blocks that lay in the
high grade and low-grade categories, 3: The two data sets are kriged separately using IK, after
which the three values obtained for each block are combined to produce a final block estimate.
“Multiple Indicator Kriging (MIK)” is a variant of IK and is used to estimate the proportion of
each block that lies above a series of thresholds across the entire data population (e.g. 10
percentile ranges) (Annels 2002). It is used for each threshold followed by block kriging. The
proportion of each block that lies in each grade range can then be obtained by subtracting the
indicator variable for the upper limit for each range from that for the lower limit. This value is
used as a weighting factor for the mean grade that lies in each range to produce the bock grade.
IK could be successfully applied to the Vera South sample populations, particularly the face
chip sample populations whose coefficients of variation are greater than 120%. The application
of additional kriging techniques would have also allowed the comparison of the results to those
of the OK. Unfortunately due to time restrictions this was not possible, but the application of
such techniques is highly recommended for future work.
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6.8.9 BLOCK MODEL VALIDATION
Kriged block models should be validated to ensure that they reflect the truth. One way of
validating the block estimates is to compare the mean grade of the block models to the input
samples. Other methods include (Dominy 2002a):
1. Comparing block grade estimates with composite grades.
2. Comparing input and output grade histograms to see if similar distributions exist.
3. Comparing the results of different estimation techniques.
Of all the methods mentioned above, the most reliable way of validating kriged block model
estimates is to compare the results to those of other estimation techniques. If a major difference
is found in the results, then there is likely to be a problem. The “Inverse Distance Weighted
(IDW)” method is employed by Newmont mining, and ideally IDW methods should have also
been utilised in this project to produce estimates that could have been compared to the results of
the ordinary kriging. This was not possible due to time restrictions and software complications,
such that it is highly recommended that this exercise be undertaken in the future.

6.8.10 EXTENSIONAL VARAINCES OF A 3D BLOCK MODEL
“Extension Variance” describes the error incurred in extrapolating the sample values along
blocks margins into the block during estimation (Annels 2002). How well marginal samples
value a block is dependent on the relative magnitude of the range and the block dimensions. The
extension variance produced by a central drill hole in a large block is therefore greater than that
for a smaller block.
The application of extension variances would have enabled the determination of the global
kriging variances of each block model, as the global kriging variance cannot be determined by
the arithmetic mean of the kriging variances of each block. The estimation variance of each
block must first be determined and the total number of blocks in the model divides these values.
Understanding the global kriging variance enables one to determine how well informed the
block models are and thus how much confidence can be placed in the block model estimates.

6.8.11 GRADE-TONNGE CURVES
Traditional grade-tonnage curves allow the tonnage of material in a deposit above a given cutoff grade to be read, but only provide an initial estimate of the true grade-tonnage curve. To
determine the true grade-tonnage curve, the variances of the block estimates have to be taken
into account (See Annels 2002 for a detailed worked example). Experimental curves can also be
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produced for the kriging variances of grade against tonnage to allow estimates of the tonnes and
mean grades above/below specific variance levels to be determined (Annels 2002). Low
variances indicate well proven blocks, while high variances indicate poorly proven blocks.
The production of true grade-tonnage curves and kriging variance curves for the Vera South
block models would have been useful, as the variances observed for the individual blocks in the
various block models were quite high. A comparison between the traditional grade-tonnage
curves and the true grade-tonnage curves would indicate how much of an impact the individual
block variances have on the reliability of the final block estimates. The kriging variance gradetonnage curves would allow one to determine how much confidence can be place in the final
global block model estimates.
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7.1 CONCLUSIONS
The aim of this Masters project was to improve the current understanding of the Vera South ore
body’s geological and grade continuity. The geological continuity of the main vein (V1) was
investigated through the application of a number of different techniques including vein
characteristic correlations and vein width analyses. The grade continuity was investigated using
contouring, fractal geology, autocorrelation (i.e. Fry Correlation) and variographic techniques.
The combination of these techniques produced results that were found to define the geological
and grade continuity of the ore body simply and accurately. The interpretations of the geological
and grade continuity of the Vera South ore body were then integrated into geostatistical resource
estimations for the deposit (i.e. Ordinary Kriging). This was to optimise the resource estimates
and to determine whether geostatistical resource estimation techniques can be applied
successfully to the deposit.

7.2 GEOLOGICAL CONTINUITY
The geological continuity of V1 was first investigated through the application of a number of
different parametric and non-parametric statistical tests, to determine whether the structures
different characteristics (i.e. vein grade, width, dip and dip direction) were correlatable. The
results showed very weak correlations between the grade and width, and width and dip sample
populations. In general, higher gold grades occur in the hangingwall of wider sections of V1
(predominantly in the central region of the ore body), where the greatest dilation has occurred
and thus highest fluid flow. The weakness of the correlation between grade and width is
probably due to the erratic distribution of gold within V1 (i.e. the nugget effect). In these
sections V1 dips between 70°–80°. These steeper, wider zones are considered to represent
releasing bends (Davis 2003c) through which maximum fluid flow occurred. The higher gold
grades and the increase in width of V1 with depth (i.e. V1 is wider in Vera South Deeps
compared to Vera South Upper) is probably due to the increased fluid flow through the host
structure during formation. Weak correlations were also noted between the width and dip
direction sample populations in Vera South Deeps, where the widest sections of V1 have dip
directions between 140°–190°.
Mapping of V1 over several production levels indicated V1 is an accumulation of multiple veins
up to 50cm wide, which have coalesced to form a single structure up to 16.4m. This indicates
there were probably multiple phases of fluid flow through the same conduit. The mapping was
then correlated with the location of face chip sample grades taken from V1. Higher gold grades
are constrained by the Crown fault in the hangingwall (i.e. in Vera South Deeps) and footwall
(i.e. in Vera South Upper) with no significant grades occurring beyond the fault contacts. Where
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smaller faults crosscut the drives, the grades were found to abut them (i.e. the gold grades do
not carry across the faults). Elevated gold grades were associated with brecciated zones in the
hangingwall and around faults. These zones are irregular in shape and range in length from <5m
to greater than 15m. The breccia clasts are angular, are usually <30cm in diameter and their
spacing varies from centimetres up to 1m. High gold grades also coincided with areas of intense
colloform and sulphide banding particularly around the margins of andesitic inclusions in the
hangingwall of V1, and with intensely quartz stringer veined andesitic inclusions >10m long in
the hangingwall. These stringer veins were themselves colloform banded.
In summary, V1 appears to be an amalgamation of smaller veins up to 50cm wide that formed
in an environment of regional extension. Higher gold grades coincide with brecciated zones in
the hangingwall of V1 and around faults, and are also associated with sulphide colloform
banding. These higher grade zones occur where V1 is widest and has dip and dip directions of
70°–80° and 140°–190° respectively. The sections of V1 that displays these preferred
orientations probably represent areas of maximum dilation along V1 during mineralisation,
where higher grades are concentrated in steeper sections.

7.3 GRADE CONTINUITY
The grade continuity of V1 was investigated using contouring, fractal analysis, auto-correlation
techniques and variography. The contour plots and wireframes show that high gold grades occur
in intervals along V1, with the highest grades (>10g/t) concentrating in the central region of V1
when looking along the strike of V1 in plan (i.e. the grades are greatest in the middle of the
drives and peter out towards the end of the drives). These grades occur predominantly in the
hangingwall of V1 as small pods that extend from the hangingwall to the centre of the vein.
They also concentrate in areas where V1 thickens and changes strike direction.
The nature of the diamond drill and face chip gold sample populations was then investigated
using fractal analysis. Fractal plots of the sample populations were created (i.e. logarithmic
cumulative frequency plots) in which two breaks in slope were observed, indicating two grade
populations may exist which is compatible with more than one mineralising event and/or
mechanism. This observation is consistent with work by Mustard et al (2003) who suggested the
PES experienced a major bonanza gold event early in the development of V1, followed by
subsequent fluid-fault activity which did not produce as high gold grades.
The fractal dimensions of the higher grade diamond drill sample fractal populations were
greater than those of the lower grade fractal populations (D = 0.69 and 0.17 respectively),
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indicating there are more high grade samples in proportion to the low-grade samples in the
lower grade fractal population. The spatial distribution of the gold samples from each fractal
range were displayed in scatter plots, and showed that the samples from the lower fractal grade
ranges are evenly distributed across the entire width and depth of the Vera South ore body. The
grades from the higher fractal grade ranges are evenly distributed within the central region of
the deposit and individual domains (i.e. they do not extend to the full width and depth of the
deposit). Larger fractal dimensions were obtained for the face chip sample populations than the
diamond drill sample populations, indicating there were more low-grade samples in proportion
to high grade samples.
Two breaks in slope were also observed in the face chip sample fractal plots from the Nancy,
Nancy North and Vera deposits, and the fractal grade ranges of each were very similar to those
observed in the Vera South sample populations. This similarity implies the mineralisation
mechanisms (see Mustard et al 2003) active during the formation of the Vera South ore body
were also active along the extent of the Vera-Nancy Structural Corridor at the same time. The
spatial distribution of the gold samples from each fractal range were plotted in scatter graphs,
and showed the individual samples from the lower fractal grade ranges are evenly distributed
across the entire width and depth of each deposit, while the grades from the higher fractal grade
ranges are evenly distributed within the central region of the deposits implying the gold was
deposited during different mineralising events.
Autocorrelation (or Fry Analysis) of the diamond drill sample populations identified continuous
high grade zones within the Vera South deposit. The plunges and plunge bearings of these high
grade zones within the deposit and in each domain were found to be comparable (45°–65° and
215°–255° respectively), and crosscut the strike direction of V1. Variography was also
employed to determine whether the same high grade zones recognized by autocorrelation could
be identified and modelled. Directional experimental variograms fitted with simple spherical
models for the Vera South diamond drill sample populations showed strong geometric
anisotropy was present. An anisotropic cyclicity was also observed, where a hole-effect was
present in some directions and was non-existent in the perpendicular directions. In this way, the
high grade zones identified in each domain were interpreted to have plunges and plunge
bearings between 22.5°–67.5° and 237°–271° respectively.
Autocorrelation is therefore a simple and direct method that requires no assumptions to
determine the presence of high grade trends in the Vera South deposit, and the location of
samples from specific grades ranges. In comparison, variography is a sophisticated
mathematical technique that identifies the directions of maximum spatial continuity between
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samples. It is relatively easy to apply, but requires some assumptions and a degree of experience
to interpret. Both techniques can be applied, but one must take into consideration to purpose of
the results when choosing which technique is appropriate.
In summary, contouring indicated high gold grades occur predominantly in the hangingwall of
V1 and are concentrated within the central region of the structure, and the fractal results are
compatible with these higher gold grades having been deposited during more than one
mineralising event and/or by different mechanisms. The grade ranges of each fractal population
were comparable across the Vera South domains and across the deposits along the Vera-Nancy
Structural Corridor. The higher grades are also spatially concentrated within the central region
of V1, which is consistent with the contouring results. Autocorrelation and variography studies
showed that these high grades occur in trends which have plunges and plunge bearings between
22.5°–67.5° and 237°–271° respectively.
The localization of the high grade trends in the hangingwall of the steepest and widest sections
of V1 was probably controlled by the geometry of the hosting structure and the mineralising
mechanisms. The highest grades occur in zones of maximum dilation (i.e. in the central region
of the deposit between the two limbs of the sigmoidal host structure) which display constant
orientations (i.e. there are no dramatic changes in strike direction). V1 also has a slightly
concave shape in these zones, which extends down the dip of the host structure at ~40°. The
high grade trends straddle the ridge of this concave structure until they are truncated by faults
and discontinuities in the structure of V1. In models by Davis (2003) the zones of maximum
dilation correspond to releasing bends, while restraining or anti-dilational bends characterised
by quartz stringer veining and vein splays are concentrated in the hangingwall of V1 in
shallower dipping sections of the host structure. Models by Zhang et al (1995) showed that
higher gold grades can concentrate in the hangingwall of V1 due to the increases in the
apertures of fractures in the hangingwall and fault zone which act as fluid flow channel ways
after faulting. The high grade trends that plunge ~40° through the Vera South deposit therefore
probably represent the main fluid flow channel ways in which gold was deposited during the
multiple mineralising events.
The geological significance and thus reasoning behind the localization of the high grades into
southwest plunging trends is unknown. It is possible that the high grades trends occur
perpendicular to the axes of flexure in V1. They may also be related to fault displacement
vectors or be due to vein intersections. The mechanisms and vein structures controlling the
localization of these trends are therefore not well understood, and require further investigation
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in order for the grade distribution and continuity of the Vera South deposit to be fully
understood.

7.4 GENERAL CONTROLS ON THE FORMATION OF THE VERA SOUTH
ORE BODY
The Vera South deposit is believed to have formed due to simple dilation along the Vera-Nancy
Structural Corridor. Linear elastic fracture mechanics theory was employed to preliminarily
attempt to determine what constraints the geometry of the structure might place on
mineralisation. To investigate the idea that V1 formed due to simple dilation without any
faulting, the dilation of a theoretical vein was calculated and compared to the actual form of V1.
It was found that the theoretical driving stresses and pore fluid pressures required to dilate the
Vera-Nancy Structure to 16.4m at a depth of 2km (the deposits are believed to have formed
within 2km of the surface during the mineralising event) (Butler 2000) would be ~245MPa and
~260MPa respectively. To obtain such pore fluid pressures, hydrostatic mineralising fluids
would have to have been derived from depths of ~13.2km. This depth is unrealistic (i.e. the
Vera-Nancy Structural Corridor is not believed to penetrate to such depths), such that the
deposit probably formed within a regional extensional environment and/or from over-pressured
fluids. This is consistent with the current understanding of the formational environment of the
Pajingo Epithermal System (PES).
The Vera-Nancy Structure was then compared to models by Zhang et al (1995) which describe
how faulting can influence and alter fluid flow channel ways in different sections of a deposit
due to changes in the physical properties of the host rock (i.e. porosity and permeability). The
models showed that in shallow environments, dilation and fluid flow is concentrated within the
fault zone and hangingwall due to the opening of sub-vertical fracture sets which become less
pronounced with depth. This is accompanied by block rotation, void formation, thickening and
stress decreases. The aperture of fractures in the fault zone and hangingwall also increases when
fluid flow is increased. Mapping of V1 in the Vera South ore body shows that quartz stringer
veining, vein splays and large andesitic inclusions are concentrated in the hangingwall in
restraining or anti-dilational bends, indicating dilation and fluid flow was concentrated in the
hangingwall. Fracture apertures in the hangingwall and fault zone have also probably increased
with depth to act as fluid flow channel ways during mineralisation, as the width and grade of V1
in Vera South Deeps is far greater than in Vera South Upper.

7.5 RESOURCE ESTIMATION
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Traditional resource estimation techniques are currently used by the Pajingo gold mine to
estimate the Vera South ore body mineral resources. The aim of this project was to try and
further optimise these grade estimations by applying geostatistical techniques that incorporated
the geological and grade continuity study results outlined in the previous sections. Prior to
undertaking a geostatistical study, the Vera South ore body was divided into four separate
domains based on the geological continuity of the mineralised vein structure. A general
overview of the diamond drill and face chip sample populations from each domain was then
made, followed by a statistical review.
Frequency histograms and log-probability plots fitted with normal and lognormal distributions
illustrated that the diamond drill data sets were not normally or log-normally distributed, whilst
the face chip sample populations approached log-normality. Three-parameter logtransformations of these data populations then showed they approached log-normality. The
coefficients of variation for the diamond drill and face chip sample populations in each domain
(between 1.06–1.26 and 2.17–2.79 respectively) were scrutinised to determine the relative
effectiveness of applying geostatistical resource estimation techniques. These values indicate
that geostatistical estimation techniques may be utilised with relative confidence on the
diamond drill sample populations, and may produce more reliable estimates for the face chip
sample populations than more risky conventional techniques.
The accuracy of the laboratory assays was investigated using standards. The percentage
difference between the expected and achieved mean gold values showed the results are globally
accurate (the majority of standard assay results were within 10% of their expected grades). The
precision of the results was tested by investigating each standards assay results over time. It was
found that the assay results were over-estimated in January 2003 and under-estimated in
October 2003 by <1g/t at all grades ranges.
Parametric and non-parametric tests were applied to test for changes between the expected and
actual standard assay grades, and for changes/associations between the original and duplicate
face chip sample assay results. Four different tests were applied to analyse sample precision and
accuracy, determine whether the same results would be achieved or whether relationships in the
sample populations would be identified by one test and not another due to differences in the
sensitivities of the tests. The Paired Sample T-Test, the Wilcoxon Matched Pairs Signed Rank
Test, the Sign Test and the Friedman 1-Way ANOVA by Ranks Test showed that in 25%, 23%,
25% and 18% respectively of the cases the expected standard grades are different from the
actual grades. The similarity of all the test results indicates the standard assays are reliable, such
that one can safely assume that the laboratory accuracy is adequate. The precision of laboratory
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assays was then tested, and it was found that in Vera South Upper and Deeps the duplicate
sample assays are different from the original sample grades in 38.8%, 6.1%, 30% and 28.3% of
the cases respectively, and 94.1%, 25.1%, 57.6% and 48.4% of the cases respectively. These
results indicate sample precision is variably adequate, but is satisfactory for Pajingo’s
requirements. Lower precision is also achieved for samples from Vera South Deeps.
The precision of the duplicate samples was also analysed using four correlation tests. The
Pearson (r) Correlation Coefficient indicated a moderate correlation exists between the original
and duplicate samples in the Vera South ore body (r = 0.6), while the Spearman (r2) and Kendall
(tau) Correlation Coefficients indicated moderate correlations exists between the original and
duplicate samples in Vera South Upper (r2 = 0.8, tau = 0.63) and Deeps (r2 = 0.73, tau = 0.57).
The Kolmogorov-Smirnov Test showed the original and duplicate samples from Vera South
Upper have very similar distributions, while those from Vera South Deeps share less similar
distributions. The samples therefore show reasonable precision and hence reproducibility.
The resource estimations for the four Vera South ore body domains were then performed using
the geostatistical program “GEOSTOKOS”. Less confidence was placed in the resource
estimates calculated using the face chip samples, for the samples were considered less reliable
than the diamond drill samples due to unintentional biases. More emphasis was therefore placed
on the estimates achieved using the diamond drill samples. The diamond drill and face chip
sample populations were assumed to exhibit stationarity, with the support of the diamond drill
samples being more reliable. Very few extreme values (i.e. outliers) existed in the data sets,
such that they were not excluded. Omni-directional and directional experimental variograms
were created for the diamond drill sample populations as sample variances were low (5.73–
8.82), but directional variograms could not be created for the face chip sample populations.
Only omni-directional variograms were created due to the lack of spatial correlation as a result
of the extremely elevated sample variances (234.70–1090.32). Spherical models were fitted to
all the variograms.
The nugget variance in the diamond drill omni-directional and directional variograms accounted
for up to 90% and 75% of the sill value respectively, where domains 2 and 3 displayed the
highest and lowest nugget variances. Geometric anisotropy was observed in the directional
variograms, and the minimum and maximum ranges were between 25m–40m (domain 3 and 1
& 2 respectively) and 45m–65m (domain 1 and 3 respectively). The nugget variance in the face
chip omni-directional variograms accounted for up to 87% of the sill value, implying that a pure
nugget effect is being approached. Vera South Deeps and domain 1 had the highest and lowest
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nugget variances. Weak geometric anisotropy was observed in the variograms and was between
20–45m (Vera South Deeps and domain 1).
GEOSTOKOS was used to create block models of the face chip and diamond drill sample
populations. The face chip block models were created using omni-directional variographic
parameters, and the individual blocks were isotropic (10m x 10m). Omni-directional and
directional block models were created for the diamond drill sample populations using two
different block sizes (10m x 10m and 20m x 20m). The results of the face chip omni-directional
block models were then compared to those of the omni-directional diamond drill block models.
Ordinary kriging was used to estimate the grade of the individual blocks in all the models. The
diameter of the search volumes employed to capture the samples was equivalent to the
geostatistical ranges determined by variography. Where the number of samples captured
dropped below 5, the grade of the block was not estimated. Four omni-directional blocks
models were created for the face chip sample populations, and twelve block models (i.e. four
omni-directional and eight directional) were created for the diamond drill sample populations.
High grade trends were observed in all the face chip and diamond drill block models. The
spatial location of these zones was similar in all the models (figure 1 and table 1), with only
their shapes differing due to differences in block model scale. The high grade trends occur in
pods separated by lower grade material (<1g/t), and appear to be continuations of each other.
The orientation of these high grade zones (table 6.1) are also very similar to those identified in
the autocorrelation studies (see footnote 6). The variography results are also similar, but may
not be indicating the directions of maximum correlation, for only four compass directions were
used (i.e. the search ellipse angles are 22.5° apart). For example, in domain 1 the actual plunge
of the high grade trends may be anywhere between 33.75–56.25°, which is comparable to the
45° & 60°, and 25°–65° plunge angles observed in the block models and autocorrelation study.

Vera South Deeps

Domain 1
West of 5775mE
& between
915mRL–875mRL

Domain 2
16155mE–16275mE
& between
815mRL–760mRL

Domain 3
6095mE–6205mE
& between
750mRL–725mRL

East of 5755mE
& between
825mRL–685mRL

5735mE–5815mE
& between
1040mRL–950mRL

16125mE–16375mE
& between
1100mRL–900mRL

6000mE–6150mE
& between
850mRL–950mRL

East of 5765mE
& between
1175mRL–1115mRL

16425mE–16500mE
& between
1125mRL–1050mRL

West of 6175mE
& between
1100mRL–1000mRL

High Grade
Trend(s)

Table 6.26. The extent of the high grade trends identified in the diamond drill and face chip
block models.
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Vera South
Deeps
Domain 1
Domain 2
Domain 3

Directional
Models
35° Plunge
262° Azimuth
60° Plunge
258° Azimuth
40° Plunge
237° Azimuth
50° Plunge
271° Azimuth

Omni-Directional
Models
30° Plunge
262° Azimuth
45° Plunge
258° Azimuth
40° Plunge
237° Azimuth
55° Plunge
271° Azimuth

CHAPTER SEVEN. CONCLUSIONS
Autocorrelation Plots

Variograms

25–65° Plunge
215–255° Azimuth

67.5° Plunge
262° Azimuth
45° Plunge
258° Azimuth
22.5° Plunge
237° Azimuth
67.5° Plunge
271° Azimuth

Table 6.1. The orientation of the high grade zones in the Vera South ore body, as identified
through block modelling, autocorrelation and variography.

Figure 1. The location of the high grade trends in the Vera South ore body.
The mean grades of the diamond drill directional 10m x 10m and 20m x 20m block models and
the omni-directional 10m x 10m block models were almost identical, but slightly higher in the
omni-directional models. The average difference in grade between the mean raw grades and
block model grades was 0.37g/t, indicating that the global bias is very low. The largest and
smallest differences in grade were between the Vera South Deeps block models (0.54g/t) and
the domain 3 block models (0.19g/t). The mean grades of the face chip 10m x 10m omnidirectional block models were greatly elevated compared to those achieved by the diamond drill
samples. The average difference in grade between the mean raw grades and block model grades
was 4.18g/t, indicating a large global bias exists such that the results should be treated with
great scepticism. The largest and smallest differences in grade were between the domain 2
(5.45g/t) and the domain 1 block models (3.56g/t). The mean grades of the diamond drill block
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models compared to the face chip block models showed that domain 2 consistently displays the
highest mean grades. Vera South Deeps achieves the lowest grades based on the diamond drill
block models, and domain 1 achieves the lowest grades based on the face chip block models.
The average block grade estimates for the face chip block models were three to four times
higher than those of the diamond drill block models due to the elevated nature of the individual
face chip samples. The average grade of the diamond drill omni-directional block model
estimates were slightly higher than those of the directional block models, and the average grades
of the 10m x 10m block models were also higher than those of the 20m x 20m block models.
The tonnages of these models were also greater, especially in the 20m x 20m block models.
At a 1g/t cut-off grade (COG), the average grade of the diamond drill block models ranges
between 2.49–3.94g/t and the total percentage of recoverable tonnes is between 56–81%. The
omni-directional models consistently display the highest percentages of recoverable tonnes. At a
5.5g/t COG, the average grade of the block models ranges between 5.74–7.09g/t and the total
percentage of recoverable tonnes is vastly reduced to between 0.6–17%. Again, the omnidirectional models consistently display the highest percentages of recoverable tonnes. The
average grade and tonnage of the face chip block models at 1g/t and 5.5g/t COG’s are extremely
elevated compared to the diamond drill block models. At a 1g/t COG, the average grade of the
block models ranges between 3.77–10.72g/t and the total percentage of recoverable tonnes is
between 70–92%. At a 5.5g/t COG, the average grade of the block models ranges between 9.8–
17.46g/t and the total percentage of recoverable tonnes is between 12–49%.
Kriging variance maps for the block models indicated that the highest variances occur along the
margins of the domains, and the lowest variances are concentrated in the central portions of
each domain. These low block variances coincide with the location of the blocks that form the
high grade zones, indicating greater confidence can be placed in these high grade block
estimates. The highest and lowest variances achieved for the diamond drill directional block
models were 7.86 and 3.16, with the average variance of the 20m x 20m block models being
slightly lower (i.e. block estimates are more reliable when larger block sizes are used). The
variances of the omni-directional block models were greater than those of the directional block
models, where the highest and lowest variances were 8.78 and 5.13. The omni-directional face
chip block model variances were extremely elevated due to enormous differences in grade
between the individual samples used to calculate the block estimates (the lowest and highest
variances achieved were 144.56 and 1154.88). These high variances indicate greater error is
incurred in estimating block grades using omni-directional parameters. Estimates produced
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using directional parameters were therefore more reliable and very little confidence was placed
in the estimates calculated using the face chip sample populations.
In summary, block models of the Vera south ore body generated using the face chip sample
populations are unreliable and are subject to numerous biases. Reliable estimates can be created
using the diamond drill sample populations based on directional variographic parameters. Either
10m x 10m or 20m x 20m block sizes can be used, but one must take into account the higher
tonnages of the 20m x 20m models and the higher grades of the 10m x 10m models. The 20m x
20m block models also have lower overall block variances.

7.6 OPTIMISATION OF RESOURCE ESTIMATION
In order to generate accurate and reliable resource estimates, a sound knowledge of the
geological and grade continuity of an ore body is required. The application of a number of
different techniques during the course of this project enabled a better understanding of the
continuities of the ore body to be obtained. Grade contouring, fractal analysis and
autocorrelation proved to be effective techniques that are simply applied and which identify and
describe the general orientation of any high grade trends. Variography more accurately
describes the orientation of such trends, but requires a degree of experience to be applied
effectively. Mapping, modelling and linear elastic fracture mechanics were then applied to
improve the understanding of the geological continuity of the ore body, and to explain the
distribution of grades within the hosting structure.
The results obtained in these and other such continuity studies were and should be incorporated
into mineral resource and ore reserve estimates, to enable more representative and accurate
estimates to be calculated. An understanding of the continuity of an ore body enables decisions
to be made with respects to variography and block modelling parameters, and what estimation
techniques can be applied. This includes changing variographic parameters to account for high
grade trends or multiple lodes, re-orientating block models to better estimate the grades of those
blocks within and around high grade trends, influencing the selection of block model block
dimensions, and by dictating which estimation technique(s) can be effectively applied. The
application of the techniques outlined in this project could therefore be applied effectively in
future mineral resource and ore reserve studies to provide more accurate estimates, by having an
improved understanding of the ore body’s geological and grade continuity.
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7.7 SUMMARY OF MAIN OUTCOMES
A number of different techniques have been applied in this masters project to describe the
geological and grade continuity of the Vera South deposit, which were then used to optimise
mineral resource estimations. The main outcomes determined have been summarised below:
1. Very weak correlations were noted between the grade and width, and width and dip
sample populations. The highest gold grades occur in the widest sections of the main
vein (V1) that dip between 70°–80° and have dip directions between 140°–190°. V1 has
a slightly concave shape in these zones, and the high grade trends (see point 7) straddle
the ridge of this concave structure. These areas are interpreted to represent releasing
bends where greatest dilation and thus highest fluid flow has occurred. These trends
stop where they are truncated by faults and discontinuities in the structure of V1.
2. V1 is an accumulation of multiple veins up to 50cm wide that have coalesced to form a
single structure up to 16.4m, indicating there were probably multiple phases of fluid
flow through the same conduit.
3. Higher gold grades are constrained by the Crown and smaller cross-cutting faults,
where no significant grades occur beyond the fault contacts. Elevated gold grades also
occur associated with brecciated zones in the hangingwall and around faults, and with
andesitic inclusions in the hangingwall of V1.
4. Grade contouring showed that high grades occur in intervals along the extent of V1,
with grades >10g/t concentrating in the central region of V1 when looking along the
strike of V1 in plan. These grades occur predominantly in the hangingwall side of V1 as
small pods that extend from the hangingwall to the centre of the vein, especially in areas
where the vein thickens and changes strike direction.
5. Fractal analysis of the gold sample populations are compatible with the hypothesis that
more than one mineralising event and/or mechanism was active during the formation of
the Vera South deposit and along the extent of the Vera-Nancy Structural Corridor at
the same time.
6. Scatter plots of the samples from each fractal grade range populations showed that the
samples that comprise the lower fractal grade populations are evenly distributed across
the entire width and depth of the Vera South deposit, while the samples that comprise
the higher fractal grade populations are evenly distributed within the central region of
the deposit and individual domains.
7. Autocorrelation and variography showed that continuous high grade trends occur within
the Vera South deposit. Autocorrelation showed the trends have plunges and plunge
bearings between 45°–65° and 215°–255°, while variography showed the trends have
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plunges and plunge bearings between 22°–68° and 237°–271°. These high grade trends
probably represent the main fluid flow channel ways in which gold was deposited
during multiple mineralising events.
8. Models by Zhang et al (1995) showed that higher gold grades could concentrate in the
hangingwall of V1 due to increases in the apertures of fractures in the hangingwall and
fault zone which act as fluid flow channel ways after faulting.
9. Linear elastic fracture mechanics theory was used to find that the theoretical driving
stresses and pore fluid pressures required to dilate the Vera-Nancy Structure to 16.4m at
a depth of 2km would be ~245MPa and ~260MPa respectively, assuming a state of
stress due to gravity in an confined elastic solid. To obtain such pore fluid pressures,
hydrostatic mineralising fluids would have been derived from depths of ~13.2km. It is
unlikely that the Vera-Nancy fault system was permeable to this depth, so the vein did
not open as a mode I crack under hydrostatic fluid pressure. Vein opening thus required
extensional stress and/or over-pressured fluids or fault movement.
10. Nugget variance accounts for up to 87% of the sill value in the face chip omnidirectional variograms (i.e. a pure nugget effect is being approached), and for up to 90%
and 75% of the sill value in the diamond drill omni-directional and directional
variograms respectively. This was due to the erratic distribution of gold within V1
which is a function of the Pajingo mineralisation style.
11. High grade trends were observed in all the block models, where ordinary kriging was
used to estimate the block grades. These trends occur in pods that are continuations of
each other, and which are separated by lower grade material. The plunges and plunge
bearings of these trends in the directional block models are between 35°–60° and 237°–
271°, and are between 30°–55° and 237°–671° in the omni-directional block models.
These orientations are very similar to those identified using autocorrelation and
variography. The location of these trends also coincides with the zones interpreted to
represent releasing bends, were greatest dilation and fluid flow occurred.
12. The results for the face chip block models indicate they should not be used in future
resource estimations, for the results are unreliable and subject to large biases. Extremely
large block variances were achieved (i.e. 144.56–1154.88), and the mean grade
differences between the raw and the kriged block grades were high indicating a large
global bias exists. The mean block model grades were considerably higher than those of
the diamond drill block models (i.e. 2.82–9.79g/t compared to 1.87–3.03g/t for the
10x10m and 1.82–3.07g/t for the 20x20m diamond drill block models), as were the
mean block model tonnages.
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13. The results for the diamond drill block models indicate geostatistical resource
estimation techniques could be used in future resource estimations, using directional
variography and 10m x 10m block dimensions.
14. The mean grades of the 10x10m block models more closely resemble the raw mean
grades than the 20x20m block models. The mean grade differences between the raw and
the 10x10m kriged block grades for were also on a whole lower, indicating the global
biases were low. The mean grades of the omni-directional and directional block models
were comparable (1.82–3.07g/t and 1.87–3.03g/t for the 10x10m and 20x20m models
respectively). The highest and lowest mean grades were displayed by the omnidirectional 10x10m and directional 20x20m block models respectively.
15. The tonnages of the omni-directional and directional block models were also
comparable (6,537,550–63,377,400g/t and 8,310,400–68,666,800g/t for the 10x10m
and 20x20m models respectively), and the highest and lowest tonnages were displayed
by the omni-directional 20x20m and directional 10x10m block models respectively.
16. The block model variances were all low (3.18–8.78 and 3.16–8.50 for the 10x10m and
20x20m models respectively), but were slightly lower in the 20x20m block models
which suggests more reliable results can be achieved using larger block sizes. The
highest and lowest variances respectively occurred along the margins of the domains
and concentrated in the central portions of each domain, coinciding with the location of
the blocks that form the high grade trends. The lower variances associated with the
blocks that form these trends also indicate the trends do exist and that their grade
estimates are reliable.
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