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Mineral exploration is undertaken in stages,with each stage designed to get to the next decision point ofwhether
or not to keep exploring a particular area based on the results at hand. As a general rule, each consecutive explo-
ration stage is more expensive due to the progressively more drill- and study-intensive nature of the work re-
quired, in particular after discovery of a potentially economic mineral deposit. As such, the distribution of
exploration activities and related expenditures essentially serve as a spatialmeasure of prospectivity as perceived
bymineral exploration companies. In this studywe compare historic (1980 to 2002) porphyry Cu–Auexploration
activities and expenditures in part of the Ordovician to Early Silurian Macquarie Arc, Australia's most significant
porphyry province with total resources greater than 80 Moz of Au and 13 Mt of Cu, to prospectivity modelling
results from aweights of evidence (WofE)model. The outcomes of this spatial and statistical comparison indicate
that at 2002 the Macquarie Arc was by no means a mature exploration destination and that past exploration in-
vestment outside the main mining areas was not necessarily effective. Moreover, no spatial correlation was ap-
parent between areas of higher exploration expenditure and greater geological potential. For example, of the
692 km2 of highly prospective ground covered by the exploration licences examined in this study, only 89 km2

(c. 13%) have been explored effectively in that they received some form of drilling. Interestingly, the remaining
area (603 km2 or c. 87%) had not yet been effectively tested. As such, our analysis confirmed that despite a greater
100 year exploration andmining history,much of the prospective groundwithin the study area remained untest-
ed. Taken as a whole, the results of our spatial and statistical comparison are important inputs for assessing the
effectiveness of exploration investment and explanation maturity and, therefore, future exploration decision-
making. The outcomes also have implications for strategic planning of future government legislation helping to
manage and maximise the benefits from exploration investment.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Mineral prospectivity modelling with GIS (Bonham-Carter, 1994;
Carranza, 2009) is increasingly being used by geoscientists in
government and academia who, over the past 25 years, have signifi-
cantly improved the various computational modelling techniques
(e.g., weights of evidence, fuzzy logic, artificial neural networks:
Porwal and Kreuzer, 2010) and applied them (i) to awide range ofmin-
eral deposit types worldwide (González-Álvarez et al., 2010; Herbert
Morritt Close, Rockingham, WA

. Kreuzer).

Comparing prospectivity mod
eol. Rev. (2014), http://dx.doi
et al., 2014; Lindsay et al., 2014; Porwal et al., 2010), (ii) to data-rich
and data-poor areas (Fallon et al., 2010; Ford and Hart, 2013; Lusty
et al., 2012), and (iii) at scales typically ranging from district to conti-
nent (Billa et al., 2004; Feltrin, 2008; Nykänen et al., 2008). More re-
cently the scope and capabilities of mineral prospectivity modelling
have been significantly extended to include, for example, three dimen-
sional analysis (Apel, 2006; Feltrin et al., 2008; McGaughey et al., 2009;
Mejía-Herrera et al., 2014), fractal analysis (Ford and Blenkinsop, 2008;
Wang et al., 2012), and economic risk analysis (Partington, 2009;
Partington, 2010).

Regardless of these improvements and successes, uptake of GIS-
based prospectivity modelling by industry has been slow (Partington
and Sale, 2004); perhaps because the technique is (i) perceived as a
elling results and past exploration data: A case study of porphyry Cu–
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black box technology that requires expert knowledge to operate,
(ii) essentially interpolative and constrained by known data whilst
most important exploration success has come from extrapolating pat-
terns into environments of poor data coverage (Porwal and Kreuzer,
2010), (iii) typically applied to two-dimensional datasets whereas
mineralisation processes operate in three-dimensional space (Porwal
and Kreuzer, 2010), and (iv) rarely presented by its advocates as a
practical tool for decision-making and problem-solving in mineral ex-
ploration. Whilst methodological and technical aspects of GIS-based
prospectivity modelling have been dealt with comprehensively and
published widely, demonstration of its practical applications has been
very limited apart from the showcasing of mineral potential maps.
Thesemaps are very useful and informative but should not be regarded
as the be-all and end-all of the modelling but as a starting point for fur-
ther investigations.

Here we present an example of how a GIS-based prospectivity
model may be used as input for further analysis. In this study, we com-
pare prospectivity modelling results to real-world exploration data that
essentially serve as a spatial measure of prospectivity as perceived by
the minerals exploration industry (cf. Cowley et al., 2009). The out-
comes of this spatial and statistical comparison have implications for
assessing the effectiveness of exploration investment and exploration
maturity, which are important inputs for future exploration decision-
making. The outcomes also have implications for strategic planning of
future government legislation helping to manage and maximise the
benefits from exploration investment.

The area selected for the case study covers part of the Ordovician
to Early Silurian Macquarie Arc (Fig. 1), a now dismembered intra-
oceanic island arc most widely exposed in the Lachlan Fold Belt of
New of South Wales (Crawford et al., 2007; Glen, 2005; Hough et al.,
2007). TheMacquarie Arc is Australia's most fertile and productive por-
phyry province with an endowment of greater than 80 Moz of Au and
13 Mt of Cu (Clancy Exploration Limited, 2009; Cooke et al., 2007).
The study area, which is defined by the Narromine, Dubbo, Forbes,
Bathurst, Cootamundra, and Goulburn 1:250,000 scale map sheets,
was selected to match an area investigated by a previous, unpublished
study of historic porphyry Cu–Au exploration activities and expenditure
commitments undertaken at the ARCNational Key Centre for Geochem-
ical Evolution and Metallogeny of Continents (GEMOC), Macquarie
University, Sydney. A weights of evidence (WofE) model of porphyry
Cu–Au prospectivitywas developed by Kenex Limited in the framework
of a mineral systems approach (Hronsky and Groves, 2008; Kreuzer
et al., 2008; McCuaig et al., 2010; Wyborn et al., 1994). The model,
which covers the entire Lachlan Fold Belt in New South Wales, was
clipped to the study area, allowing direct comparison of the
prospectivity model and the historic exploration and expenditure
data.

2. Geology of the Macquarie Arc

The Ordovician to Early Silurian Macquarie Arc (Fig. 1) is an intra-
oceanic island arc that is most-widely exposed in the New South
Wales section of the Lachlan Fold Belt, one of five Palaeozoic orogenic
belts in eastern Australia that together form the Tasman Fold Belt Sys-
tem (Foster and Gray, 2000; Glen, 2005; Hough et al., 2007; Suppel
and Scheibner, 1990; Walshe et al., 1995).

The Macquarie Arc performed a key role in the development of the
Lachlan Fold Belt, which formed by complex accretionary processes
Fig. 1. Overviewmap illustrating the study areas: (1) Open-file, porphyry Cu–Au related explo
Forbes (SI/55-7), Bathurst (SI/55-8), Cootamundra (SI/55-11), and Goulburn (SI/55-12) 1:250,0
carried out over the entire New South Wales portion of the Lachlan Fold Belt (termed here the
distribution of Ordovician to Early Silurian volcanic and intrusive rocks in the eastern Lachlan
endowed Cadia and Northparkes porphyry Cu–Au districts are highlighted. Key to abbreviatio
GF = Gilmore Fault, IF = Indi Fault, KF = Kiewa Fault, PF = Parkes Fault, YalF = Yalmy Faul
C = Canberra, LFB = Lachlan Fold Belt, NSW= New South Wales, S = Sydney, VIC = Victori
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from Cambrian to Carboniferous times. These processes were triggered
and sustained by the closure of theWagga back-arc basin and associated
collision of theMacquarie Arcwith the proto-Pacificmargin of Gondwa-
naland during the Late Ordovician to Early Silurian Benambra Orogeny.
Post accretion, theMacquarie Arc was dismembered largely by E–Wex-
tension, with arc-parallel strike-slip faulting mainly restricted to the
southern end. The overall tectonic development of the Macquarie Arc
is commonly linked to its position above and interaction with a west-
dipping subduction zone underneath the Gondwana plate, although a
more complicated setting with multiple switches and intermittent
cessation of subduction is likely (Cooke et al., 2007; Fergusson, 2009;
Glen et al., 2007a; Holliday et al., 2002).

Igneous and volcaniclastic rocks of the now-dismemberedMacquarie
Arc are exposed in four structural belts:

• The Junee–Narromine Volcanic Belt in the west;
• The central Molong Volcanic Belt;
• The Rockley–Gulgong Volcanic Belt in the east; and
• The Kiandra Volcanic Belt in the south.

These belts, which formed by fragmentation of the Macquarie Arc
post accretion, are separated by younger Silurian to Devonian rifts but
can be correlated based on stratigraphy and major and trace element
chemistry (Glen et al., 2007b, 2011).

Geochronological, stratigraphic and geochemical evidence is com-
patiblewith episodic evolution of theMacquarie Arc over a period of ap-
proximately 50 million years. The arc-related magmatism can be
divided into four principal, partly overlapping phases that range in age
from Early Ordovician to Early Silurian (Cooke et al., 2007; Crawford
et al., 2007; Fergusson, 2009; Glen et al., 2007b):

• Phase 1 (Early Ordovician; c. 490 to 475Ma): Producedmainly high-K
calc-alkaline and shoshonitic intrusions and lavas that are only repre-
sented by relatively restricted outcrop in the Junee–Narromine and
Molong volcanic belts.

• Phase 2 (Middle Ordovician; c. 466 to 450Ma): Producedwidespread,
mainly high-K calc-alkaline and shoshonitic intrusions and lavas
across all four structural belts of the arc.

• Phase 3 (Late Ordovician; c. 450 to 445 Ma): Produced shoshonitic
intrusions and widespread but voluminously small, mainly felsic
intrusions with distinctive medium-K calc-alkaline compositions;
coincidedwith a fivemillion year hiatus in magmatism in thewest-
ern part of the arc that was accompanied by uplift, erosion and es-
tablishment of a widespread carbonate platform; resulted in the
emplacement of porphyries and related Cu–Au mineralisation at
Copper Hill, Cargo and possibly at Marsden.

• Phase 4 (Late Ordovician to Early Silurian; c. 458 to 437 Ma): Pro-
duced dominantly shoshonitic intrusions and lavas; coincided
with crustal thickening during the Benambran Orogeny; resulted
in the emplacement of the economically most significant Cu–Au
mineralised porphyries in the Macquarie Arc.

Arc-related magmatism ceased in the Early Silurian during the
protracted Benambran Orogeny (Cooke et al., 2007).

The Macquarie Arc is well endowed with large porphyry, skarn and
epithermal deposits (cf. Table 1 in Cooke et al., 2007) containing more
than 80 Moz of Au and 13 Mt of Cu (Clancy Exploration Limited,
2009). A spatial, temporal and genetic relationship is evident between
many of the porphyry, skarn and epithermal deposits and Late Ordovi-
cian to Early Silurian shoshonitic intrusive complexes in the Macquarie
ration and expenditure data were compiled for the Narromine (SI/55-3), Dubbo (SI/55-4),
00 scalemap sheet areas (termedhere the “GEMOC study”); (2) prospectivity analysiswas
“prospectivity study”) and clipped to the study area labelled (1). The map also shows the
Fold Belt, known porphyry Cu–Au and related skarn deposits and major faults. The highly
ns, figure: CF = Copperhannia Fault, CNF = Coolac-Narromine Fault, EF = Ensay Fault,
t, YarF = Yarralaw Fault. Key to abbreviations, inset: ACT = Australian Capital Territory,
a.

elling results and past exploration data: A case study of porphyry Cu–
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Table 1
Critical processes of the mineral system for porphyry Cu–Au and details of the WofE analysis of porphyry Cu–Au prospectivity for the Lachlan Fold Belt in New South Wales. See text for discussion.

Processes Sub-processes Mappable ingredients/
predictor maps

Classes ID Area
(km2)

Units N W+ Ws+ W− Ws− C Cs Stud C Comments

Source (i) Melt generation in the mantle
below the arc;
(ii) mafic underplating;
(iii) partial melting of lower crust;
(iv) formation of crustal magma
chambers;
(v) extraction of metals from
mantle and/or crustal sources

Proximity to Ordovician to
Silurian felsic to
intermediate intrusive and
extrusive rocks

All rock types other than
Ordovician to Silurian
intrusive and extrusive rocks

1 147,329 73,664 4 −0.9 0.5 1.0 0.3 −1.9 0.6 −3.09 Lithological units were arranged into
groups according to rock type (e.g.,
felsic intrusive rocks, intermediate in-
trusive rocks, felsic extrusive rocks, in-
termediate extrusive rocks) and age

b 600 m from Ordovician to
Silurian extrusive rocks
(unless intrusive)

2 14,541 7270 2 0.7 0.7 −0.1 0.3 0.8 0.8 1.09

b750 m from Ordovician to
Silurian intrusive rocks

3 37,292 18,646 7 1.1 0.4 −0.6 0.4 1.6 0.6 2.92

Transport (i) Change in plate motion or
angle of subduction, promoting
extension, dilational deformation
and vertical permeability;
(ii) magma escape from crustal
magma chamber;
(iii) emplacement of porphyritic
intrusions and/or dyke swarms to
within 1 to 4 km of the surface

Proximity to areas of high
fault density

Low density (within bottom
57/100 units)

1 187,542 93,771 6 −0.7 0.4 2.2 0.4 −2.9 0.6 −5.28 Fault density map (excluding thrust
faults) was reclassified into 100 classes
(100 = highest density, 0 = lowest
density)

Medium density (between
28 to 43/100 units)

2 7016 3508 2 1.5 0.7 −0.1 0.3 1.6 0.8 2.09

High density (within top 28/
100 units)

3 4603 2301 5 2.8 0.4 −0.5 0.4 3.3 0.6 5.74

Proximity to N–S (arc-
parallel) and NW–SE (arc-
transverse) faults

N1300 m from N–S and NW–

SE faults
1 155,032 77,516 3 −1.2 0.6 1.2 0.3 −2.5 0.7 −3.74 Select N–S- and NW–SE-striking faults

(excluding thrust faults), buffer to
5000 m at 100 m intervalsb1300 m from N–S and NW–

SE faults
2 44,129 22,065 10 1.2 0.3 −1.2 0.6 2.5 0.7 3.74

Trap (i) Stalling of magma ascent;
(ii) exsolution of volatile phases
from the cooling magma and
consequential volume expansion
and wallrock alteration;
(iii) recurring fracturing and/or
brecciation of enclosing country
rocks driven by multiple intrusive
events and magmatic-
hydrothermal and/or tectonic
processes

Proximity to magnetic highs N1900 m from magnetic
highs

1 154,005 77,003 3 −1.2 0.6 1.2 0.3 −2.4 0.7 −3.69 Domains of high total magnetic
intensity (i.e., highs N56,432 nT) were
extracted from the reclassified magnet-
ic (TMI) data and buffered out to 5 km
at 50 m intervals

b1900 m from magnetic
highs

2 45,156 22,578 10 1.2 0.3 −1.2 0.6 2.4 0.7 3.69

Proximity to calcareous
rocks

N1400 m from calcareous
rocks

1 195,054 97,527 10 −0.2 0.3 2.4 0.6 −2.7 0.7 −4.04 Calcareous lithological units of Silurian
age or older were buffered out to
10 km at 100 m intervalsb1400 m from calcareous

rocks
2 4108 2054 3 2.4 0.6 −0.2 0.3 2.7 0.7 4.04

Proximity to fault
intersections

N2400 m from fault
intersections

1 172,889 86,445 5 −0.8 0.4 1.5 0.4 −2.4 0.6 −4.13 Point theme of fault intersections
(excluding thrust faults) was buffered
by 2000 m around these points in
100 m intervals

b2400 m from fault
intersections

2 26,272 13,136 8 1.5 0.4 −0.8 0.4 2.4 0.6 4.13

Proximity to fault bends N1700 m from fault bends 1 184,300 92,150 7 −0.5 0.4 1.8 0.4 −2.4 0.6 −4.25 Point theme of fault bends (excluding
thrust faults) was buffer by 4000 m at
100 m intervals around these points

b1700 m from fault bends 2 14,861 7430 6 1.8 0.4 −0.5 0.4 2.4 0.6 4.25

Proximity to competency
contrasts between
lithological units

N1200 m from competency
contrasts

1 181,309 90,655 8 −0.4 0.4 1.5 0.4 −1.8 0.6 −3.24 Lithological units were grouped
according to competency contrast
assigned on a range from 1 to 10;
contacts between lithological units
were extracted and further processes if
the competency difference (d) was N3;
contacts were buffered to 5 km at
100 m intervals

b1200 m from competency
contrasts

2 17,852 8926 5 1.5 0.4 −0.4 0.4 1.8 0.6 3.24

Deposition (i) Transfer of metals into
hydrothermal fluids that exsolved
from the magma;
(ii) fracture-controlled discharge
of these metal-bearing hydrother-
mal fluids upwards and/or out-
wards from the magmatic source;
(iii) metal deposition triggered by
fluid cooling and depressuriza-
tion, and by reaction of these
fluids with the surrounding wall
rocks;
(iv) outflow of spent fluids

Proximity to Ag-in-rock chip
anomalies

No data −99 190,820 95,410 9 0.0 0.0 0.0 0.0 0.0 0.0 0.00 Probability plots were created in ioGas
to calculate Ag anomaly thresholds
marked by breaks in rock chip assay
value populations; the anomalous data
were gridded using a 2000 m sphere of
influence

b2000 m from Ag values
b1 ppm

1 6095 3048 1 −1.1 1.0 1.0 0.6 −2.1 1.2 −1.82

b2000 m from Ag values
N1 ppm

2 2246 1123 3 1.0 0.6 −1.1 1.0 2.1 1.2 1.82

Proximity to Au-in stream
sediment anomalies

No data −99 169,432 84,716 6 0.0 0.0 0.0 0.0 0.0 0.0 0.00 Probability plots were created in ioGas
to calculate Au anomaly thresholds
marked by breaks in rock chip assay
value populations; the anomalous data
were gridded using a 2000 m sphere of
influence

b1400 m from non-
anomalous Au values

1 23,069 11,535 1 −1.7 1.0 1.3 0.4 −3.0 1.1 −2.81

b1400 m from anomalous
Au values

2 6660 3330 6 1.3 0.4 −1.7 1.0 3.0 1.1 2.81

Proximity to Cu-in-rock chip No data −99 164,327 82,164 5 0.0 0.0 0.0 0.0 0.0 0.0 0.00 Probability plots were created in ioGas
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Arc (Holliday et al., 2002; Gray et al., 1995; Lickfold et al., 2003; Forster
et al., 2004; Lawrie et al., 2007; Glen et al., 2007b; Cooke et al., 2007;
Wilson et al., 2007; Forster, 2009).
3. Macquarie Arc porphyry Cu–Au deposits

3.1. Alkalic porphyry Cu–Au deposits

The discovery of Cu and Au in theMacquarie Arc dates back to 1851.
However, alkalic porphyry Cu–Au systems were only recognised in the
Macquarie Arc in 1976 when wide-spaced drilling by Geopeko Limited
intersected the Endeavour 22 deposit (Lye et al., 2006). Since then,
two well-endowed clusters of Au-rich alkalic porphyries have been de-
lineated in the Cadia (c. 40 Moz Au, 8 Mt Cu: Holliday et al., 2002;
Thomas and Moorehead, 2011) and Northparkes (c. 2.1 Moz Au,
1.5Mt Cu: Lickfold et al., 2003, 2007) districts. Combined, these districts
constitute theworld's second largest alkalic porphyry province after the
Quesnel–Stikine terrane in British Columbia and the largest porphyry
province in Australia (Cooke et al., 2007).

Mineralisation processes in the Cadia and Northparkes districts
were centred upon composite,multiphase porphyriticmonzonite intru-
sive complexes that intruded broadly comagmatic shoshonitic volcanic
centres between 458 and 437Ma at depths between 2 and 3 km. The lo-
cations of these districts are spatially coincident with a major NW–SE-
to WNW–ESE-striking basement structure cutting the Macquarie Arc
obliquely. This structure, referred to as the Lachlan Transverse Zone, is
thought to have favoured emplacement of porphyries by providing a
favourable pathway for the migration of melts, leading to high-level
ponding of magmas. The timing of this magmatism was synorogenic
in that the porphyries intruded their tilted volcanic and volcaniclastic
host sequences in the early phase of the Benambran Orogeny, after
arc-related volcanism had effectively shut down and after the initial
stages of accretion of the Macquarie Arc to Gondwana (Cooke et al.,
2007; Glen et al., 2007b). Subsequent deformation partially dismem-
bered the districts, thereby superposing different level porphyry Cu–
Au systems and their host rocks (Thomas andMoorehead, 2011). Asso-
ciated Late Ordovician to Middle Silurian uplift (at least 1 to 2 km) and
erosion partially exhumed the porphyry Cu–Au systems (Cooke et al.,
2007).

Cu–Aumineralisation in the Cadia district is spatially and genetically
associatedwith alkalic, high K to shoshonitic intrusions of monzodiorite
to quartz monzonite composition. The most significant deposits within
the district are (Cooke et al., 2007; Smith, 2012):

• Cadia East (2300 Mt @ 0.44 g/t Au, 0.28% Cu);
• Cadia Hill (352 Mt @ 0.63 g/t Au, 0.16% Cu);
• Ridgeway (150 Mt @ 0.71 g/t Au, 0.37% Cu); and
• Cadia Quarry (50 Mt @ 0.46 g/t Au, 0.23% Cu).

Geochronological data suggest that the porphyry Cu–Au deposits
in the Cadia district formed in two mineralising events separated by
18 million years and possibly younging eastwards, with Ridgeway
being the oldest (456 ± 6 Ma) and Cadia East the youngest (438 ±
3 Ma) deposit in the district (Wilson et al., 2007). Mineralised intru-
sive bodies occur as small bosses, plugs and dykes that appear to em-
anate from a single batholith at depth, the presence of which is
inferred from aeromagnetic data. Cu–Au mineralisation occurs as
stockwork quartz veins, sheeted quartz veins and locally as broadly
stratabound disseminations. Hydrothermal alteration associated
with Cu–Aumineralisation is potassic, which is overprinted by selec-
tively pervasive propylitic and silica–albite assemblages. To date,
calc-alkalic porphyry Cu–Au mineralisation has been defined along
a NW–SE-striking corridor six kilometres long and several hundred
metres wide and has been traced by drilling to a depth of more
than 1600 m (Holliday et al., 2002).
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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The Northparkes district comprises four economic porphyry Cu–Au
deposits centred on narrow, pipelike quartz monzonite porphyry intru-
sive complexes, including

• Endeavour 26 (65.3 Mt @ 0.39 g/t Au, 1.37% Cu);
• Endeavour 48 (33.4 Mt @ 0.59 g/t Au, 1.04% Cu);
• Endeavour 22 (18.6 Mt @ 0.61 g/t Au, 0.71% Cu); and
• Endeavour 27 (14.4 Mt @ 0.73 g/t Au, 0.71% Cu).

Whilst these mineralised intrusions have vertical extents of at
least 1400 m, they are among the smallest economic porphyry Cu–
Au deposits in the world in terms of both tonnage and cross-
sectional area (c. 300 by 200 m2) (Cooke et al., 2007; Lickfold et al.,
2003). According to Lickfold et al. (2003), the Northparkes porphyry
Cu–Au deposits, which formed between 446 Ma and 437 Ma, are re-
markably consistent in terms of the sequences of intrusive emplace-
ment, veining, and alteration. As such, it is possible that at the time of
formation all four deposits were connected to a single mid- or upper-
crustal magma chamber. Cu–Au mineralisation at the Northparkes
deposits occurs as concentrically zoned, cylindrical bodies of quartz
and sulphide stockwork veins centred on the multiphase quartz
monzonite porphyry intrusive complexes. Hydrothermal alteration
at Northparkes is typically restricted to within approximately
750 m of the intrusive host complexes and does not conform to the
classic porphyry-style alteration zonation described by Lowell and
Guilbert (1970). Rather, alteration assemblages are often discontin-
uous, non-symmetrical and do not all occur in every deposit.

3.2. Calc-alkalic porphyry Cu–Au deposits

In comparison with the alkalic porphyry Cu–Au systems in theMac-
quarie Arc, the calc-alkalic systems are poorly described (Champion
et al., 2009). The most significant calc-alkalic porphyry deposits are
Marsden (230 Mt @ 0.17 g/t Au, 0.34% Cu: Newcrest Mining Limited,
2014) and Copper Hill (153 Mt @ 0.28 g/t Au, 0.32% Cu: Golden Cross
Resources Limited, 2013). Both are associatedwith calc-alkalic intrusive
complexes of intrusive phase 3 that were emplaced between approxi-
mately 450 and 445 Ma. As such, they predate formation of the much
larger alkalic porphyry systems of the Cadia and Northparkes districts
by several millions of years (Cooke et al., 2007).

4. Mineral systems approach to porphyry Cu–Au mineralisation in
the Macquarie Arc

4.1. The mineral systems approach

This study adopted amineral systems approach to help constrain the
workflowof this prospectivity analysis. Themineral systems approach is
based on the premise that mineral deposits are the focal points of much
larger earth process systems that operate on a variety of scales to focus
mass and energy flux. Being process-based, the application of theminer-
al systems approach is neither restricted to a particular geological setting
nor limited to a specificmineral deposit type. Rather, theflexibility of this
concept allows for multiple mineral deposit types to be realised within a
single mineral system, thereby acknowledging the inherent natural var-
iability among mineral deposits (Wyborn et al., 1994).

In this approach, the critical processes acting together to form min-
eral deposits are (Hronsky, 2004; Knox-Robinson and Wyborn, 1997;
Kreuzer et al., 2008; Lord et al., 2001; McCuaig and Hronsky, 2000;
McCuaig et al., 2010; Porwal and Kreuzer, 2010; Wyborn et al., 1994):

• Source: All geological processes required for extraction of necessary
ore components (melts or fluids, metals and ligands) from crustal
and/or mantle sources;

• Transport: All geological processes required for melt- or fluid-assisted
transfer of ore components from sources to traps (i.e., effective, active
melt or fluid pathways);
Please cite this article as: Kreuzer, O.P., et al., Comparing prospectivity mod
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• Trap: All geological processes required to focusmelt or fluidmigration
into channels that can accommodate metal deposition;

• Deposition: All geological processes required for extraction of metals
from melts or fluids passing through the traps; and

• Preservation: All geological processes required to preserve the accu-
mulated metals through time.

Whilst none of these processes can be directly observed or mapped,
we can observe and map in our geoscience datasets the expressions of
these processes (i.e., the targeting elements: McCuaig et al., 2010). The
GIS environment is ideally suited for this task and for using this informa-
tion to create derivative predictor maps, spatial maps that serve as spa-
tial proxies for these mappable targeting criteria and, thus, for the
critical ore-forming processes (McCuaig et al., 2010; Porwal and
Kreuzer, 2010).

The mineral systems approach is essentially a probabilistic concept
in that if the probability of occurrence of any of the critical processes be-
comes zero, then no deposit will be present (Kreuzer et al., 2008; Lord
et al., 2001;McCuaig et al., 2010). By integratingmineral systemsmodels
into a probabilistic framework a prior probability of success can be calcu-
lated for discovery of a potentially economic mineral deposit in an area.
This thinking has been applied to valuation of exploration programs
(Lord et al., 2001), development of targeting decision and ranking tools
(Kreuzer et al., 2008), economic risk analysis (Partington, 2010), and
prospectivity analysis (e.g., González-Álvarez et al., 2010; Joly et al.,
2012; Kreuzer et al., 2010; Porwal et al., 2010).

4.2. Porphyry Cu–Au mineral systems model

Porphyry Cu–Au deposits and the processes critical in their forma-
tion (Fig. 2, Table 1) were summarised in detail by Sillitoe (2000,
2010), Tosdal and Richards (2001), Candela and Piccoli (2005), and
Seedorff et al. (2005). These summaries informed the mineral systems
model outlined below.

4.2.1. Source processes
Source processes critical to the formation of porphyry Cu–Au de-

posits in the Macquarie Arc would have most likely included (i) melt
generation in the mantle below the arc due to melting of the subducted
oceanic crust and the mantle wedge overlying the subducted slab,
(ii) underplating of mantle-derived melts at the base of the crust and/
or intrusion of these melts into the lower crust along zones of litho-
spheric weakness (i.e., major translithospheric structures), (iii) partial
melting of the lower crust triggered by the arrival of these mantle-
derived melts, (iv) formation of long-lived, deep crustal magma cham-
bers (≥6 km below earth's surface) that are episodically replenished
and fractional crystallisation of the magma in these chambers, and
(v) extraction of metals from mantle and/or crustal sources and
partitioning of these metals into melts (Richards, 2003; Tosdal and
Richards, 2001; Wilkinson, 2013).

4.2.2. Transport processes
Transport processes critical to the formation of porphyry Cu–Au de-

posits in the Macquarie Arc would have most likely included (i) a
change in plate motion or angle of subduction, promoting extension,
dilational deformation and vertical permeability, (ii) magma escape
from deep crustal magma chambers via apophyses, and (iii) emplace-
ment of porphyritic intrusions and dyke swarms to within 1 to 4 km
of the surface controlled by buoyancy forces and permeable (sub-)ver-
tical conduits, in particular translithospheric, arc-parallel, strike-slip
structures that served as a primary control on magma emplacement in
many volcanic arcs (Richards, 2003; Wilkinson, 2013).

4.2.3. Trap processes
Trap processes critical to the formation of porphyry Cu–Au deposits

in the Macquarie Arc would have most likely included (i) stalling of
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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magma ascent, for example, due to reduction of magma pressure or
supply, intersection of a physical barrier to magma ascent, or in-
creasing magma viscosity as the melt cools to near-solidus tempera-
tures, (ii) exsolution of volatile phases from the cooling magma and
consequential volume expansion and wallrock alteration, and
(iii) recurring fracturing and/or brecciation of enclosing, previously
deformed country rocks driven by multiple intrusive events and
magmatic-hydrothermal (e.g., volume expansion, overpressuring)
and/or tectonic processes (e.g., dilational deformation) (Richards,
2003; Tosdal and Richards, 2001). Size and continuity of the resulting
traps (i.e., interconnected fracture networks or breccia bodies that
served as efficient fluid pathways) and development of sufficient per-
meability are important variables as they determine the size and conti-
nuity of any resulting orebody.

4.2.4. Deposition possesses
The metal deposition process critical to the formation of porphyry

Cu–Au deposits in the Macquarie Arc was most likely triggered by
cooling and depressurization of metal-bearing hydrothermal fluids
that exsolved from themagma and by reaction of these fluids with sur-
rounding reactive wall rocks. Discharge of these metal-bearing hydro-
thermal fluids upwards and/or outwards from the magmatic source
would have been fracture-controlledwith the fracture networks also fa-
cilitating outflow of the spent fluids (Richards, 2003;Wilkinson, 2013).
The efficiency and duration of this process is what ultimately controls
the grade and tonnage of any resulting orebody.

4.2.5. Preservation processes
Porphyry Cu–Au deposits in the Macquarie Arc are commonly well

preserved, in particular within low strain zones that recorded little
post-Ordovician uplift such as the WNW–ESE-striking Lachlan Trans-
verse Zone. Further evidence for widespread preservation within the
Macquarie Arc of the “porphyry environment” includes (i) the occur-
rence of epithermal level systems that typically form in the upper
kilometre of the Earth's crust, and (ii) the occurrence of volcanic centres,
comagmatic with and intruded by Early Ordovician to Early Silurian
porphyry complexes (Cooke et al., 2007; Glen et al., 2012). For the pur-
pose of this study the assumption was made that porphyry Cu–Au de-
posits were relatively well protected from erosional processes
everywhere within the Macquarie Arc.

5. Spatial and prospectivity analysis

5.1. Introduction

The study area (Fig. 1), which is defined by the Narromine, Dubbo,
Forbes, Bathurst, Cootamundra, and Goulburn 1:250,000 scale map
sheets (with a buffer of 20 km), was selected to match the area exam-
ined in a previous study of historic porphyry Cu–Au exploration activi-
ties and related expenditure that is summarised in Section 7.

Data collection and prospectivity analysis undertaken by Kenex Lim-
ited (www.kenex.com.au), on the other hand, were carried out over the
entire New SouthWales portion of the Lachlan Fold Belt, an area that is
much larger than the study area. The benefits of undertaking themodel-
ling at the belt-scale are that the analysis (i) covered asmuch of the per-
missive area for Late Ordovician to Early Silurian porphyry Cu–Au
deposits as possible, (ii) encompassed more training data, and (iii) pro-
vided more realistic and holistic results representing the prospectivity
of the study area as a function of belt-scale prospectivity and based on
a porphyry Cu–Au mineral system model for the entire belt.

5.2. Weights of evidence (WofE) approach

Spatial analysis was carried out using the WofE approach in combi-
nation with the Spatial Data Modeller extension (Sawatzky et al., 2010)
(www.ige.unicamp.br/sdm/ArcSDM10) for ESRI's ArcGIS software.
Please cite this article as: Kreuzer, O.P., et al., Comparing prospectivity mod
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WofE is a data-driven Bayesian probability method for combining
evidence in support of a hypothesis. The method was originally devel-
oped for medical diagnosis (Spiegelhalter, 1986) but subsequently
adopted for mineral prospectivity modelling with GIS (Bonham-Carter,
1994; Bonham-Carter et al., 1989). Deng (2009) describedWofEmodel-
ling as a method that relates the presence of mineral deposits to a num-
ber of binary predictor maps of geological features. These predictor
maps (i.e., evidence maps reflecting mappable criteria of a particular
mineral system) are used as inputs in and are combined to generate a
map of estimated posterior probabilities of occurrence of mineral de-
posits or mineral prospectivity map (Deng, 2009; Harris et al., 2001).

WofE modelling comprises five stages: (i) Estimation of prior proba-
bility (i.e., the probability of a mineral occurrence existing in a
predetermined area computed before considering or collecting any addi-
tional information); (ii) determination of weighting coefficients; (iii)
calculation of posterior probability (i.e., the probability of a mineral oc-
currence existing in a predetermined area computed after determination
of weights and introducing additional information), (iv) testing for con-
ditional independence and (v) model validation (Bonham-Carter, 1994;
Bonham-Carter and Agterberg, 1990; Bonham-Carter et al., 1989;
Lindsay et al., 2014; Raines et al., 2000).

Employing Bayesian statistics, the WofE approach is used to
(i) compute the spatial relationship between the predictor maps and a
set of knownmineral occurrences (i.e., the training data), and (ii) assign
each predictor map feature class a pair of weights, W+ andW−. A pos-
itive W+ value indicates a positive association between the training
data and predictor map feature, whilst a negative W+ value indicates
the opposite. A non-zero W−value indicates that a spatial relationship
exists between the training data and the absence of the predictor map
feature, with positive values indicating a positive relationship and
negative values indicating a negative relationship. If there is no spatial
relationship between the training data and a particular predictor
map feature, then W+ = W− = 0. The contrast value C (where
C = W+ – W ) reflects the degree of spatial relationship between
the predictor map and the training data; as such, the larger the C
value the stronger the spatial relationship. The standard deviations of
the pair of weights and contrast values are also calculated (Ws and
Cs), providing a studentised value of the contrast (StudC; Table 1).
StudC refers to the ratio of the contrast C to the standard deviation of
the contrast Cs and gives an informal test of the hypothesis that C =
0. Therefore, a StudC value greater than 1.5 (or smaller than −1.5) in-
fers a true, strong positive (or negative) correlation and a StudC value
greater than 0.5 but less than 1.5 (or less than −0.5 but more than
−1.5) infers a true but weak positive (or negative) correlation. One of
the limitations of theWofE approach is that it assumes conditional inde-
pendence between the predictor maps. This assumption is commonly
violated when producing a prospectivity map based on posterior prob-
abilities from geological data and so potentially introduces an element
of bias (Harris et al., 2001).

Being a data-driven approach,WofEmodellingwas ideally suited for
this spatial analysis of a study area that is data-richnot onlywith respect
to mineral occurrences that can be used as training data but also with
respect to geological, geochemical and geophysical datasets offering
uniform coverage of the study area.

5.3. Study area GIS

Most digital data used in this study were open-file and sourced
from either the Geological Survey of New South Wales (www.
resources.nsw. gov.au/geological; Eastern Lachlan Orogen Geosci-
ence Data: www.shop.nsw.gov.au/proddetails.jsp?publication=
6866) or Geoscience Australia (www.ga.gov.au). Key data used in
this study are:

• Mineral occurrences, including the training data (Table 2): Attributed
vector data, extracted from a proprietarymineral occurrence database
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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owned by Kenex Limited, providing information about or descriptions
of commodity type, deposit size and production, mineralisation style
and ore minerals;

• Geology: Attributed vector data providing information about or
descriptions of unit name, rock type and class, lithology and
geological age;

• Faults: Partly attributed vector data only providing incomplete in-
formation about or descriptions of fault types and senses of move-
ment (available for only 245, or 6%, of the 3807 faults and fault
segments in the study area) and no information about fault age,
thereby severely limiting the detail of analysis possible;

• Geochemistry: Attributed vector data capturing locations and geo-
chemical assay results (e.g., Au, Cu) of stream sediment and rock
chip samples and drill holes; and

• Geophysics: High resolution (50 m grid cell size) TMI and 1VD RTP
airborne magnetic raster data; and moderate resolution (100 m
grid cell size) airborne K, Th and U radiometric data.

Examples of important digital datasets not utilised in the spatial
analysis are:

• Folds: Information about folds is biased toward the relatively data-
rich Dubbo and Bathurst 1:250,000 scale map sheet areas whereas
the other map sheets, in particular Cootamundra, are relatively data-
poor with respect to fold axial traces,

• Soils: Open-file soil sampling data are scarce (n= 325) and of incom-
plete, irregular coverage, and only 25% (n=82) of these samples have
Fig. 2. (a) Suprasubduction zone setting for the formation of porphyry Cu–Au deposits. The fou
responding to Fig. 2b–e, respectively. (b) Mafic magma underplates the base of the continenta
gime mafic magmas get trapped in deep crustal sills where they evolve to intermediate-to-fe
increase the content of volatiles and metals to generate fertile magmas. (c) Sulphide satura
phase. If the sulphide is later remelted bymafic intrusions or dissolved by exsolving volatiles th
by magnetite crystallization, or assimilation of reducing crustal rocks, promotes the partitionin
boiling” and “second boiling” processes: cf. Cline, 2003), efficiently extracting Cu, Au and othe
of hydrothermal fluid flow and cooling across a steep thermal gradient, combinedwith expansio
creating a porphyry Cu–Au deposit. Figure modified from Winter (2001) and Wilkinson (2013
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been assayed for Au,
• Gravity: Their low resolution (500 m grid cell size) makes the gravity
data unsuitable for use in a prospectivity analysis.

• Radiometrics: Their low penetration depth and incomplete cover-
age makes the of the airborne gamma-ray spectrometer data (Th,
K and U) unsuitable for use in a prospectivity analysis.

5.4. Predictor maps

The predictor maps outlined below are based on predictive evidence
extracted from spatial datasets using the porphyry Cu–Au mineral sys-
tems model described in Section 4. The descriptions below consider
only those predictor maps that were used in the prospectivity model
(Table 1). Appendix 1 provides a summary of the more than 80 predic-
tor maps produced in this study.

5.4.1. Predictor maps for source processes
None of the processes of energy and mass flux described in the por-

phyry Cu–Au systemmodel can bemapped but their expressions in our
geoscience datasets can. Mappable geological features indicative of
these processes having operated in the Macquarie Arc are (i) the pres-
ence of large volumes of arc-related volcanic and intrusive rocks
contained in four, several 100 km-long belts that formed within a
much more extensive convergent margin system spanning the entire
proto-Pacific margin of Gondwanaland, (ii) its 40+million year history
of volcanic and intrusive activity, (iii) Ordovicianmagmatic zirconswith
r environments where key processes operate are labelled (b) to (e) with these labels cor-
l crust, triggering melting and assimilation of crustal rocks. In a compressional tectonic re-
lsic compositions. Cycles of addition of fresh mafic magma and fractional crystallisation
tion of intermediate-to-felsic magmas leads to stripping of metals into a sulphide-melt
en a highly enrichedmelt or volatile phase will be generated. (d)Melt reduction triggered
g of reduced sulphur species into volatiles exsolving from the melt (in response to “first
r sulphur-complexed metals to produce highly enriched ore fluids. (e) Efficient focusing
n of an ascending single-phase fluid, could forcemetal deposition in a limited rock volume,
).

elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001

image of Fig.�2
http://dx.doi.org/10.1016/j.oregeorev.2014.09.001


Fig. 2 (continued).

9O.P. Kreuzer et al. / Ore Geology Reviews xxx (2014) xxx–xxx

Please cite this article as: Kreuzer, O.P., et al., Comparing prospectivity modelling results and past exploration data: A case study of porphyry Cu–
Au mineral systems in the Macquar..., Ore Geol. Rev. (2014), http://dx.doi.org/10.1016/j.oregeorev.2014.09.001

image of Fig.�2
http://dx.doi.org/10.1016/j.oregeorev.2014.09.001


10 O.P. Kreuzer et al. / Ore Geology Reviews xxx (2014) xxx–xxx
positive εHf values, indicating derivation from unevolved mantle-
derived magmas, consistent with formation in an intraoceanic island
arc, and (iv) its significant Cu–Au endowment contained in various por-
phyry Cu–Au and related mineral occurrences and deposits (Cooke
et al., 2007; Glen et al., 2007b; Glen et al., 2011).

Proxies (also referred to as mappable criteria: Wyborn et al., 1994;
or mappable targeting criteria: McCuaig et al., 2010) for source process-
es are limited, in particular those that have uniform coverage over the
study area and, thus, are relatively unbiased (Porwal and Kreuzer,
2010). The most suitable and powerful of these are lithological and
stratigraphic information, readily available for the entire study area
from attributed digital geological maps.

Porphyry Cu–Au deposits in the Macquarie Arc are contained either
withinOrdovician to Silurian intrusive complexes or in rocks adjacent to
such complexes. Roof pendants and adjacent rocks are often volcanic
and part of volcanic centres that were comagmatic with themineralised
porphyries (Cooke et al., 2007). On the whole, these igneous rocks are
probably the only uniform proxy for the Ordovician to Silurian arc-
related magmatism and the processes that generated the melts and ul-
timately the porphyry Cu–Au deposits. As such, occurrence of and prox-
imity to felsic to intermediate intrusive and volcanic rocks of Ordovician
to Silurian age (Fig. 3a) served as the key evidence map for the source
aspect of the mineral systems approach to prospectivity modelling
(Table 1).
5.4.2. Predictor maps for transport processes
Geological features indicative of the transport processes outlined

above having operated in the Macquarie Arc include but are not limited
to (i) sedimentary sequences of Llandovery age that were deposited in
extensional or transtensional basins, reflecting arc extension and relax-
ation (possibly as a result of subduction zone rollback) at the same time
as porphyry Cu–Aumineralisation and, (ii) high-level intrusive porphy-
ries that were emplaced episodically into the Macquarie Arc between
Early Ordovician (c. 481 Ma) and earliest Silurian (c. 437 Ma), and (iii)
arc-parallel and arc-transverse faults and fault intersections that, in
the Macquarie Arc, are spatially and most likely genetically associated
with porphyry Cu–Au mineralisation (Cooke et al., 2007; Glen et al.,
2007a,b; Glen et al., 2011; Tosdal and Richards, 2001).

Llandovery age basin sequences are a good proxy for the tectonic re-
gime at the time of porphyry Cu–Aumineralisation but they are of little
use as a vector towardsmineralised porphyries. The occurrence and dis-
tribution of high-level intrusive porphyries is an excellent guide but not
conditionally independent from some of the source processes outlined
above. As such, structural data are the only reliable and readily available
proxies also satisfying the critical requirement of having uniform cover-
age of the study area. As summarised in Table 1, suitable proxies for
Table 2
Ordovician to Early Silurian porphyry Cu–Au and related skarn deposits used as training data f
Data sources: Geological Survey of New South Wales (2006); Thomas and Moorehead (2011);

Deposit name Mineral deposit type Host rocks

Cadia Hill Porphyry Cu–Au Quartz monzonite porphyry
Northparkes Porphyry Cu–Au Trachyandesite, trachyte, volcanic
Doradilla Skarn Sn–Cu Sandstone
Yeoval Porphyry Cu–Mo Granodiorite
Browns Creek Skarn Cu–Au Limestone near contact with gran
Blayney Skarn Cu Basalt
Sheahan-Grants Skarn Cu–Au Siltstone near contact with monzo
Copper Hill Porphyry Cu–Au Dacite
Delayneys Dyke Skarn Cu–Au Sandstone–granite contact
Red Hill Skarn Cu–Au Tuff and minor volcanic rocks
Ardlethan Porphyry Sn–Cu Granite–quartzite contact
Balmoral Skarn Cu–Zn Marble within volcaniclastic unit
Kyloe Porphyry Cu–Au Granite–sandstone contact
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dilational deformation and vertical permeability are medium to high
fault density (Fig. 3b) and fault orientation, in particular N–S (arc paral-
lel structures) andNW–SE (arc transverse structures) (Fig. 3c). Unfortu-
nately, the New SouthWales GIS fault database contains no information
regarding fault ages and only discriminates to a minor extent between
thrust and non-thrust faults.

5.4.3. Predictor maps for trap processes
There are few proxies for the above trap processes apart from lithol-

ogy and structure as evident in the currently exposed upper crustal ar-
chitecture of the Macquarie Arc. Zones of dilation, which offer high-
permeability pathways for the focused ascent of magma from lower
crustal zones and a perfect environment for development of aerially
and volumetrically extensive fracture networks in upper crustal zones,
may be represented by fault intersections or fault bends (Richards,
2003; Tosdal and Richards, 2001). Competency contrasts among litho-
logical unitsmay give rise to local zones of dilation and permeability, fo-
cusingfluidflow at or close to lithological contacts. In addition, lithology
may play a role in enhancing ore grade with impermeable rock units
such as limestone preventing fluid escape and metal dispersion
(e.g., at Grasberg, Indonesia) or providing a reactive host for high-
grade skarns (Wilkinson, 2013).

The key predictors selected for the prospectivity modelling were
proximity to calcareous rocks (Fig. 3d), competency contrasts among
lithological units (Fig. 3d), and to fault bends and fault intersections
(Fig. 3e). Total magnetic intensity (TMI) grids and derivative grids
were used to identify magnetic highs (Fig. 3f) that captured the maxi-
mum number of training data and may reflect magnetite- or
pyrrhotite-rich porphyry-related alteration zones (Table 1).

5.4.4. Predictor maps for deposition processes
Evidence for the above deposition processes having operated in the

Macquarie Arc includes but is not limited to (i) occurrence of porphyry
Cu–Au deposits comprising mineralised stockwork-like or sheeted
quartz vein arrays, disseminations and/or breccia associatedwith potas-
sic alteration assemblages, and (ii) analytical data demonstrating the
magmatic origin of the hydrothermal fluids (i.e., hypersaline brines ±
low-density vapours) that formed the porphyry Cu–Au deposits
(Cooke et al., 2007). An additional proxy for depositional processes hav-
ing occurred is (iii) the relative enrichment of rocks, soils and stream
sediments near porphyry Cu–Au deposits in a range of pathfinder ele-
ments such as Au, Ag, Cu, As, Mo, Pb, Zn, Sb and Hg (Table 3).

As illustrated in Table 1, the key predictor maps selected for the
prospectivity modelling based on data coverage and statistical and spa-
tial analyses were anomalous Au in stream sediments (Fig. 3g), anoma-
lous Cu and Ag in rock chips and drill chips/core (Fig. 3h). Additional
or the porphyry Cu–Au prospectivity model.
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important predictors include Au occurrences (Fig. 3i), areas of high
magnetic gradient between high and low magnetic values given that
the location of porphyry Cu–Au deposits often coincides with magnetic
Please cite this article as: Kreuzer, O.P., et al., Comparing prospectivity mod
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slopes rather than intensemagnetics highs or lows (Fig. 3j), and areas of
low magnetic values that may indicate zones of magnetite destruction
in rocks proximal to porphyry Cu–Au deposits.
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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Fig. 3.Predictormapsof the porphyryCu–AuWofEmodel. (a) Proximity to felsic to intermediate intrusive and volcanic rocks ofOrdovician to Early Silurian age. A prominent feature in this
predictormap is the abrupt termination of prospective geologywithin the Cootamundra (SI/55-11) 1:250,000 scale map sheet (in the SW corner of the GEMOC study area: Fig. 1) against
the boundarywith the Forbes (SI/55-7) 1:250,000 scalemap sheet to the north. The abrupt termination can be explained with the respectivemap authors having interpreted the geology
in a differentmanner; in this case asmainly bedrock on the Cootamundra sheet and asmainly cover on the adjacent Forbes sheet. Issues such as this introduce bias to a prospectivity anal-
ysiswhilst attempts to fix such an issuewithout appropriate area knowledgemay lead to introduction of significant uncertainty and additional bias. (b) Proximity to areas ofmedium and
high fault density. (c) Proximity to N–S (arc parallel) and NW–SE (arc transverse) striking faults. (d) Proximity to calcareous rocks and domains of high lithological competency contrast.
(e) Proximity to fault bends and fault intersections. (f) Proximity to magnetic highs. (g) Proximity to anomalous Au in stream sediments. (h) Proximity to anomalous Cu in rock chips and
drill chips/core. (i) Proximity to Au occurrences. (j) Proximity to areas of high magnetic slope. Key to symbols: White circles = Porphyry Cu–Au training data; black outline = GEMOC
study area; grey outline = Prospectivity study area.
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5.5. Spatial analysis

The first step in the spatial analysis was the generation of a 50 by
50 m grid covering the entire Lachlan Fold Belt in New South Wales.
This grid size represents the minimum resolution at which the data
should be viewed at.

The second step was the collation of a set of training data. In this
step, porphyry Cu–Au and related skarn occurrences were extracted
fromKenex Limited's in-house Lachlan Fold Belt mineral occurrence da-
tabase, which is mainly based on open-file data held by the Geological
Survey of New South Wales. Following data validation and quality as-
surance and quality control, a training dataset (n = 13) was extracted
containing a selection of mined porphyry Cu–Au and related skarn de-
posits for which production figures are available (Table 2).

A unit cell grid of 2 km2 was used for the spatial statistical calcula-
tions representing the average area covered by porphyry Cu–Au de-
posits. By multiplying the unit cell value by the number of training
data and dividing it by the total area of the prospectivity study
(Fig. 1), a prior probability can be calculated that represents the proba-
bility of one porphyry Cu–Au deposit existing within any of the 2 km2

unit cells given no additional information (i.e., prior probability = 2 ×
13:199,300 km = 0.000131; chance = 0.01%; odds = 1 in 10,000).
The prior probability of a porphyry Cu–Audeposit existingwithin a ran-
domly chosen unit cell of the much smaller GEMOC study area is
0.000216 (chance = c. 0.02%; odds = 1 in 5000).
5.5.1. Spatial analysis of lithological data
As discussed above, lithology is one of the few proxies for source

processes critical in the formation of porphyry Cu–Au deposits. In addi-
tion, lithological features can be important ingredients in trap processes,
for example, (i) impermeable rock units such as limestone may play a
Please cite this article as: Kreuzer, O.P., et al., Comparing prospectivity mod
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role in enhancing ore grade by preventing fluid escape and metal dis-
persion or providing a reactive host for high-grade skarns, whilst
(ii) competency contrasts among lithological units may give rise to
local zones of dilation and permeability, focusing fluid flow at or close
to lithological contacts (Wilkinson, 2013).

Given the spatial, temporal and genetic association in theMacquarie
Arc between porphyry Cu–Au deposits and intermediate intrusive com-
plexes, it was not surprising to see a strong spatial association between
the training data and intermediate intrusive lithologies (C value of 2.9;
studC value of 2.8). Expanding the data evaluation to include geological
age, the group of felsic to intermediate intrusive rocks of Ordovician to
Silurian age recorded the strongest spatial correlation (C = 1.6;
studC = 2.9). Felsic to intermediate extrusive rocks of Ordovician to
Silurian age were also tested but recorded a weak spatial correlation
(C= 0.8; studC = 1.1). Despite the weak spatial association, this litho-
logical groupwas included in theprospectivitymodel. The reason for in-
cluding the felsic to intermediate extrusive rocks of Ordovician to
Silurian age is that they constitute an important ingredient of the por-
phyry Cu–Aumineral systemmodel in that some of these rock packages
represent the tops of intrusive centres at depth. Based on this rationale,
both lithological groupswere combined into a singlemulti-class predic-
tor map (Fig. 3a, Table 1).

As outlined above and considering the Cadia district skarns (cf.
Forster, 2009; Forster et al., 2004) example, the strong spatial associ-
ation between Early Silurian and older calcareous rocks and the
training data (C = 2.7, studC = 4.0) is best explained by their role
as permeable fluid pathways and chemical and physical trap for
Cu–Au mineralisation.

Competency contrasts among different lithological units are an im-
portant ingredient in trap processes. Creation of a relevant predictor
map required that each rock type be assigned a generic competency
value on a scale from one to 10, with one being the least and 10 being
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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Table 3a
Summary of stream sediment assay statistics.

Element Count Max Median SD 70PI 80PI 90PI 98PI ioGAS Threshold

Ag (ppb) 27,418 400,000.0 25.0 6516.0 500.0 1000.0 1000.0 10,700.0 500 ppb
As (ppm) 38,317 12,700.0 4.7 92.1 8.0 11.7 20.0 70.0 80 ppm
Au (ppb)a 33,647 373.2 0.3 3.6 1.0 1.5 2.6 6.2 2.62 units
Bi (ppm) 30,212 890.0 0.025 17.4 0.2 0.4 10.0 30.0
Co (ppm) 13,764 1700.0 11.0 28.8 18.0 20.4 30.0 55.0
Cu (ppm) 143,708 27,500.0 15.0 100.1 24.0 32.0 55.0 110.0 95 ppm
Mn (ppm) 16,863 42,400.0 380.0 770.3 640.0 850.0 1200.0 2277.6 640 ppm
Mo (ppm) 33,548 950.0 0.1 13.8 1.3 2.0 5.0 15.0 5 ppm
Pb (ppm) 138,780 31,000.0 20.0 145.9 26.0 30.0 40.0 82.0 60 ppm
Sb (ppm) 14,746 1414.0 0.3 15.3 0.8 1.7 5.0 12.9
Se (ppm) 512 1.0 1.0 – 1.0 1.0 1.0 1.0
Sr (ppm) 512 331.0 47.0 69.9 72.0 114.0 200.8 272.1
Te (ppm) 6592 90.0 0.025 1.3 0.025 0.025 0.025 0.2
W (ppm) 20,094 8000.0 0.5 231.2 0.5 5.0 10.0 555.0 10 ppm
Zn (ppm) 139,564 35,900.0 45.0 137.9 60.0 70.0 90.0 185.0 105 ppm

a Levelled.

Table 3b
Summary of rock chip and drill hole assay statistics.

Element Count Max Median SD 70PI 80PI 90PI 98PI ioGAS Threshold

Ag (ppm) 4804 300.00 0.00005 8.08 0.10 1.00 2.00 5.00 1 ppm
As (ppm) 7779 14,324.00 2.00 179.73 4.50 7.50 15.00 78.44 122 ppm
Au (ppm) 4086 69.50 0.05 3.65 0.09 0.40 2.80 11.82 0.12 ppm
Bi (ppm) 4828 1215.00 0.00005 34.00 0.20 2.00 8.58 52.00 1 ppm
Co (ppm) 4501 273.00 13.00 23.28 21.00 31.00 46.00 83.00 16 ppm
Cu (ppm) 11,259 99,999.00 17.00 1270.78 45.00 76.10 157.10 754.84 200 ppm
Mn (ppm) 2505 2850.00 535.00 400.48 720.00 911.00 1218.00 1644.60 800 ppm
Mo (ppm) 3587 590.00 0.80 22.56 1.90 3.00 4.50 22.56 45 ppm
Pb (ppm) 11,397 55,000.00 11.00 699.40 18.00 24.00 32.00 144.08 90 ppm
Sb (ppm) 2022 167.00 0.30 6.54 0.70 1.53 4.49 11.00 0.8 ppm
Se (ppm) 521 830.00 0.00001 36.39 0.00001 0.00001 0.00001 3.60 2 ppm
Sr (ppm) 8875 3966.00 221.00 365.93 426.80 600.08 840.90 1363.00 1400 ppm
Te (ppm) 220 39.60 0.00001 3.01 0.00001 0.00001 0.07 4.32 0.06 ppm
W (ppm) 1432 2461.00 1.86 108.79 6.00 10.00 16.00 205.38 18 ppm
Zn (ppm) 11,240 91,000.00 56.00 1222.82 77.00 90.00 113.00 284.22 175 ppm
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the most competent. Where differences in competency contrast were
identified between adjoining lithological units their lines of contact
were extracted and their spatial correlation tested against the training
data. The strongest spatial correlation was recorded for differences in
competency contrast greater than three (C = 1.8; studC = 3.24).

5.5.2. Spatial analysis of structural data
Structure is an essential ingredient of the porphyry Cu–Au mineral

system model; in particular faults or interconnected fault networks
(i.e., areas of high fault/fracture density: cf. Tripp and Vearncombe,
2004) that may act as (i) pathways for melt and fluid migration,
(ii) sites for fluid focussing or fluid mixing, and (iii) loci for mineral de-
position. The latter is commonly localised at fault splays, fault bends,
fault jogs and fault intersections given the high gradients in permeabil-
ity and hydraulic head centred upon these structural settings (cf. Cox,
1999; Cox et al., 2001).

Prior to evaluating the spatial association between faults and the
training data the following steps were taken to make the digital fault
data more amenable to spatial modelling and to extract essential deriv-
ative information:

• The highly segmented fault data were revised in that contiguous fault
segments of similar orientationwere joined to create amore coherent
fault map;

• Thrust faults (where attributed as such) were removed from the data
because of the demonstrated preferred spatial association between
porphyry Cu–Au deposits and extensional or transtensional struc-
tures;
Please cite this article as: Kreuzer, O.P., et al., Comparing prospectivity mod
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• Strike orientations were assigned to each fault segment using Map
Info Spatial Data Modeller (MI-SDM; www.avantra.com.au/mi-sdm.
htm);

• Faults were attributed with length in kilometres;
• Point data were created for fault intersections, fault bends, fault jogs
and fault splays using MI-SDM; and

• Amulti-class fault density predictor map was created by gridding the
density of non-thrust faults using the kernel method and a 2000 m
search radius in ArcMap Spatial Analyst using two cut-offs for the
top 28% and the top 43% of a sliding density scale.

A major shortcoming of the fault data as provided by the Geological
Survey of New South Wales is the incomplete attribution of these
data. For example, there are approximately 5450 faults in the Lachlan
Fold Belt database. Of these 550 are classified as reverse or thrust
faults whilst the remaining 4900 faults are attributed as ‘unknown’
type or not attributed at all. In addition, the fault data lack informa-
tion about many additional important features such as fault age
(minimum ages were added to the database by Kenex Limited) or
dip direction. The main implications of incomplete or missing infor-
mation are (i) potential introduction of error and bias, and (ii) any
spatial model being less precise than what it could be.

The spatial relationship between the faults and the training datawas
assessed for both the entire fault data and for subdivisions of this dataset
grouped by fault orientation, length and type (Table 1). Themost signif-
icant spatial association observed in this analysis is that between the
training data and the groups of N–S and NW–SE-striking faults buffered
by 1300 m (C = 2.5; studC = 3.7). In terms of fault intersections, fault
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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Fig. 4.Weights of evidence (WofE) based porphyry Cu–Au prospectivitymodel. Prospective areas were classified using natural breaks and range from relatively low (blue colours) to high
(red colours) prospectivity. The remaining area is below the prior probability and consideredunprospective for porphyryCu–Au systems. (a)WofEmodel clipped to theGEMOC study area
shown in Fig. 1. (b) Zoom-in view of the Cadia District. Inset boundary shown in panel a. (c) Zoom-in view of the Northparkes District. Inset boundary shown in panel a.
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Fig. 5. Success rate and efficiency of prediction curves statistically test the predictive ca-
pacity of the Weights of evidence (WofE)-derived prospectivity model. The success rate
curve shows training data plotted cumulatively from high to low posterior probability
against the cumulative area accumulated from high to low model posterior probability.
The efficiency of prediction curve shows the same except for porphyry Cu–Au occurrences
replacing the training data. The sum of the area under the curvesmeasures model perfor-
mance as a percentage. The curve for the training data gave a success rate value of 99.9%
whilst the curve for the mineral occurrence data gave an efficiency of prediction value of
87.6%, both confirming that the model has a high predictive efficiency that is statistically
valid.
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bends, fault jogs and fault splays, strong spatial correlations with the
training data were recorded for the fault intersections (C = 2.4;
studC = 4.1) and fault bends (C = 2.4; studC = 4.2). In addition,
areas of high fault density (C = 3.3; studC = 5.7) and medium fault
density (C = 1.6; studC = 2.1) have strong to moderate correlations
with the training data, respectively.

5.5.3. Spatial analysis of geochemical data
Geochemical predictor maps were created based on relevant por-

phyry pathfinder elements, including Ag, As, Au, Bi, Co, Cu, Mn, Mo,
Pb, Sb,W, and Zn. The ioGAS software (www.iogas.net) was used to for-
mat the drill hole, rock and stream sediment data and produce probabil-
ity plots for determining anomaly thresholds for each of the pathfinder
elements (Table 3).

Predictor maps were created for all stream sediment pathfinder ele-
ments. As a first step and to account for inconsistencies between the dif-
ferent assay methods, the Au-in-stream sediment data had to be
levelled by assaymethod. The geochemical predictormaps for the path-
finder elements were created by buffering around the stream sediment
sampling locations, therebymaximising the spatial correlation between
the training data and the anomalous, non-anomalous andmissing assay
values for each sample location. The resulting geochemical predictor
maps that correlate best with the training data are Ag (C = 1.9;
studC = 3.3), Cu (C = 2.3; studC = 3.1), Au (C = 3.0; studC = 2.8)
and Bi (C = 3.2; studC = 4.9).

Rock chip and drill hole assay data were combined in binary predic-
tor maps showing anomalous areas, non-anomalous areas and areas of
missing data for each pathfinder element. The resulting geochemical
predictor maps that correlate best with the training data are Ag (C =
2.1; studC = 1.8), As (C = 3.3; studC = 3.9) and Cu (C = 3.8;
studC = 4.6) (Table 1).

5.5.4. Spatial analysis of geophysical data
Airborne total magnetic intensity (TMI) data covering the Lachlan

Fold Belt were analysed for magnetic lows, magnetic highs and strong
magnetic gradients using ArcGIS 9.3. Magnetic lows, in particular
when linear or circular, may represent areas of hydrothermal alteration
where primarymagnetite in the country rock was “destroyed” by inter-
action of these rockswith oxidising hydrothermal fluids. The reasonable
spatial correlation between magnetic lows and the training data (C =
2.0; studC = 3.5) may be taken as corroboration of this proposition.
Magnetic highs, on the other hand, can represent highly magnetic
rocks or areas of hydrothermal magnetite alteration. Given the latter,
it is not surprising that there is a good correlation between magnetic
highs and the training data (C = 2.4; studC = 3.7). Strong magnetic
gradients (Fig. 3j), which may represent areas of lithological contrast
that have the capacity to localise deformation, fluid flow and associated
ore deposition, exhibit a significant spatial correlation with the training
data (C = 2.6; studC = 4.5).

6. Prospectivity modelling

A WofE-based prospectivity model (Fig. 4) was created using the
predictor maps that represent all stages of the porphyry Cu-Au mineral
systemmodel. Table 1 provides a list of the predictor maps used to pro-
duce the final prospectivitymap. For a predictormap to be incorporated
in the modelling it had to meet the following criteria:

• Coverage of themodelled area (i.e., the Lachlan Fold Belt in NewSouth
Wales) had to be as complete and as uniform as possible;

• The spatial association with the training data had to be significant
(i.e., C N 1.0; StudC N 1.5);

• Where possible, duplication of predictivemap patterns had to bemin-
imal as to avoid problems with conditional dependence.

The predictive capacity of the WofE-derived posterior probability
model was tested statistically by plotting a success rate curve based
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on the training data and an efficiency of prediction curve based on all
other porphyry Cu–Au occurrences (Fig. 5). These site datawere plotted
cumulatively fromhigh to low posterior probability against the cumula-
tive area accumulated fromhigh to lowmodel posterior probability. The
sum of the area under the efficiency curve provides a useful measure of
model performance that improves as the efficiency percentage value
approaches 100%. Values greater than 50% indicate statistically valid
predictive efficiency. The curve for the training data in this model gave
a success rate value of 99.9% and the curve for the mineral occurrence
data gave an efficiency of prediction value of 87.6%. Bothmeasures con-
firm that the model has a high predictive efficiency that is statistically
valid not only for the training data but also for all other knownporphyry
Cu–Au occurrences in the Lachlan Fold Belt.

The Agterberg–Cheng test of conditional independence (Agterberg
and Cheng, 2002) gave a conditional independence ratio of 100%,
confirming that conditional independence is a significant problem in
the model. The consequence of significant conditional dependence be-
tweenpredictor patterns is upward biasing of theposterior probabilities
associated with geological, geochemical or geophysical characteristics
that resemble each other, ultimately resulting in an overestimation of
mineral prospectivity. This upward bias is a common issue in the appli-
cationWofE approach (e.g., Agterberg, 2011; Schmitt, 2010) that, if pos-
sible, should be avoided. However, it is a problem that has little impact
on the overall result if the numerical values derived fromWofE model-
ling are being used in a relative rather than an absolute sense (cf.
Lindsay et al., 2014). Given conditional dependence, the modelling re-
sults should be viewed as a relative measure of favourability. Despite
this issue, the posterior probability values derived from the WofE
model provide an effectivemeans for rank-order analysis and highlight-
ing areas where porphyry-type Cu–Au mineralisation may be present.

A further test of the rank-order assumption that area evaluation by
relative rankings is valid is to examine the shape of the success rate
curve,with a continuously decreasing slope area is accumulated indicat-
ing validity of the hypothesis whilst a sigmoidal shape indicates viola-
tion of the hypothesis. Within reasonable bounds, the success rate
curve for this model is continuously decreasing as area is accumulated,
validating the rank-order hypothesis. A more sensitive test of the rank-
order hypothesis is to reclassify the post probability raster into nine
classes using natural breaks and calculate the deposit density for the
area of each of these classes using the training data. In case the deposit
elling results and past exploration data: A case study of porphyry Cu–
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density cannot be calculated for a particular class due to a lack of de-
posits within the area of this class, the area can be merged with the ad-
jacent higher posterior probability class. Results of this calculation show
that deposit density increaseswith each increasing posterior probability
class, supporting the rank-order hypothesis. The tests described above
show that conditional dependence is an issue in the prospectivity
model, but that analysis of the posterior probabilities by relative rather
than absolute rankings is valid.

7. Historic exploration data

7.1. Database

Records of historic exploration activities and expenditure used in
this study and presented in Appendix 2 (referred to here as the
GEMOC database) were compiled in 2003 as part of an industry-
collaborative project at the ARC National Key Centre for GEMOC,
Macquarie University.

The GEMOC database was compiled from all open-file exploration
reports lodged with the New South Wales government during the
period 1980 to 2002 meeting the following criteria:

• The exploration licence to which the report refers had to be located
within the Narromine, Dubbo, Forbes, Bathurst, Cootamundra, or
Goulburn 1:250,000 map sheets (Fig. 1);

• The exploration licence to which the report refers had to cover part of
the Ordovician to Silurian Macquarie Arc; and

• The focus of the reported activities had to be exploration for porphyry
Cu–Au deposits.

In New SouthWales, an exploration report is kept confidential for as
long as the exploration licence to which the report refers is current. It is
only after expiry or relinquishment of theunderlying licence that the re-
port becomes open-file and accessible to the public via an online report
viewer (www.resources.nsw.gov.au/geological/online-services/digs).
As such, theGEMOCdatabase contains no records of historic exploration
activities and expenditure for licences that were current in 2003.

Recorded data included: (i) Licence name and number, (ii) start and
end dates, (iii) targeted mineral deposit types, (iv) work undertaken,
(v) exploration stage achieved, (vi) expenditure, (vii) number of holes
andmetres drilled, and (viii) corporate activity (e.g.,mergers, takeovers,
divestures or joint ventures). For comparability all expenditure data
were converted to Australian dollars at 2003 values.

The GEMOC database was used in this past study to analyse what
types of exploration activities took place in theMacquarie Arc following
the discovery of the Endeavour 22 porphyry Cu–Au deposit by Geopeko
in 1976 and subsequent exploration boom. The data were also used to
Table 4
Definition of exploration stages (modified from Lord et al., 2001).

Stage Objective Milestones Ris

A Project generation Select and acquire ground in well endowed belts
Establish data base and management system
Build an expert team for the belt

Pro
an

B Prospect definition
(“reconnaissance”)

Build area knowledge
Test presence of mineralizing system
Define prospect risks
Define drillable targets

Pro
ge

C Systematic drill testing Establish size and grade potential
Test potential of mineralizing system
Test geologic information
Test geologic and mineralization models

Pro
eco

D Resource delineation
(“drill out”)

Test continuity
Establish controls on grade distribution

Pro
su

E Feasibility Establish economic/metallurgical parameters
Determine net present value (NPV)
Determine project costs

Pro
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build a basic picture of exploration success rates and industry perfor-
mance for the period 1980 to 2002.

7.2. Main findings of the database analysis

7.2.1. Principal activities
On the whole, the 346 exploration licences captured in the GEMOC

database were held for 1020 years (i.e., an average of 3 years per li-
cence) with 1400 exploration reports lodged for these licences between
1980 and 2002. Of the 1020 years of exploration, most time (61% or c.
622 years) was spent on reconnaissance activities (exploration stage
B: Table 4) whilst no work was recorded for almost a fifth of this time
(19% or c. 194 years). In other words, 40% of the licences recorded at
least one year when no work was undertaken within these areas
(Appendix 2).

The most popular types of work carried out on exploration licences
within the study area were data compilation (undertaken for 87% of
the licences), geological research (73%), reconnaissance geochemical
sampling (73%), follow-up geochemical sampling (54%), and geological
mapping (48%). Drill testing of exploration targets (exploration stage
C), or resource delineation drilling (exploration stage D), were under-
taken on just over a third (36%) of the licences. As illustrated by these
data, licence holders preferred to embark on data compilation and re-
connaissance activities rather than drilling.

7.2.2. Repeat exploration
Repetition of previously undertaken exploration activities (referred

to here as repeat exploration) was common within the study area.
One reason for repeat exploration was that 45% of the licences changed
hands more than once, whilst 19% changed hands more than twice. The
maximum number a licence changed hands was six times. These own-
ership changes occurred either because a licence was picked up by a
new party after relinquishment by the previous holder or due to corpo-
rate activities, including takeovers,mergers, joint ventures, farm-outs or
sales. Other possible reasons for repeat explorationwere: (i) New infor-
mation or concepts, (ii) new technology, (iii) a discovery ormine devel-
opment nearby, (iv) distrust, or poor quality, of previous work, or
(v) corporate memory loss.

The best example for excessive repeat exploration is that of repeat
reconnaissance geochemical sampling, which was undertaken more
than once on 77%, more than twice on 55%, and more than five times
on 14% of the licences in the study area.

7.2.3. Drilling
The total number of holes drilled within the study area during the

period 1980 to 2002 was 12,800. Of these holes, 10,122 (79%) were
rotary air blast (RAB) holes with a combined down-hole depth of
ks associated with successful stage progression

bability that this process will result in the acquisition of high quality, well-endowed
d available ground that is worthy of further work

bability that this process will define drillable targets that meet criteria of the
ologic model and knowledge of the area

bability that this process will result in one or more drill intersections of potentially
nomic mineralisation that warrant further drill testing

bability that this process will result in the definition of a preliminary resource that is
fficiently robust at present prices to warrant proceeding to feasibility
bability that the feasibility study will deliver an ore reserve

elling results and past exploration data: A case study of porphyry Cu–
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Table 6
Expenditure by exploration stage.

Exploration stagea Expenditure

2003 Dollars Percentage

A Project generation $ 1,187,661 2%
B Prospect definition $ 24,721,859 36%
C Systematic drill testing $ 21,453,102 31%
D Resource delineation $ 16,428,503 24%
E Feasibility $ 4,497,984 7%
Total $ 68,289,110 100%

a Letters refer to exploration stages as defined by Lord et al. (2001).
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approximately 237 km. RAB drilling is typically an early-stage explo-
ration tool commonly used to obtain bedrock samples in areas of
deep weathering or cover and, thus, falls into the exploration stage
B category (Table 4). According to the GEMOC database, RAB drilling
was undertaken on 96 (28%) of the 346 exploration licences, pre-
sumably mainly within those where prospective bedrock is partially
or almost completely under cover. Proportions of outcrop and cover
were reported for 176 (51%) licences. Whilst the reported extent of
cover was greater 50% in 27 (15%) and almost 100% in 117 (67%) of
these licences, only 50 (28%) of these licences recorded any RAB dril-
ling. That is even though the initial porphyry Cu–Au discovery (En-
deavour 22) was made by RAB drilling in semi-covered terrain.

Reverse circulation (RC) holes (n = 2340 for c. 149 km) amounted
to 18% whilst diamond drill (DD) holes (n = 338 for c. 31 km)
accounted for only 3% of the total. RC and DD drilling are typically car-
ried out to test a specific target or resource extensions (exploration
stage C), or for the purpose of resource definition (exploration stage D).

Of the licences within the study area, 44% recorded RAB, RC and/or
DD drilling. Approximately 76% of these licences recorded the first
drill activity within year one or year two of the life of the licence,
whilst 16% were not drilled before year three. The most extreme
case was a single licence that recorded no drilling until year eight.
Considering only exploration stage C- and D-type work, RC and DD
drilling was undertaken on 36% of the licences. Of these licences,
62% recorded their first drilling activity within the first two years of
the life of the licence.

7.2.4. Expenditure
In the examined period from 1980 to 2002, a total of approximately

$68 million was spent on the 346 exploration licences covering the
study area. As illustrated by Table 5, only approximately half (52%) of
the total was spent on field activities with drilling accounting for a
mere 22% of the total expenditure. On average, the proportion of annual
expenditure committed to drilling was 19%, a figure that remained rel-
atively constant over the examined period despite an overall increase of
the number of exploration licences in the study area.

Another way of looking at the relationship between drilling and ex-
penditure is to group expenditure by exploration stage (Table 6). As il-
lustrated by Table 6, total expenditure recorded against the exploration
stages that involve drill testing and/or resource delineation drilling
(i.e., stages C, D and E) was approximately $42 million. Given that ap-
proximately $15 million were spent on drilling in total, the proportion
of drilling expenditure in the typically drill-intensive exploration stages
C, D and E was only 36%.

7.2.5. Exploration stage transition and success rates
Most licences started out at exploration stage B but not all licences

kept progressing from their initial exploration stage to the next
(Fig. 6). In fact, most licences (i.e., 262 of 346, or 76%) within the
Table 5
Expenditure by category.

Category Expenditure

2003 Dollars Percentage

Field activities Drillinga $15,049,218 22%
Otherb $20,540,832 30%

Salaries and on-costs $21,128,555 31%
Overheads $10,263,350 15%
Unknown $1,307,154 2%
Total $68,289,110 100%

a Includes all drilling and assaying costs.
b Includes all on-gound exploration costs (e.g., tenement costs, geochemical and geo-

physical surveys, assaying, car and equipment hire, equipment operation and mainte-
nance, travel, communication, freight).
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study area never progressed from their initial stage, and in most
cases this stage was stage B. In other words, prospects had been de-
fined by the holders of most licence areas but it seems that these
prospects never presented valid targets for systematic drill testing,
either by RC or DD.

On average, an exploration licencewas held for 3 years and received
expenditure commitment of $197,000. However, none of the 346 ex-
ploration licences captured in the GEMOC database resulted in the
discovery of a potentially economic mineral deposit. It is important
to remember, though, that the GEMOC database is biased towards the
“unsuccessful licences” because exploration reports that referred to
then current licences, including those that recorded porphyry Cu–Au
discoveries, were confidential. This issue was addressed by compiling
information for relevant current licences (n=31) from company annu-
al reports. Where no information for a current licence could be obtain-
ed, it was assigned to stage B.

Considering the “unsuccessful licences” only, (i) 63% progressed to
stage B, (ii) 32% to stage C, (iii) 4% to stage D, and (iv) 1% to stage E.
As illustrated in the probability graph in Fig. 7a and using the same
input, the probability of a licence to progress from stage (i) A to B is
0.99, (ii) B to C is 0.36, (iii) C to D is 0.13, and (iv) D to E is 0.13. As ev-
ident in this graph, the stage transitions with the least probability of
success are those from stage C to D (linked to the risk that drill testing
will fail to intersect potentially economic mineralisation) and from
stage D to E (linked to the risk that grade and/or tonnage of a prelimi-
nary resource are inadequate for proceeding to feasibility). The relative-
ly low probability of advancing from stage B to C is a clear function of
most licences within the study area having commenced and ended in
stage B, and a general reluctance of explorers to drill.

Considering both unsuccessful and successful licences, the outcome
changes significantly: (i) 59% progressed to stage B, (ii) 30% to stage C,
(iii) 4% to stage D, (iv) 1% to stage E, and (v) 5% to stage F. As illustrated
in Fig. 7a, the probability of a licence to progress from stage (i) A to B is
0.99, (ii) B to C is 0.41, (iii) C to D is 0.25, (iv) D to E is 0.56, and (v) E to F
is 0.91. As above, the stage transition with the least probability of suc-
cess is that from stage C to D, linked to the risk of failure to intersect po-
tentially economic mineralisation. However, once a licence has reached
stage D, the chances of progressing to the mining stage increase pro-
gressively. According to the cumulative probability graph shown in
Fig. 7b and based on the numbers above, there was a 5% chance
(odds = 1 in 20; probability = 0.05) during the period 1980 to 2002
that a licence within the GEMOC study areawould progress from explo-
ration stage A to themining stage. This number is much higher than the
typical industry success rates, which range from 1 in 24 to 1 in 100 in
brownfields and 1 in 1000 to 1 in 3333 in greenfields environments
(Kreuzer and Etheridge, 2010). The highly successful nature of explora-
tion within the GEMOC study area is mainly attributable to (i) this part
of the Macquarie Arc being exceptionally well-endowed, (ii) the initial
recognition of the porphyry Cu–Au potential of the Macquarie Arc
(i.e., 1976 discovery of the Endeavour 22 alkalic porphyry Cu–Au depos-
it by Geopeko Limited), and (iii) discovery of economic porphyry and
skarn deposits within 20 licences that subsequently progressed to the
mining stage.
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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Fig. 6. Exploration licence progression through exploration stages as defined by Lord et al. (2001) and summarised in Table 4. The figure clearly illustrates that most of the 346 exploration
licences reviewed in this study never progressed from their initial exploration stage (i.e., n = 262 or 76%), and in most cases this initial stage was stage B (reconnaissance) (n = 218 or
63%). The main questions arising from this observation are: (i)Why did so many licences never progress from stage B? Or, in other words, why did they never yield any drill-worthy tar-
gets? (ii)Why did the licence holders spend somuch time (on average= 2 years per licence; in total = 453 years) andmoney (on average= $57,000 per licence; in total N $12million)
on licences that never yielded any meaningful results?
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8. Comparison of exploration expenditure and prospectivity maps

8.1. Creation of a combined exploration expenditure and prospectivity map

To enable the comparison of the 1980 to 2002 exploration expendi-
ture data compiled in the GEMOC study (Fig. 1; Appendix 2) and the
WofE-based prospectivity model (Fig. 4), the expenditure data had to
be converted into a raster map. This translation entailed a series of key
steps, including:

• Creation of a GIS polygonmap: This map combines the outlines of the
relevant historic exploration licences and a database attributed with
licence details, most importantly the open-file exploration expendi-
tures covering the period 1980 to 2002 (Fig. 8a). Ideally each expendi-
ture item should have been assigned to the portion of the licence that
received the exploration spent, but the GEMOC database did not lend
itself to such an approach. Hence, the expenditure data were assumed
to be spread uniformly across each tenement.

• Summation of expenditure in areas where licences overlap: As illus-
trated by Fig. 8b, the outlines of the 1980 to 2002 exploration licences
overlap in space because over time certain areas were acquired more
than once. Given the assumption that expenditures are spread uni-
formly across each licence, areas of licence overlap represent areas of
combined expenditures. The expenditure for each overlapping licence
partition was calculated as a proportion of the area of the licence
Please cite this article as: Kreuzer, O.P., et al., Comparing prospectivity mod
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partition to the total area of the licence. The total expenditure for
each overlapping licence partition was then summed using the GIS.

• This step allowed the map to be coloured by total expenditure for all
overlapping licence areas, which highlights the areas that received
the greatest exploration expenditure (Fig. 8c).

• Fitting of the post probabilitymap: The next stepwas to clip theWofE-
based post probability map (Fig. 8d) to the area defined by the explo-
ration licences captured in the GEMOC study. Subsequently, the post
probability map was further refined to only include those licences for
which historic expenditure data were available (Fig. 8e).

• Conversion to a rastermap: The total expendituremap (Fig. 8c), which
is a collection of polygons, had to be converted to a raster map to facil-
itate comparison of the total expendituremap and the post probability
map, which is a raster grid. A unique conditions raster of all the possi-
ble unique post probability and total expenditure valueswas created to
simplify the analysis. This allowed the mapping of the post probability
values to the of the licence partition areas (Fig. 8e).

• Calculation of an expenditure efficiency attribute: This attribute, which
was calculated by multiplying the post probability values by the total
licence expenditure, was used to map the areas characterised by high
geological potential and high exploration expenditures (Fig. 8f).
Areas of low geological potential are basically eliminated in this opera-
tion because of their low post probability values (b0.000131), facilitat-
ing the recognition and mapping of those areas where exploration
expenditure was efficiently allocated.
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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(a)

(b)

Fig. 7. Probability profiles for the GEMOC study area. (a) Probability of a licence
progressing from one stage of exploration to the next. The red line represents the “unsuc-
cessful” licences only whereas the blue line represents both the “unsuccessful” and “suc-
cessful” licences (see text for details). As evident in this graph, the stage transitions with
the least probability of success are those from stage C to D (linked to the risk that drill test-
ingwill fail to intersect potentially economicmineralisation) and from stage D to E (linked
to the risk that grade and/or tonnage of a preliminary resource are inadequate for proceed-
ing to feasibility). The relatively low probability of advancing from stage B to C is a clear
function of most licences within the study area having commenced and ended in stage
B, and a general reluctance of explorers to drill. (b) Cumulative probability graph illustrat-
ing that during the period 1980 to 2002 there was a 5% chance that a licence would prog-
ress through all stages of exploration and yield a mining operation. This number is
relatively high compared to typical industry success rates (Kreuzer and Etheridge, 2010)
indicating that exploration within the GEMOC study area was highly successful.
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8.2. Spatial analysis of porphyry Cu–Au exploration expenditure

8.2.1. Expenditure as a function of exploration stage and area
Mineral exploration programs are commonly staged (Lord et al.,

2001) with each stage designed to get to the next decision point, that
is, whether or not to continue exploring a particular area based on re-
sults of the previous exploration stage. As a general rule, each consecu-
tive exploration stage is more expensive due to the progressively more
detailed nature of the work required (Roscoe, 2002). Table 7 provides a
summary of typical exploration cost requirements per exploration stage
in the Macquarie Arc based on the data compiled in the GEMOC study.

The licence expenditure map (Fig. 8c) was classified according to
potential stage of exploration based on the total expenditure attri-
bute using the cost ranges in Table 7. The total area covered by
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exploration licences active between 1980 and 2002 and with open-
file expenditure information was 34,793 km2 (Table 8). Approxi-
mately 42% (14,630 km2) of this area received total expenditures
less than $39,000, which equates to the initial data review for licence
acquisition. About 11,610 km2 (c. 33%) received the minimum ex-
penditure to allow targeting to have been carried out on the licence,
whilst 4349 km2 (c. 12%) received sufficient expenditure for geolog-
ical, geochemical and geophysical data acquisition to test the initial
target areas on the licences. Only 4204 km2 (c. 12%) of the total
area received sufficient expenditure to allow for some level of dril-
ling to be carried out. Importantly, more than 75% of the total licence
area did not receive enough expenditure to allow for any type of dril-
ling during the tenure of the licence, which is the most important
tool for collecting subsurface information, testing geological con-
cepts and locating and defining potentially economic mineralisation.

In the period 1980 to 2002, approximately 18,000km2 (c. 56%) of the
total licence area were held under one licence only, whereas only about
1400 km2 (4%)were held undermore than four licences. Between 1980
and 2002, a total of approximately $70millionwas spent on exploration
activities within the overall licence area. Interestingly, this total can be
divided into two roughly halves with approximately 51% (just over
$35 million) spent on early-stage activities such as ground acquisition
and target definition and testing (i.e., exploration stages A and B) and
c. 49% (just under $35million) spent on drill testing and feasibility stud-
ies associatedwith themore advanced exploration stages C to E. This re-
sult ratifies a similar finding described in Section 7 and further
corroborates the notion of a widespread preoccupation by explorers
with early stagework and a general reluctance to drill, both ofwhich re-
sulted in most licences starting and ending in exploration stage B
(Fig. 6).

The tendency for area reduction, a typical function of the narrowing
of focus to progressively smaller areas as licences progress from one
stage of exploration to the next, is illustrated well by the distribution
of exploration expenditures with the 13% of the total licence area that
had reached exploration stages C, D or E, having received almost half
(c. 49%) of the of the total expenditure (Table 8).

8.2.2. Exploration effectiveness
Themain aim of any analysis of historic exploration is to assess how

effective exploration was in relation to known geological potential and
in the context of data availability, geological understanding, corporate
strategies and business models and government policy. Assuming that
historic exploration in the GEMOC study area was effective, the highest
exploration expenditure should have occurred in the areas of greatest
geological potential (i.e., highest post probability values).

There are various ways of testing this relationship and the basic sta-
tistical information for the combined licence expenditure and geologi-
cal potential data are summarised in Table 8. About 23,000 km2 of the
combined licence area have low geological potential, which equates to
approximately 72% of the GEMOC study area. In comparison, about
24,000 km2 of the licence area received low exploration expenditures
($130,000 or less), which also equates to approximately 75% of the
total area. If exploration investment was efficiently targeted one
would expect that both variables received equal proportions of the
total exploration expenditure. However, the spatial analysis reveals
that total of $23 million (c. 33%) were spent on licences that recorded
low exploration expenditure whereas approximately $44 million (c.
62%) were spent on licences covering areas of low geological potential.
That is almost double the total investment recorded by the licenceswith
low exploration expenditure. Based on these data it is likely that a sig-
nificant amount of expenditure was misdirected into areas of low geo-
logical potential. Conversely, less than $10 million (c. 14%) were
invested in areas of high geological potential.

Another way of comparing the relationship between exploration
spent and geological potential is to plot both variables in a scatter plot
to test their spatial statistical relationship (Fig. 9). In a scenario where
elling results and past exploration data: A case study of porphyry Cu–
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Fig. 8. Licence expendituremaps covering the greater Cadia and Northparkes districts. (a) Unprocessed licence expendituremap. Given that ArcGIS drawsmap symbols in a specific order
(i.e., symbol level drawing), only tenement polygons that “sit on top” are visible in full. Underlying polygons, on the other hand, are either partially or completely obscured. To make the
spreadsheet based input data amenable to spatial modelling, the assumption was necessary that expenditure was uniformly spread across each licence. Digital licence vector data
(i.e., tenement polygons) were sourced from: www.resourcesandenergy.nsw.gov.au/miners-and-explorers/geoscience-information/online-services/minview. (b) Partitioned licence ex-
pendituremap accounting for licence overlap. (c) Summed licence expendituremap adding exploration expenditures in areaswhere licences overlap. (d) Post probabilitymapof porphyry
Cu–Au potential. (e) Post probability map of porphyry Cu–Au potential clipped to exploration licence areas with recorded expenditure. (f) Combined post probability and licence expen-
dituremap illustrating areaswherehigh expenditure andhighgeological potentialmatch. These areas (represented by red and yellow colours) havebeen effectively explored,whereas the
remaining area (represented by light and dark blue colours) has not. (g) Post probability values of porphyry Cu–Au potential superimposed on summed licence expendituremap illustrat-
ing the general discrepancy between areas of high expenditure and areas of greatest geological potential. This discrepancy is taken to imply the inefficient nature of past exploration ex-
penditure outside the main mining areas.
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Fig. 8 (continued).
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exploration investment is being effectively directed into areas of higher
geological potential (i.e., equal to or higher than post probability values
of 0.01), onewould expect the scatter plot to display a statistically valid
positive correlation with a regression line from low expenditure values
and low post probability values at 45° to high expenditure values and
high post probability values. In the actual dataset, the correlation be-
tween post probability values and exploration expenditure is low
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(R2 = 0.14), indicating that there is only a weak correlation between
exploration expenditure and geological potential. This correlation is bi-
ased to some extent by the unavailability of expenditure data for the
historic and operating mine areas that would plot in the upper right of
the graph (high post probability values, high exploration expenditures).
Their inclusion would improve the correlation result. The scatter plot
in Fig. 8 is subdivided into four domains relating to the classifications
elling results and past exploration data: A case study of porphyry Cu–
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Fig. 8 (continued).
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used for exploration expenditure and post probability values in Tables 7
and 9. As illustrated in Fig. 8, a large proportion of the geologically pro-
spective area covered by the licences has received insufficient expendi-
ture for adequate testing of geological targets, in particular drilling. This
is confirmed by the 603 km2 area classified as low expenditure, high
probability target (Table 8), which is a surprisingly large area of pro-
spective ground for a region that has recorded significant historical
porphyry Cu–Au exploration and development and is commonly con-
sidered a mature exploration destination.

The post probability values range from close to zero in areas of the
lowest geological potential to one in the areas of high geological potential.
Consequently areas of effective exploration expenditure can be mapped
by multiplying the total expenditure by the post probability values. Any
expenditure in non-prospective areas will be reduced close to zero
allowing areas of effective exploration to be mapped (Fig. 8f). There are
692 km2 of highly prospective ground covered by the licences investigat-
ed in this study, but only 89 km2 or 12.9% of the prospective ground has
been explored effectively (i.e., has had some formof drilling). The remain-
der, which totals 603 km2, has not yet been effectively tested. If, for the
area above, the prior probability is considered worthy of exploration in-
vestment, especially for areas with missing data, then the untested area
increases significantly. Overall, the results of our analysis indicate that
Table 7
Average costs (in 2003 dollars) associated with a staged exploration program in the Macquarie

Exploration stagea Typical work program/aims

A Ground acquisition Historic data compilation and review; identification of the mos
prospective ground available

B Target definition Detailed historic data compilation, generation of empirical and
conceptual target areas; reconnaissance exploration of target a
(e.g., historic mines or prospects, untested anomalies, concept

Target testing Acquisition of geochemical, geophysical and more detailed geo
data to define drill targets

C Drill testing Drill testing of targets; assessment of grade and continuity of a
mineralisation discovered; acquisition of 3D geological data; te
geological concepts

D Resource delineation Drill testing of any potentially economic mineralisation discov
better define size, grade and continuity of the orebody

E Feasibility Feasibility studies into developing a profitable mining operatio

a Letters refer to exploration stages as defined by Lord et al. (2001).
b Cost estimates are based on the data compiled in the GEMOC study. The costs associatedwit

on the size of the potential operation. For example, based on data extracted fromNewcrestMini
of gold, the Cadia mine (part of Newcrest's Cadia Valley operationwithin the GEMOC study area
lion and development costs of at least $400 million. Expenditures on projects that were succes
referred to then current licences.

c An administration and management cost of 30% has been assumed for each stage of explo
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although exploration and mining have been carried out for more than
100 years in the study areamuch of the prospective area remains untest-
ed and should be of interest for further exploration investment (Fig. 8g).

9. Discussion

9.1. Prospectivity model

The post probability values for the area clipped to the GEMOC tene-
ment areas range from 0.00000002 over the non-prospective areas
through to 0.99344176 over the most prospective areas. The highest
post probability values have similar values to the known mines at
Cadia Valley (0.993442), Yeoval (0.966633), Browns Creek (0.975332)
and Northparkes (0.154682). The post probability values for the pro-
spective areas in the tenement study area do not include the mine
areas as there are no publically available expenditure data for these
areas. However, there are areas in the tenement study area with similar
post probability values to the mine areas meaning they have similar
geological, geochemical and geophysical attributes to the known
mines in the district. Areas were defined as unprospective if they had
post probability values less than the prior probability for the regional
model of 0.000131 (i.e., the chance of randomly finding a deposit in
Arc, 1980 to 2002.

Exploration costb Administration costc Total cost Cumulative cost
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h exploration stage E can vary between tens and hundreds ofmillions of dollars depending
ng Limited's annual reports and the company's reported average discovery costs per ounce
) incurred an estimated total exploration expenditure in the range from $120 to $265mil-
sful were not recorded in the GEMOC study due to the confidential nature of reports that

ration.
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Table 8
Expenditure and coverage statistics for the tenement, prospectivity and combined tenement and prospectivity maps in the Lachlan Fold Belt.

Class Area category Tenement area Geological potential Combined Combined expenditure

Area km2 Percentage Area (km2) Percentage Area (km2) Percentage 2003 dollars Percentage

Expenditure Total area 34,793 100.0% 101,555 100% 32,265 100.0% $69,942,999 100%
Licence areas with expenditure b $39 K (Stage A) 14,630 42.1% – – 13,116 40.7% $ 9,286,197 13.3%
Licence areas with expenditure $39 K to $130 K
(Stage A)

11,610 33.4% – – 10,906 33.8% $13,798,465 19.7%

Licence areas with expenditure $130 K to $286 K
(Stage B)

4349 12.5% – – 4038 12.5% $12,364,072 17.7%

Licence areas with expenditure $286 K to $546 K
(Stage C)

1784 5.1% – – 1784 5.5% $10,026,519 14.3%

Licence areas with expenditure $546 K to $1066 K
(Stage D)

1462 4.2% – – 1462 4.5% $10,634,706 15.2%

Licence areas with expenditure N $1066 K (Stage E) 958 2.7% – – 958 3.0% $13,833,040 19.8%
Overlap Areas with no licence overlap 19,731 56.7% – – 18,212 56.4% – –

Areas with 2 to 4 licence overlaps 13,593 39.1% – – 12,642 39.2% – –

Areas with N4 licence overlaps 1469 4.2% – – 1412 4.4% – –

Prospectivity Unprospective areas (b0.000131) – – 85,584 84.3% 23,354 72.40% $43,598,402 62.3%
Moderately prospective areas (0.000131 to 0.01) – – 12,422 12.2% 6497 20.10% $16,870,891 24.1%
Prospective areas (0.01 to 0.1) – – 2440 2.4% 1722 5.30% $5,432,763 7.8%
Highly prospective areas (N0.1) – – 1109 1.1% 692 2.10% $4,040,943 5.8%
Highly prospective areas with low expenditure – – – – 603 2.70% – –

Highly prospective areas with high expenditure – – – – 89 0.30% – –
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the area). Any values greater than the prior probability were defined as
having some geological potential and these cover only approximately
16% of the study area, resulting in a significant reduction of the search
area. The areaswith themost significant geological potential are defined
as any cell with a post probability value greater than 0.1 as this includes
the majority of the known historic and operating mines in the area,
which reduces the search area to around 2% of the tenement area or
690 km2 compared to a total search area of 32,265 km2. There are
2177 separate targets within this area that have similar geology, geo-
chemistry and geophysical attributes as the areas covered by the main
historic and operating mines. These targets have been attributed with
themaximumpost probability value for each areawhich allows the tar-
get areas to be sorted and prioritised according to geological potential. A
total of 79 of these target areas have historic copper or gold occurrences
within their areas. The remaining target areas are new exploration op-
portunities for future investment. It is also possible to evaluate whether
these targets have been effectively tested by historic exploration by in-
corporating the GEMOC exploration expenditure data as an attribute for
each target area.

As discussed above, conditional dependence is an issuewith the post
probability values that may introduce bias into the model. One way to
resolve issues with conditional dependence is to combine or exclude
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Fig. 9. Scatter plot of post probability (i.e., geological potential) versus expenditure data for
the exploration licences examined in this study. The trend line indicates a weak positive
correlation (R2 = 0.02) between post probability and exploration expenditure values.
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predictor maps. Whilst statistically valid, such an approach will result
in information being lost when results are analysed and exploration
targeting is done. The identification of missing data is critical for explo-
ration targeting as it may not be the targets with the highest post prob-
ability values that offer opportunities for successful discovery, but
targets with high post probability values and missing data that have
not been acquired to date. These targets can be easily identified using
the tools in GIS and ranked and prioritised accordingly. This type of
targeting is particularly useful for exploration as the type of missing
data that could add to the prospectivity of a target if present helps con-
strain future exploration planning and budgeting objectively.

9.2. Historic exploration

When wide-spaced reconnaissance drilling by Geopeko Limited in
1976 intersected the Endeavour 22 Au-rich alkalic porphyry deposit
(Lye et al., 2006), it triggered a significant increase of exploration activ-
ity within the Macquarie Arc targeting this previously unrecognised
style ofmineralisation.Within 20 years of the initial discovery, theMac-
quarie Arc had emerged as the largest porphyry province in Australia
with a resource base of greater than 80 Moz of Au and 13 Mt of Cu
(Clancy Exploration Limited, 2009; Cooke et al., 2007) supporting sig-
nificant, long-life mining operations such as at Cadia and Northparkes.

Given the above, there is nodoubt that, taken as awhole, exploration
in the GEMOC study area was very successful. For example, during the
study period of 1980 to 2002 there was a 5% chance (probability:
0.05; odds = 1 in 20) that a licence would progress through all stages
of exploration and yield a mining operation (Fig. 7b). This number is
much higher than typical industry success rates (Kreuzer and
Etheridge, 2010), again corroborating the successful nature of explora-
tion within the GEMOC study area. Moreover, the 5% success rate
achieved by industry is 250 times greater than the 0.000216 prior prob-
ability (chance= c. 0.02%; odds= 1 in 5000) for discovery of porphyry
Cu–Au deposit within the GEMOC study area. However, whilst explora-
tion as a whole was highly successful, this success was only shared by a
select few companies.

The GEMOC database, which is biased towards the unsuccessful li-
cences, provided some clues as to what may have gone wrong for the
majority of the explorers with the reluctance to drill presenting itself
as one of the most serious issues. Overall, only 44% of the licences re-
corded any RAB, RC or DD drilling with 24% of these licences not having
seen any drill activity before year three of their tenure. A staggering 56%
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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Table 9
Classified prospectivity of the study area based on the post probability values from the WofE model of the Lachlan Fold Belta.

Prospectivity Definition Post probability Area covered Follow-up

Unprospective Any cell with a value less than the prior probability of
0.000131; contains no, or only few, predictive map variables

b0.000131 84.30% No action

Prospective Cells with a value greater than the prior probability but
characterised by a minimum number of predictive variables
or missing data

0.000131 to 0.01 12.20% Check areas where important
input data are missing

Priority targets Cells containing most of the required predictive map variables
but with some variables missing or characterised by missing
data like the North Parkes District where prospective geology
is mainly under cover

0.01 to 0.1 2.40% Check for missing data; field check
for presence of predictive map
variables

High priority targets Cells with values in the range of the known mines such as
North Parkes (0.154682), Yoeval (0.966633), Browns Creek
(0.975332) and Cadia (0.993442)

N0.1 1.10% Check for missing data; plan
follow-up drilling or exploration
data acquisition to check for
presence of predictive data

a Lower cut-off = prior probability; upper cut-off = minimum post probability value for the main porphyry Cu–Au mines in the Lachlan Fold Belt.
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of the licences never recorded any drilling at all. The big question here is
why? Whilst market forces would have played some role in this
(e.g., downturns in 1983, 1987 and 1999, the Bre-X scandal in 1997,
and generally depressed gold prices between 1983 and 2002) the pro-
portion of licences that recorded any drilling and the expenditures at-
tributed to this drilling remained more or less constant over the
almost 20 years of investigation. As such, it is unlikely that market
forces alone would have controlled the observed patterns. But why
did drilling rates stay constant over timewhen the belt became increas-
ingly more data-rich and knowledge progressively increased? Theoret-
ically, it should get easier and quicker to progress fromexploration stage
B to stage C as knowledge and data availability increase, thereby
resulting in a proportional increase of drilling over time. However,
none of this occurred in the study area. Potential reasons for the above
include explorers not using new data effectively, poor science, lack of
objectivity, market driven exploration, ground locked up by successful
explorers who see prospectivity differently to new juniors entering
the area for the first time, or the market not allowing companies to
raise sufficient funds to drill.Whatever the reason, increased knowledge
and data availability did not translate into explorers' ability to define
drill-worthy targets, at least not outside the main mining areas.

Further to the above, only 28% of the licences where bedrock is par-
tially or fully obscured by cover recorded any RAB drilling. That is
despite RAB drilling providing a relatively inexpensive but highly effec-
tive geochemical sampling tool for areas under (partial) cover. It is this
type of drilling that is most important in making discoveries under
cover as illustrated by its crucial role in the initial discovery of alkalic
porphyry Cu–Au mineralisation at Endeavour 22 in semi-covered ter-
rain. Unfortunately, past explorers were generally reluctant to drill
through the cover to see what is there and, thus, in the absence of any
compelling conceptual, geochemical or geophysical targets did not com-
mit to any drilling at all. In fact, a general bias against exploring more
poorly-known areas under cover (Fig. 10) may present another expla-
nation for the apparent inefficiency of previous exploration within the
study area. When exploration decision makers evaluate an exploration
project in terms of exploration risks and the probability of making an
economic discovery, they often use the heuristic (mental shortcut)
that areas where it is more certain that mineralisation is present (e.g.,
in the vicinity of exposed mineral occurrences) are lower risk when in
many cases the opposite is true (J.M.A. Hronsky, pers. comm., 2014).

Overall, the above scenarios are most easily explained by heuristics
and biases in judgement and exploration decision-making (cf. Wastell
et al., 2011), and / or explorers being focused on other projects else-
where, not turning over ground efficiently or hanging on to ground
that is notworth keeping (i.e., “pet project syndrome”), therebywasting
time and investor dollars. A point in case is the fact that most licences
(i.e., 262 of 346, or 76%) never progressed from their initial stage, and
in most cases this stage was stage B. A comparison between the WofE
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prospectivity model and the area covered by licences that started and
ended in stage B illustrates that approximately 72% of these licences
were situated on unprospective ground. This finding offers an explana-
tion as to why somany of these licences never yielded any drill-worthy
targets. But why were these licences acquired in the first place? On the
flip side: Why did the remaining 28% of these licences not yield any
drill-worthy targets when these licences covered prospective ground?
This ground includes areas with post probabilities between 0.01 and
0.1 that contain most of the required predictive map variables (c. 5%)
and even areas with high-priority targets characterised by post proba-
bilities greater 0.1. The latter cases clearly fall into the category of oppor-
tunity wasted.

It is possible that, if the recorded exploration investment had been
used to effectively test the areas of greatest geological potential, addi-
tional mines may have been discovered during the period investigated
in this study. This point again reiterates how critical it is for explorers
to focus the limited funds available into the most prospective areas as
early in the exploration process as possible.

9.3. Comparison of prospectivity and historic exploration data

Cowley et al. (2009) argued that the spatial distribution and density
of exploration activities may be taken as a spatial measure of
prospectivity as perceived by the minerals exploration industry. Based
on this premise, they produced “exploration values maps” of past and
current tenements, drillhole locations, mineral occurrences, gravity sta-
tions, aeromagnetic surveys and geochemical sample locations covering
the northern Finders Ranges, South Australia. According to Cowley et al.
(2009), thesemaps showed clear alignment of sustained exploration in-
terest and computed prospectivity. The maps also helped to identify
areas of high prospectivity that have not received elevated exploration
interest.

Our comparison of prospectivity and historic exploration data is
based on similar principles although we used exploration expenditure
as the principal measure of prospectivity as perceived by the minerals
exploration industry. The main limitations to our approach were:

• The lack of detailed information regarding the spatial distribution of
exploration expenditurewithin each licence. Tomake the spreadsheet
based expenditure data amenable to spatial modelling, the assump-
tion was necessary that expenditure was uniformly spread across
each licence. Obviously, this is not normally the case because explora-
tion would focus on those parts of a licence that are perceived most
prospective. Any future modelling should aim to incorporate explora-
tion datasets such as drill hole and geochemical sample locations to
link expenditure to specific areas within each licence and use the
total licence expenditure to account for costs that are spread across
the entire licence, such as administration costs.
elling results and past exploration data: A case study of porphyry Cu–
.org/10.1016/j.oregeorev.2014.09.001
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Fig. 10. Distribution of exploration expenditures (as shown in Fig. 8c) relative to the distribution of post-mineralisation cover, stream sediment sample locations andmineral occurrences
(with the latter two serving as proxies for domains of bedrock exposure within the study area). As illustrated by this figure and as common inmany exploration destinations worldwide,
the tenements that received the lowest summed expenditures (i.e., b$39,000) are mainly in areas of cover and/or areas of low mineral occurrence density (i.e., areas with a mineral oc-
currence density that is 2.3 orders of magnitude less than that of the $39,000–$130,000 summed tenement expenditure category, and 9.6 orders of magnitude less than the N$1,066,000
category). This expenditure distribution is perhaps best explained in terms of a general bias against exploring more poorly-known areas under cover. When exploration decision makers
evaluate an exploration project in terms of exploration risks and theprobability ofmaking an economic discovery, they oftenuse theheuristic (mental shortcut) that areaswhere it ismore
certain that mineralisation is present (e.g., in the vicinity of exposed mineral occurrences) are lower risk when in many cases the opposite is true (J.M.A. Hronsky, pers. comm., 2014).
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• The lack of expenditure data for active licences. These data were con-
fidential and not available but it is important that any future study ad-
dresses this issue by either finding ways of acquiring the actual
expenditure data or by calculating a proxy for exploration expendi-
ture over these areas.

• Uncertainty about the potential impact on any expenditure analysis
of: (i) Explorers initially acquiring larger than required licence areas
that, because of legislative requirements for area reduction over the
life of a licence, will later need to be reduced, and (ii) anecdotal evi-
dence of explorers allocating expenditure, particularly management
and administrative costs, from other licences to licences that would
otherwise not meet annual minimum expenditure requirements as
set by the government. To some degree, these aspects and market
driven issues, like using tenement acquisition near recently discov-
ered mines to raise funds for exploration on unrelated projects, may
help explain expenditure directed towards areas of low prospectivity.

Despite these limitations, the spatial analysis of exploration expen-
diture comparison of the expenditure and prospectivity maps delivered
outcomes not only corroborating the database analysis (e.g., that most
of the exploration investment outside themainmining areas has poten-
tially not been efficiently targeted, in that this expenditure was not di-
rected towards the areas of highest geological potential: Figs. 7 and 8,
Table 8), but also significantly augmenting the database analysis
(e.g., that prospective but underexplored areas exist within the study
area that represent significant targets for future acquisition and explo-
ration, and that the government legislation to manage and maximise
benefit to the state from that investment is not operating as effectively
as it could to develop the states mineral resources).
9.4. Implications for mineral exploration

According to a recent quantitative resource assessment by
Bookstrom et al. (2014), the Macquarie Arc may contain seven as-yet-
undiscovered porphyry Cu–Au deposits, all expected to occur within
one kilometre of the current land surface. At the 0.5 probability level,
these as-yet undiscovered deposits are estimated to contain 2900 Mt
of ore, which is equal to 69% of the identified porphyry Cu–Au resources
Please cite this article as: Kreuzer, O.P., et al., Comparing prospectivity mod
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within the Macquarie Arc based on figures presented by Bookstrom
et al. (2014).

Given the above and the findings of our study suggesting that past
exploration did not efficiently test the prospective area, significant po-
tential remains for discovery in theMacquarie Arc of additional, sizeable
porphyry Cu–Au deposits.

9.5. Future developments

We regard this work as a stepping stone to developing an integrated
methodology harnessing the power of spatial analysis and GIS-based
prospectivity modelling to inform conceptual mineral deposit models
and financial and geological risk and decision analysis using Monte
Carlo simulation and decision trees, and vice versa. By spatially enabling
mineral deposit, risk and decision models, we could develop a powerful
workflow and tool for (i) testing and calibrating geological models,
(ii) project / portfolio valuation and ranking, (iii) measuring the
value added by exploration investments, and (iv) measuring explo-
ration maturity. The economic benefit of a geological process-based
risk analysis approach to exploration targeting has been successfully
demonstrated by the petroleum industry (e.g., Rose, 1999; Suslick
and Schiozer, 2004).

10. Summary and conclusions

(i) This study compared a prospectivity map that reflects porphyry
Cu–Au potential to a map of exploration expenditures that
serve as a spatial measure of porphyry Cu–Au potential as per-
ceived by the minerals exploration industry.

(ii) The study area is defined by the Narromine, Dubbo, Forbes, Bath-
urst, Cootamundra, and Goulburn 1:250,000 scale map sheets,
and centred upon the Ordovician to Early Silurian Macquarie
Arc in New South Wales, Australia's most significant porphyry
province (N80 Moz Au, N13 Mt Cu).

(iii) Exploration activity and expenditure data were compiled from
all open-file exploration reports lodged between 1980 and
2002 for exploration licences targetingporphyry Cu–Audeposits.
This period reflects a time of increased exploration activity
within the Macquarie Arc following the initial discovery of the
elling results and past exploration data: A case study of porphyry Cu–
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Endeavour 22 (Goonumbla) Au-rich alkalic porphyry deposit by
Geopeko Limited in 1976.

(iv) A weights of evidence (WofE) model of porphyry Cu–Au
prospectivity was developed in the framework of a mineral
systems approach covering the entire eastern Lachlan Fold
Belt in New SouthWales. For the purpose of this investigation,
the model was clipped to fit the study area defined above,
allowing direct comparison of the prospectivity model and
historic exploration data.

(v) Taken as a whole, exploration in the study area was highly
successful, resulting in a 5% chance of an exploration licence
progressing through all stages of exploration to yield a mining
operation. This number ismuchhigher than typical industry suc-
cess rates. However, this success was only shared by a select few
companies.Most of the exploration investment outside themain
mining areas has potentially been poorly targeted in that expen-
diture was not directed towards the areas of highest geological
potential. As at 2002, many prospective areas identified in the
prospectivity analysis remained un(der)explored, including
some priority targets. As such, the Macquarie Arc had not yet
reached exploration maturity, despite over two decades of ex-
ploration subsequent to the discovery of Endeavour 22 in 1976.

(vi) The analysis revealed a general reluctance to drill with only 44%
of exploration licences having recorded any RAB, RC or DD dril-
ling. Of these, 24% did not record any drill activity before the
third year of tenure. A staggering 56% of the licences never re-
corded any drilling at all.

(vii) Equally startling is the fact that 76% of exploration licences never
progressed from their initial stage, and in most cases this stage
was stage B (i.e., prospect definition / reconnaissance). A compar-
ison between theWofE prospectivity model and the area covered
by licences that started and ended in stage B illustrates that ap-
proximately 72% of these licenceswere situated on unprospective
ground. The latter finding offers a possible explanation as to why
so many licences never yielded any drill-worthy targets.

(viii) The outcomes of the spatial and statistical comparisonhave impli-
cations for assessing the effectiveness of exploration investment
and exploration maturity, both of which are key inputs for explo-
ration decision-making.

(ix) The outcomes also have implications for strategic planning of fu-
ture government legislation designed to manage and maximise
the benefits from exploration investment.

(x) The approach adopted in this study could be used in the future to
measure the effectiveness of exploration targeting and invest-
ment, either on behalf of exploration companieswanting to eval-
uate current or past exploration programs or on behalf of
government organisations wanting to evaluate their exploration
initiatives. As such, our approach may also be used as a guide
with respect to the types of data to be collated and modelled
and GIS tools and work flows required to allow this type of anal-
ysis to become standard practise in the industry. This type of in-
formation will better inform governments and investors of the
performance of exploration companies and provide a more ob-
jective measure of assessing exploration maturity.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.oregeorev.2014.09.001.
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