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Abstract: Airborne magnetic and radiometric datasets have, over the past few years, become powerful
tools in the identification of porphyry systems which may host economic porphyry copper–gold–
molybdenum ore bodies. Magnetisation contrasts with the unaltered host rocks, coupled with
the elevated radiometric signature, compared to the host rock, makes identification of large-scale
porphyry copper systems possible. Integrating these two different datasets with stream sediment data
and other geochemical exploration methods results in a higher degree of confidence. Stream sediment
data were analysed to see the distribution of copper and gold elements throughout the study area,
located within the Eastern Papuan Peninsula of Papua New Guinea. Airborne geophysics data over
the same area were also processed for magnetic and radiometric responses. The processing of the
magnetic data revealed several magnetic anomalies related to concealed intrusive rock units, with
associated radiometric signatures. The distribution of gold and copper anomalism was correlated
with the geology and geophysical signatures. Results indicate varying degrees of correlation, with
some areas showing a strong correlation between gold/copper occurrence and geophysical signatures,
compared to other areas. Some factors that we believe impact the level of correlation may include
tectonic history, volcanic cover, and weathering patterns. We recommend caution when applying
multi-data exploration for porphyry copper systems.
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1. Introduction
Papua New Guinea is host to two large copper mines in Ok Tedi and Panguna and
at least three more undeveloped copper projects; one of which, the Frieda River prospect,
is in the top 10 largest copper deposits in the world, in terms of reserves. There are at
least seven porphyry Cu–Au deposits in the country [1]. This testifies to the mineral-rich
geological framework of the region that is propelled by a dynamic tectonic environment
that spans most of the Melanesian archipelago [1].
The formation and deposition of porphyry copper–gold systems in Papua New Guinea
and the Solomon Islands occurred between 24 and 20 Ma and then again between 12 and
6 Ma [1,2]. In Papua New Guinea, there are quite a few porphyry systems which have
been dated younger than 6 Ma, such as Panguna (3.4 Ma) and Ok Tedi, at 1.2 Ma [1,3].
Their emplacement has long been associated with calc-alkaline intrusive rocks [4,5] and
arc magmatism [1]. These rocks often display an elevated potassium signature [6], low Th,
and low Th/K signatures [7].

4.0/).

Geosciences 2021, 11, 299. https://doi.org/10.3390/geosciences11070299

https://www.mdpi.com/journal/geosciences

Geosciences 2021, 11, 299

2 of 16

As the Ok Tedi copper mine approaches its end of life, and the current three reserves
(Wafi Golpu, Frieda River, and Yandera) are developed, the country will no longer have
any new large mines until well after several decades, as it takes anywhere between 15
and 60 years from discovery to development in PNG. Therefore, it is critical that mineral
exploration programmes are instituted to identify new mineral deposits that may be
developed in the next few decades.
Here, we discuss the application of stream sediment datasets, combined with airborne
magnetic and radiometric datasets, to point out prospective porphyry copper systems
which may be worth further investigations by interested exploration companies. Data used
in this paper are derived directly from geochemical data digitised from historical studies
and the airborne geophysical survey funded by the MRA in 2016.
2. Exploration and Mining History in Papua New Guinea
Papua New Guinea has long been associated with gold (and copper) mineralisation
since the tag “Isla de Oro” (Island of Gold) was placed on it by early Spanish explorer
Alvaro de Saavedra in 1528 [8]. However, it would take another 300 years before gold was
actually seen in the country when Captain Moresby reported traces of it after he sailed his
famous Basilisks into the Port Moresby harbour in 1873. The first gold rush is reported
to have occurred a few years later in 1878 [9], when Australian gold miners congregated
on the small Sudest Island to the east of mainland New Guinea and discovered gold in
1880 [10]. The next gold rush to happen was in the Wau-Bulolo goldfields in the early
1920s [8] and then the Mt. Kare gold rush in 1986 [11].
Hard rock mining commenced in Papua New Guinea in 1972 when the Panguna copper mine was developed. This was soon followed by the opening of Ok Tedi gold/copper
mine in 1984, Misima gold mine (1989), Porgera and Lihir gold mines in 1990, and Tolukuma
gold mine in 1995 [12]. Ramu added nickel and cobalt into the country’s mineral stream
when it commenced operation in 2005. The Panguna copper mine ceased operations in
1989 due to civil unrest, while Misima’s operations came to a halt after 15 years of mining
on the island.
Exploration countrywide has since uncovered many other gold and copper prospects
which are yet to be developed. The notable ones include the Frieda River and Wafi-Golpu
porphyry copper prospects, the Woodlark and Mt. Kare gold prospects, the Oro and Sewa
Bay nickel–cobalt prospects, and the now temporarily abandoned Solwara 1 gold project
in the Bismark Sea. Of these prospects, Woodlark and Wafi-Golpu look set to commence
production within the next few years.
Despite these massive discoveries, vast areas of the country remain underexplored and
exploration interests have continued to remain relatively high over the last few years. Some
of these prospects need to be advanced to feasibility stages in preparation for development.
This paper highlights the application of multi-data criteria in the search for mineral deposits
in underexplored areas of Papua New Guinea. The approach, if proved successful, should
pave the way for the Mineral Resources Authority (MRA) to use the approach in identifying
new mineral deposits in other parts of the country.
3. The Study Area
The study area is within the New Guinea Mobile Belt, bounded by coordinates
147–148 degrees east and 8–9 degrees south (Figure 1). The area falls within the Buna
1:250,000 map (Davies and Williamson, unpublished), and comprises four 1:100,000 map
sheets, namely, Albert-Edward, Wasa, Ioma, and Kokoda. A detailed map of known
porphyry copper deposits in Papua New Guinea and the greater Melanesian countries
was published by Holm et al. [1]. This map is reproduced in Figure 1 together with the
location of the study area. To have an understanding of the regional geological setting of
these deposits, we have used the geology map published by Davies [13] and Howe and
Kroll [14].
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Papuan Composite Terrane (EPCT) [19,20]. The EPCT comprises ophiolite of the Papuan
Papuan Composite Terrane (EPCT) [19,20]. The EPCT comprises ophiolite of the Papuan
Ultramafic Belt (PUB) on the northeast side and metamorphic rocks of the Owen Stanley
Ultramafic Belt (PUB) on the northeast side and metamorphic rocks of the Owen Stanley
metamorphics (OSM) to the southwest (Figure 2). The two are separated by a major northmetamorphics (OSM) to the southwest (Figure 2). The two are separated by a major
west trending fault, the Owen Stanley Fault (OSF) [21,22].
north-west trending fault, the Owen Stanley Fault (OSF) [21,22].
The PUB ophiolite is a Cretaceous-obducted oceanic seafloor sequence varying from
The PUB ophiolite is a Cretaceous-obducted oceanic seafloor sequence varying from a
a basal ultramafic zone, through a gabbroic zone to basalt in the uppermost portions [23]
basal ultramafic zone, through a gabbroic zone to basalt in the uppermost portions [23] The
The ophiolite was emplaced as an upfaulted unit along the OSF against the OSM. It is
ophiolite was emplaced as an upfaulted unit along the OSF against the OSM. It is intruded
by Late Paleocene tonalitic stocks and overlain by Middle Eocene arc-type volcanics which
rapidly deposited volcanoclastic rocks and some limestone [21].

Geosciences 2021, 11, x FOR PEER REVIEW

Geosciences 2021, 11, 299

4 of 17

4 of 16
intruded by Late Paleocene tonalitic stocks and overlain by Middle Eocene arc-type volcanics which rapidly deposited volcanoclastic rocks and some limestone [21].

Figure2.2.Location
Locationand
andsimplified
simplified geological
geological maps
(a)(a)
location
of area
of interest
with
respect
to the
Figure
mapsofofthe
thearea
areaofofinterest:
interest:
location
of area
of interest
with
respect
to the
EPCTgeological
geologicalterrane
terraneand
and surrounding
surrounding terranes
Modified
from
Williamson
andand
Hancock
(2005);
EPCT
terranesofofPapua
PapuaNew
NewGuinea.
Guinea.
Modified
from
Williamson
Hancock
(2005);
(b) simplified geological map of the area of interest displaying dominant rock units and faults in the area. Modified from
(b) simplified geological map of the area of interest displaying dominant rock units and faults in the area. Modified from
Davies and Williamson (2012). Red polygon shows approximate extent of the airborne geophysics data for Figures 3 and 4.
Davies and Williamson (2012). Red polygon shows approximate extent of the airborne geophysics data for Figures 3 and 4.

The OSM consists of several different units at various grades of metamorphism [13].
The OSM consists of several different units at various grades of metamorphism [13].
The metamorphic rocks in the area include low-grade greenschist facies pelitic and psamThe metamorphic rocks in the area include low-grade greenschist facies pelitic and psammitic derived metasediments with minor metavolcanics (Kagi metamorphics), which
mitic derived metasediments with minor metavolcanics (Kagi metamorphics), which
grades into fine siliciclastic sediments and low-grade metasediments (Kemp Welch Beds)
grades
into fine siliciclastic sediments and low-grade metasediments (Kemp Welch Beds) to
to the south and is structurally overlain by higher-grade blueschist–greenschist
the
south
and
is structurally
overlain
by gabbro,
higher-grade
blueschist–greenschist
metabasites
metabasites
derived
from basalt,
dolerite,
and volcanic
sediment (Emo metamorderived
from
basalt,
dolerite,
gabbro,
and
volcanic
sediment
(Emo
metamorphics)
that
phics) that dips north and northeast beneath the ophiolite [13,24,25]. The protolith of
thedips
north
and
northeast
beneath
the
ophiolite
[13,24,25].
The
protolith
of
the
Owen
Stanley
Owen Stanley metamorphics was deposited as a thick pile of fine-grained marine sedimetamorphics
was deposited
a thick pile
of fine-grained
sediments
rifted
ments on the rifted
margin of as
a Paleozoic
craton
in the Late marine
Cretaceous
[22,25] on
andthe
was
margin
of a Paleozoic
craton
in the
Late Cretaceous
[22,25] and
was metamorphosed as a
metamorphosed
as a result
of the
emplacement
of the ophiolite
[25,26].
resultThe
of the
emplacement
the ophiolite
[25,26].
metamorphics
areofflanked
in the west
by late Cretaceous (part Maastrichtian)
Themetamorphosed
metamorphics calcareous
are flanked
in the west
late and
Cretaceous
(part
Maastrichtian)
weakly
sediments
(Keaby
Beds)
an Eocene
limestone
unit
weakly
sediments
(Kea Beds)
and by
an Oligocene–Miocene
Eocene limestone unit
(Mafalumetamorphosed
Beds). These unitscalcareous
are, in turn,
unconformably
overlain
(Mafalu
Beds).
units are,
in turn,metamorphosed
unconformablysediments
overlain by
Oligocene–Miocene
calcareous
clasticThese
sediments.
The weakly
occur
as a fault slice
calcareous
clastic
sediments.
The
weakly
metamorphosed
sediments
occur
as a fault slice
within a set of sub-parallel N–S faults (Tapini Fault System) that also cause displacements
within
a
set
of
sub-parallel
N–S
faults
(Tapini
Fault
System)
that
also
cause
displacements
within the Eocene sediments [25].
within the Eocene sediments [25].
Geological mapping conducted by the Mineral Resources Authority (MRA) helped
improve the geological resolution of the study area. The 1:100,000 map sheet is shown
in Figure 2. Igneous activity in the Miocene and throughout the Pliocene resulted in the
intrusion of dioritic and granodioritic stocks and the extrusion of basaltic and andesitic
volcanic rocks that unconformably overlie the older rock units to the southwest. The
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igneous units here are closely associated with the Tolukuma gold mine and several other
metal mineral prospects in the area [27].
4. Results
4.1. Geophysics
The application of magnetic and radiometric data has, over the past few years, become a useful tool in defining lithology, metal zones, and structure of porphyry copper
systems [28], and even in characterising geology [29,30]. Together with the increasing
application of other geospatial tools and mineral prospectivity maps [31], magnetic and
radiometric datasets have become standard tools used in targeted exploration processes.
The application of magnetic data has its rationale in that ore-forming magmatic fluids
are rich in iron, and the amount of magnetite they deposit is dependent on the different
phases the fluids undergo as they ascend into the upper crust [32]. When the magmatic
fluids are flushed into the crust through deep-seated fracture systems, they form magnetic
features that are highly anomalous with respect to their weakly magnetic host rocks [33].
The magnetic distinction between the intrusive body and the host rock is fundamental
to the application of magnetic methods in mineral exploration. Oftentimes, intrusive
bodies appear as magnetic dipoles [34]. However, when an intrusive body has undergone
intense hydrothermal alteration, it may manifest as a low magnetic feature, due to the
destruction of magnetite [35]. There are some deposits, for example, the Porgera intrusive
complex in Papua New Guinea, that remain relatively unaltered and manifest as strongly
magnetic [36].
In 2005, a large airborne geophysical survey was conducted along the central highlands
of Papua New Guinea. The airborne survey acquired both magnetic and radiometric
datasets at a height of 100 m above nominal terrain clearance, with the flight lines being
spaced approximately 500 m apart [37]. The survey was completed in two parts—Part A,
covering the Central Highlands, and Part B, covering the Eastern Papuan Peninsula. This
study area falls within Part B of the airborne survey. Magnetic and radiometric data were
extracted from the Part B dataset to accommodate the study area. The magnetic data were
gridded to produce a total magnetic intensity map, from which a reduced to the equator
image and an analytical signal image were produced for the area. The total magnetic
intensity reduced to the equator response is shown in Figure 3.
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In Papua New Guinea, digitisation of geochemical data was commenced in the early
part of 2005. This saw the beginning of historical exploration data being converted from
analogue to digital spatial data for easy storage, access, and processing. To date, over
120,000 data points have been digitised, from which 11,806 data points are from streamsediment samples. There are 9,488 stream sediment samples analysed from within the
study area. To put it simply, stream sediment data is used in exploration with the notion
that it is made up of mineral elements weathered and eroded from a source rock region
upstream from a sampling point [45].
To observe the distribution of the mineral elements analysed from the stream sediment
data, we gridded the Cu and Au channels of the stream sediment data. These are shown in
Figure 5 for copper (Cu), and Figure 7 for gold (Au).
Figure 5 suggests that copper anomalism within the study area is quite widespread.
The entire western portion of the study area and the northeastern parts are heavily documented with copper anomalism in the streams. The only exception is the area near the
mid-eastern section where widespread copper signatures have failed to show up in stream
sediment analysis data.
Figure 7 shows a gridded image of the level of gold anomalism in stream sediments
distributed throughout the study area. The image depicts a high occurrence of gold
anomalism, mostly distributed along the northeastern and southeastern parts of the study
area. Gold anomalism also covers the area that is reported to have negligible copper
occurrences in samples from the southeast of the study area.
To see how copper mineralisation is distributed with respect to gold, areas of anomalous copper in Figure 5 are shown in Figure 7. The figure shows that the upper eastern part
of the Owen Stanley Fault (OSF) has occurrences of both anomalous copper and gold. In
comparison, in the western part of the study area, there are multiple regions with copper
anomalism but lack anomalous gold occurrences. However, there are also some western
areas where there is coincident copper anomalism and gold anomalism; this helps with the
identification of prospective targets for porphyry systems within the study area.
4.3. Multi-Element Geochemical Analysis—Principal Component Analysis and Pathfinders
In order to further help with the identification of porphyry mineral systems and
other mineralisation signatures, we applied a principal component analysis (PCA) to a
multivariate geochemical data set from the Tolukuma Mine area. This provides a case
study to illustrate the benefits of integrating geochemical datasets and pathfinder elements
into exploration and prospectivity studies.
The geochemical data used consisted of 118 rock chips, 206 soil samples, and 69 trench
samples. The rock chip dataset consisted of geochemical results for 14 elements: Ag, As, Au, Be,
Cd, Cu, Fe, Mg, Mn, Pb, Sb, Se, Sn, and Zn. Principal component 1 (PC1) yielded element associations comprising Au−Ag−Sb−As (positive loading) and Fe−Be−Zn−Mg−Sn−Mn−Cu
(negative loading). The corresponding geochemical dataset derived from trench sampling
comprised 13 elements: Ag, As, Au, Be, Cd, Cu, Fe, Mg, Mn, Pb, Sb, Sn, and Zn. PC1 provided
elemental associations of As−Sb−Au−Ag (positive loading) similar to the rock chips, and
Zn−Mg−Fe−Cu−Mn−Be−Cd (negative loading). The soil sample dataset of 11 elements
contained: As, Au, Be, Cr, Cu, Co, Mg, Mo, Ni, Pb, and Zn. PC1 yielded an element association
of Mo−Pb−Cu (positive loading), while PC2 provided an association between As and Au
(positive loading).
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5. Discussion
In Papua New Guinea, the search for porphyry copper targets has now become more
urgent given that almost all of the known discoveries to date have now been developed, are
in the process of being commissioned for development, or are being progressed to feasibility
study stages for development in the not-too-distant future. This has led to renewed interest
in the application of an integrated approach in the identification of possible porphyry
system targets.
Here, we combined geology, geochemistry, and geophysics to identify possible porphyry system target(s) within the study area. This approach has been previously undertaken in the past as a multi-criteria decision making (MDM) tool in mineral potential
mapping [49,50]. The objective of this approach is to improve the confidence in mineral
prospect identification. In this case, we combined multiple datasets to illustrate targets
which we believe have a higher degree of being prospective as porphyry copper targets.
The study area shows that the distribution of copper anomalism in stream sediment
samples is very highly dispersed, with copper minerals being detected in almost all parts
of the study area, except the mid-section of the area over the PUB (Figure 4). The lack
of occurrence of copper anomalism in this area is fascinating, but we suspect that this
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phenomenon may be due to the heavy leaching of copper from the area by the surrounding
streams. Geological structures may also play a role in this although there have not been
any major northeast-trending structures mapped in this area. However, a topographic
depression may be seen which trends northeast (Figure 8) and appears to form the northern
boundary of the anomalous copper distribution. We hypothesise that this depression may
have been a geological structure that pre-existed the growth of the Owen Stanley Range.
The distribution of anomalous gold occurrences is most pervasive in the eastern part
of the study area (Figure 7). This area has a long history of alluvial gold mining along the
streams and river systems that dates back to the early 1900s. Some of the goldfields include
Yodda, Gira, Doriri, Gona, and Kereri, which have also been mined for their platinum
group elements (PGEs) and other alloys [51–54]. The major intrusive rock type mapped
around these areas is tonalite, (Figure 2), which has previously been attributed as the source
of the gold in this area [55] and may have been emplaced at the same time as the Eocene
tonalite, quartz diorite, and porphyry system that is interpreted to have been responsible
for the Waria River alluvial goldfields further northwest [54]. These gold occurrences
are interpreted to have been deposited in an epithermal environment in magmatic arc
systems [56]. The occurrence of PGE metals between the Waria goldfields and this part of
the country [54] may also indicate metal deposition in low-temperature environments [57].
West of the Owen Stanley Range (Figure 7), the occurrence of gold anomalism in
stream sediments appears to be restricted only to the southern part of the study area
(around Targets 3−5), with some occurrences reported within the vicinity of the Tolukuma
gold mine. Stream sediment analysis of gold from the area, however, indicates that the
area is still quite prospective with gold anomalies greater than 100 ppb and associated with
the occurrence of Ag, As and Sb metals.
The comparatively lower occurrence of gold in stream sediments samples from around
the Tolukuma area compared to the eastern part of the Owen Stanley Range does not
necessarily mean that the probability of locating a gold-bearing mineral deposit in this area
is low. Rather, gold-bearing deposits in this area were emplaced as veins, dykes, and stocks
that may represent high-grade, small-tonnage systems with a low transported sediment
expression, or alternatively, the gold systems may be buried under the thick volcanic cover.
The Tolukuma gold mine is one of the PNG’s medium-scale underground high-grade gold
deposits (0.3 Mt @ 29.9 g/t Au; [1]) and is an example of a mineral system that only has
little surface exposure to weathering and erosion. This view is supported by the integration
of geochemical datasets with element associations characteristic of epithermal Au and
Cu–skarn-related mineral systems, which may be indicative of a blind porphyry copper
system at depth.
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drothermal alteration. Only anomalies 1 (Tolukuma) and 5 (Mt. Kodu) display radiometric
attributes that are often attributed to porphyry intrusions, especially granitic suites [7];
they display enhanced counts in all three radiometric channels. The combined effect of
three radiometric channels (K, Th, and U) in the ternary imaging process produces a lighter
signature, as displayed by anomalies 1 and 5, compared to areas with low counts in the
three radiometric elements
The magnetic anomaly marked 5 (Kodu Prospect; Figure 3) is an elongated body that
resembles an intrusive body that has been emplaced into a northeast-trending structure.
The intrusive body has a radiometric signature similar to the Tolukuma radiometric signature. Geologically, not much of this body is visible; most of it is likely buried under the
thick volcanic sequence but is interpreted through the magnetic response and the shallower
part of this intrusion is visible through the radiometric response.
Geochemical sampling [40] has revealed associated high copper (>500 ppm) and gold
counts (>30 ppm) in stream sediment samples collected from the study area. Geochemical
sampling does not cover the entire extent of the magnetic anomaly and was also limited in
the analysis of appropriate pathfinder elements (e.g., Cu, Pb, Zn, Ag, and Mo). However,
in the first instance, the high copper and gold levels, supported by element associations
derived from the principal component analysis that are typical of mineralisation, provide
a good indication of the prospectivity for porphyry copper systems. These datasets need
to be followed up with further sampling and analysis for a robust suite of elements for
effective geochemical exploration.
6. Conclusions
The combination of geochemical, geophysical, and geological datasets for the Papuan
Peninsula region has demonstrated, with some success, the potential to constrain the extent
of exploration to areas that have a higher chance of hosting mineralisation. It has also
exemplified the difficulties in solely relying on limited datasets as the basis for identifying
potential porphyry targets. This exercise has demonstrated the following:

•
•
•
•
•

Not all areas that have high gold anomalism will also have high copper occurrences;
Not all magnetic anomalies will have associated high gold and copper anomalism in
proximal stream sediment data;
Not all magnetic anomalies will have porphyry-style radiometric responses;
Not all areas with porphyry-style radiometric signatures will show high gold and
copper occurrences in proximal stream sediment datasets;
Different datasets have their own strength and weaknesses.

This implies that an integrated approach to mineral exploration is highly recommended in identifying the next big porphyry copper deposit, and it is always good to have
more than two different datasets to derisk a prospect. As has been exemplified here, not
all intrusive bodies have associated gold and copper occurrences. It is, therefore, better to
consider all datasets together to see how they correlate with each other before deciding on
the target for further exploration methods, such as drilling. In this exercise, we have shown
that there are magnetic bodies which are likely associated with intrusions that display
enhanced radiometric signatures, as well as associated high gold and copper anomalism.
Such areas are recommended for further exploration programmes.
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