
BRAZILGOLDJ j. . T , ; , ; -,

The Porgera gold deposit, Papua New Guinea, 2: Sources of metals

J.P.Richards
Research School of Earth Sciences. Australian National University. Canberra, A.C.T., Australia (Presently:
Department of Geological Sciences, University of Saskatchewan, Saskatoon. Sask., Canada)

R.Kerrich
Department of Geological Sciences. University of Saskatchewan, Saskatoon, Sask., Canada

M.T.McCulloch
Research School of Earth Sciences, Australian National University, Canberra. A.C.T., Australia

ABSTRACT:\Jr and Pb isotopic studies of mineralized rocks and veins from the Porgera gold deposit
indicate that these components were derived from a mixture of sedimentary and igneous sources, probably
located within the Om Formation which underlies (< 3 km depth) the presently exposed Porgera Intrusive
Complex (PIC) and associated ore deposit. Gold abundances in least-altered samples of the PIC correlate
with PGE, and indicate that the parental magma was mildly enriched in Au and Pi-group elements relative
lo the Ir-groupj Abundances of Au range from 1.5 to 9.5 ppb, and maximum concentrations are comparable
to those of two samples of unaltered sedimentary rocks from the host Chim and underlying Om Formations
(8 and 10 ppb respectively, cf. average cnistal abundance « 3 ppb). Models for the source of Au which are
compatible with these data include: nydrothermal leaching of large volumes of sedimentary and/or igneous
rock containing slightly above-background concentrations of Au; leaching of Au-rich cumulates in a parental
intrusion located within the Om Formation; and exsolution of an auriferous magmaiic fluid from this pluton.
Evidence for the generation of a magmatic volatile phase during crystallization of the PIC, and the dose
spatial and temporal relationship between magmatism and mineralization, lend support to the latter model,
but other mechanisms cannot be discounted at this stage.

1 INTRODUCTION

The Porgera gold deposit is a large intrusion-related,
dominantly epitbermai-type orebody, located in the
Highlands of mainland Papua New Guinea (PNG). Proven
and probable reserves are estimated to be 44.1 million
tonnes of open pit ore at 5.0 g/tonne Au, and 6.6 million
tonnes of underground ore at 24.5 g/tonne Au, 7.0 g/tonne
cutoff (Porgera Joint Venture media release, 30'" August
1990). The deposit has been uplifted and rapidly exhumed
since formation during the Late Miocene, and it therefore
offers an excellent opportunity to study the relationship
between magmatism and mineralization in a young,
unmetamorphosed, and undeformed racsotbermaJ to
epithermai system. The geological setting, age, and petrology
of the associated Porgera Intrusive Complex (PIC) are
described by Richards et al. (this volume), and here we
discuss the implications of Nd, Sr, and Pb isoiopic data and
noble metal abundances, for the identification of sources of
metallic components in the orebody.

2 THE PORGERA GOLD DEPOSIT

Gold at Porgera occurs in two distinct mineralization styles
(Fleming et al. 1986; Handley & Bradshaw 1986; Richards et
al. 1990). An early stage of pervasive potassic (sericite-
carbonate) alteration, which overprints intrusive and
sedimentary host rocks, is accompanied by refractory Au in
disseminated arsenical pyrite, and minor free gold (Au°) in

base metal-sulphide veins and breccias. Mineralization cc
this earlier stage is crosscut by more localized bonanza-nre
Au* and Au-Ag-(Pb-Hg)-tcUuride mineralization occurrce x.
vuggy quartz-roscoelite-(base metal-sulphide) veins zse.
hydrothermal breccias, associated with a late normal hair
(the Roamane fault). Although this second stage of
mineralization is clearly paragenetically later than the Lrs.
stage, Richards St McDougall (1990) were unable to rescr«
any difference in their ages, and concluded that both u z :
of mineralization were formed within 1 Ma (5.1 to 6.1 SU
ago) of the time of emplacement of the PIC (6.0 i 0J Nü.
[2*1).

The locations of both stages of Au mineralization n
Porgera are controlled by structural features such as faais
(especially the second stage), breccias, and intrusive cornam
Neither stage shows any direct relationships to s p c c i i
exposed intrusive bodies, although a suite of relatively ui^
mugearitic feldspar porphyry dykes occurs close to, and ccsr
parallels, stage 2 structures; no intrusions are observe:::
crosscut mineralized zones, however. Thus from fisii
evidence alone, it is not possible to infer a direct gecs^e
relationship between magmatism and mineralization.
Nevertheless, tiie obvious first order spatial, and ciou
temporal relationship between the PIC and the ore drpos^.
suggests that magmatism was at least indirectly involved MLÍ
mineralization. Geophysical (Henry 1988) and gcochrcazu
(Richards 1990) evidence for the presence of a large pattsta.
intrusion underlying the PIC permits speculation that t^s
intru&ion may have been the source of heat, and possibly i sc
some metals, for hydrothermal circulation and ore formucc
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Fig. i. Nd and Sr isotopic compositions of various potential
source rocks and mineralized rocks at Porgera. The thick
grey line represents the apparent Sr isotopic composition of
the ore fluid towards which compositions of altered intrusive
and sedimentary rocks have been shifted (arrows).
Abbreviations: Fm. = Formation, Sed. = sedimentary rock.
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Fig. 2. Histogram of Sr isotopic compositions of intrusive,
sedimentary and mineralized rocks from Porgera, including
samples of carbonates, sulphates and roscoeiitc from gold-
bearing veins. Strontium in the orebody is isotopically
homogeneous, and appears to have been derived from a
mixture of sedimentary and igneous sources.

In order to test this possibility, the isotopic compositions
and noble metal contents of potential source rocks (intrusive
rocks, sedimentary host rocks [Cretaceous Chim Formation
carbonaceous siltstones], and underlying carbonaceous
sikstones of the Jurassic Om Formation) have been
investigated. See Richards et al. (1990) for a complete listing
of data.

3 ISOTOPIC TRACING STUDIES

The Nd, Sr, and Pb isotopic compositions of intrusive,
sedimentary, and mineralized rocks, including samples of
vein minerals, have been analyzed using a Finnigan MAT 261
multicollector mass spectrometer. Nd and Sr were extracted
and purified using standard chemical and ion-exchange
techniques (sample/blank > 10s), and Pb was extracted from
igneous and sedimentary whole-rock samples, and vein
minerals other than galena, using low-blank techniques
(sample/blank > 103). Samples of galena were dissolved and
loaded directly onto Re filaments. AU Pb samples were
analyzed using the double-spike technique to correct for
isotopic fractionation in the mass spectrometer (Hofmann
1971; Hamelin et al. 1985). Critical Pb samples were
analyzed in duplicate, and accuracy was checked by repeated
analysis of the NBS 981 common Pb standard. All measured
isotopic ratios are corrected to initial ratios at 6 Ma ago
using measured Sm/Nd, Rb/Sr, U/Pb, and Th/Pb values.

3.1 Nd & Sr isotope systematic*

The Nd and Sr isotopic compositions of nine samples of
intrusive rocks from the PIC group closely a t < w « +6, and
^Sr/^Sr m 0.7035. Evidence for minor bulk crustal
contamination of the magmas is seen in only a few samples,
resulting in slightly less radiogenic Nd, and more radiogenic
Sr isotopic compositions (e.g., +5.3 and 0.70413 respectively,

Fig. 1). These observations, and the generally depleted
isotopic composition of the suite, suggest that crustal
contamination occurred only during shallow level
emplacement of individual stocks and dykes. Isotopic
compositions of local sedimentary rocks are less depleted
than the PIC, but are also more variable, ranging from < m

m -3.1 to -5.7, and ^ S r ^ S r « 0.70774 to 0.71526.
Within the ore deposit, pervasive phyllic alteration

associated with the early stage of mineralization has resulted
in extensive mobilization of alkali and alkali earth elements
(enrichments in K, Rb, plus Mn, S, CO2; depletions in Na,
Ca, Sr, Ba, plus Fe, Mg). Rare-earth and high-field-strength
elements (Tb, Zr, Nb) on the other hand have behaved
relatively conservatively. Consequently, Nd isotopic
compositions of altered intrusive and sedimentary rocks
remain unchanged, but Sr isotopic compositions are shifted
towards a common intermediate value of -0.707, suggesting
that the hydrothermal fluid carried Sr of mixed sedimentary
and igneous origin (Fig. 1). Support for this theory is
provided by Sr isotopic compositions of vein minerals from
both stages of mineralization (carbonates, sulphates,
roscoelite) which group closely at 0.70745 ± 0.00044 (n = 10;
Fig. 2).

32 Pb isotope systematics

The distribution of Pb isotopic compositions of igneous and
sedimentary rocks is similar to that of Sr, in that samples of
the PIC are less radiogenic than the local sediments (Fig. 3).
However, in terms of the resolution of isotopic compositions
there is lest distinction between the two rock types, such that
high quality Pb isotopic analyses are required. The
double-spike technique was found to be particularly useful in
this regard, because by this method errors due to mass
fractionation (one of the principal sources of error in Pb
isotopic analyses) are eliminated.

Pb isotopic compositions of least-altered samples of the
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Fig. 3. Pb isotopic compositions of ore and potential source
rocks at Porgera. Intrusive rocks have undergone variable
degrees of crustal contamination during emplacement (trend
1). Ore Pb has been derived from a mixture of igneous and
sedimentary Pb via hydrothermal activity (trend 2), and
specifically appears to involve a plutonic body emplaced
within the Om Formation sedimentary sequence. The short
(rend (3) denned by the ore samples is attributed to minor
contamination of the ore fluid by Pb from the host
sedimentary rocks (Chim Fm.) during ore deposition. A, B,
D refer to ore types (Handley & Bradshaw, 1986).

intrusive rocks forre a short array (trend 1, Fig. 3) extending
from an average least-radiogenic composition of ^ ^ P b / ^
* 18.66, ^"Pb/^Pb * 15.56, and ""Pb/^Pb « 38J4,
towards the field of 'oca) sediments. This trend reflects
minor shallow-level bulk contamination of the parental
magma (with probable initial composition close to the
average least-radiogenic value given above), during
emplacement as stocks and dykes (cf. Nd, Sr isotopes).

Samples of mineralized rock and vein minerals (galena,
Au°, other sulphides) cluster more tightly than the
least-altered intrusive rocks, with average composition
206pb204pb 20f7Ot/
0.004, and ^ P b / ^ P b * 38*90 ± 0.017 (n » 15). This
composition lies midway between the inferred composition of
I he parental magma and the range of compositions of
sedimentary rocks from the underlying Om Formation, the
slraligraphic top of which lies < 3 km below the currently

exposed surface. The most straightforward interpretation of
this result is that the ore minerals were precipitated from a
fluid which carried Pb derived from a mixture of igneous and
sedimentary components located within the Om Formation
beneath the deposit (trend 2, Fig. 3).

In detail, Pb isotopic compositions of the ore samples
define a short array which trends roughly towards the field of
host Chim Formation sedimentary rocks (trend 3, Fig. 3).
This trend is interpreted to reflect minor contamination of
the ore fluid by Pb derived from these host sediments during
ore deposition.

Thus, Pb and Sr isotopic compositioas of mineralized
samples appear to indicate that these components were
derived fromamixture of igneous and sedimentary sources,
and specifically Om Formation sedimentary rocks. The
existence of a third unique source component cannot be
ruled out, however, but we have no evidence for its existence.
It is suggested that hydrothermal fluids circulating in the Om
Formation interacted with deeper-level equivalents of the
exposed Porgera intrusions, to form a metalliferous fluid
which precipitated Au upon ascent to higher stratigraphic
levels, following structurally controlled conduits. Evidence
for the existence of a large parental intrusion located
beneath the PIC and the dose temporal association between
magmatism awt mineralization, " t y * that this pJuton may
have been the source of heat and some metals for
bydrothermal activity. It is not dear from these data,
however, whether Au was derived principally from
sedimentary or igneous sources, or whether the potential
igneous source was in solidified, molten, or vapour form (i.e.,
whether groundwaters interacted with solidified igneous
rocks or cooling magmas, or whether a magmatic fluid
component was involved). Evidence for the exsolution of a
magmatic fluid phase during crystallization of the magmas
(Richards 1990; Richards & McDougall 1990) suggests that
the latter alternative may have some merits.

4 NOBLE METAL ABUNDANCES

The abundances of Au and platinum-group elements (PGE)
in least-altered intrusive rocks were analyzed by ICP-MS,
and abundances of Au in sedimentary rocks were determined
by fire assay cupellation followed by INAA. A full listing of
results is given in Richards et al. (1990).

Net abundances of PGE and Au in least-altered intrusive
rocks correlate with Mg#, Cr and Ni concentrations, and
therefore appear to be controlled by magmatic fractionation
processes occurring in the parental magma chamber prior to
shallow-level emplacement. However, on mantle-normalized
diagrams (Bamc* et aL 1988), a0 samples, including the most
primitive, are depleted in Ir-group elements (Os, Ir) relative
to Pt-group elements (Pt, Pd) and Au (Fig. 4). This
observation suggests that the parental magma at Porgera
may have undergone internal fractionation among the PGE
(and Au), either in the mantle during partial melting, or
during ascent to upper crustal levels.

The levels of Au enrichment in the least-altered igneous
rocks are not large (1.5 to 95 ppb; cf. average crustal
abundances of ~ 3 ppb; Taylor &. McLennan 1985), and they
certainly do not constitute a specially enriched Au source
rock. However, these data provide evidence that Au was
retained in the magmas until near-surface emplacement, and
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Fig. 4. Abundances of PGE, Au, Ni, and Cu in unaltered
samples from Ike PIC, normalized to the mantle values of
Barnes et aL (1988). Note that concentrations of Os, Ir, and
Rb are at or below blank levels in these samples, and that
the plotted vanes for these elements are maxima as
represented by lhe average blank. Also shown for
comparison are average compositions of komatiites (Fryer &
Greenough 1990) and archean sboshonitk lampropbyres
(Wyman & Kerrkfa 1989). See text for discussion.
Abbreviations: ASL » archean sbosbonitic lamprophyre,
Avg. = average, FP * mugearitic feldspar porphyry dyke, H
= hawaiitic intrusion, M = mugearitic intrusion.

that it was not removed at depth by fractionation in an
immiscible sulphide melt, for example. The intrusions
therefore represent a potential source of magmaticaUy-
derived Au.

Gold abundances in two samples of sedimentary rocks
from the Chim and Om Formations collected distally from
the gold deposit contain 8 and 10 ppb Au respectively,
whereas weakly pyritic samples collected from within the
mine workings contain from 14 to 130 ppb Au, reflecting
hydrothermal overprinting. Based on this limited data set
therefore, it is concluded that, as for the igneous rocks, the
local sediments do not constitute a specially enriched Au
protore. However, it is clear that the entire geological
package of Jurassic-Cretaceous sediments and contained
intrusions represent a slightly above-average concentratscn of
Au at shallow crustal levels. Depending on the solubility of
this contained Au and the chemistry of the hydrothermal
fluids, it is possible that Au in the Porgera deposit was
derived simply by groundwater leaching of a large volume of
this material, perhaps, but not necessarily, driven by heat
from the cooling intrusive rocks (eg., Tilling et al. 1973;
Henley 1985). Alternatively, it is possible that there was in
fact a direct magmatic contribution of Au to the ore-forming
system, either in the form of an enriched cumulate zone at
depth within the parental pluton, which was subsequently
leached by subsoUdus fluids, or in the form of Au-enriched
magmatic fluids, exsolved during crystallization of the
magma. These fluids may then have mixed with heated
groundwaters circulating in the Om Formation to form a
hybrid metalliferous fluid.

All of the above models are consistent with the constraints
imposed by radiogenic isotopes, and appear to carry equal
merit, although evidence for the volatile-rich nature of the

Porgera magmas lends special credence to a model involving
magmatic dcvolatilizatioo. Studies of stable isotope and Quid
inclusion systematics are in progress in an attempt to further
constrain these alternatives.

5 CONCLUSIONS

Gold mineralization at Porgera occurs in two overlapping
stages which cannot be distinguished from one another in
terms of age or radiogenic isotopk composition. An early
stage of pervasive potassk (seriate-carbonate) alteration
hosts refractory Au in disseminated arsenical pyrite, whereas
a later, fault-related stage of high-grade Au* and Au-Ag-
teUuride mineralization occurs in banded, vuggy
quartz-roscoehte veins and breccias. Sr and Pb isotopic
studies show that the composition of the orebody lies
appmrinialxly midway between the compositions of intrusive
rocks and local sediments at Porgera, and suggest that Sr
and Pb in the orebody were derived from a mixture of these
components. In deta.il, Pb isotopes indicate that the
ore-forming fluid interacted with igneous and sedimentary
materials in the Om Formation, which underlies the gold
deposit (probably 2 or 3 km below current exposure).

Analyses of precious metal abundances in igneous and
sedimentary rocks indicate that neither lilhology represents a
specially enriched Au protore, but that both rock types are
nevertheless enriched above average crustal values by up to
3x (< 10 ppb Au). Relations between PGE and Au
abundances in feast-altered intrusive rocks suggest that the
parental magma at Porgera may have undergone early
fractionation among the PGE, either during partial melting
in the mantle or during ascent to upper crustal levels, which
resulted in the formation of a relatively Pt-Pd- Au-enriched,
Os-lr-depleted magma. This magma was also unusually
volatile-rich, and evidence has been documented for the
release of a magmatic volatile phase during crystallization.

On the basis of evidence obtained so far, it is possible to
propose three different mechanisms for derivation of Au at
Porgera: (1) groundwater leaching of large volumes of
sedimentary and/or intrusive rocks containing slightly above
average concentrations of Au; (2) formation of Au-rich
cumulates within the parental intrusion, which were then
leached by hydrothermal fluids; and (3) exsulution of
Au-enricbed magmatic fluids from the cooling pluton, which
mixed with heated groundwaters circulating in the Om
Formation. Evidence for the release of magmatic volatiles
and for a close spatial and temporal relationship between
magmatism and mineralization lend support to the third
model, but this interpretation is currently far from
conclusive.
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