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Abstract 

Recent studies have shown that platinum group elements (PGEs) can be used to identify the 

timing of sulfide saturation in evolving felsic systems. In this study, we report trace element, 

PGEs, Re and Au data for the barren and ore-associated suites of intermediate to felsic rocks 

from the Northparkes Cu-Au porphyry region, emphasizing the timing of sulfide saturation 

and its influence on the tenor of hydrothermal mineralization. Two barren suites, the 

Goonumbla and Wombin volcanic and intrusive suites, are found in the region. Geochemical 

modelling shows the barren suites are dominated by plagioclase-pyroxene fractionation, 

whereas the ore-associated Northparkes Cu-Au porphyry suite is characterized by 

plagioclase-amphibole fractionation, which requires the ore-bearing suite to have crystallized 

from a wetter magma than barren suites. The concentrations PGEs, Re and Au in the barren 

suite decrease continuously during fractional crystallization. This is attributed to early sulfide 

saturation with the fraction of immiscible sulfide precipitation required to produce the 

observed trend being 0.13 and 0.16 wt.% for the Goonumbla and Wombin suites, respectively. 

The calculated partition coefficients for Au and Pd required to model the observed change in 

these elements with MgO are well below published values, indicating that R, the mass ratio 

of silicate to sulfide melt, played a significant role in controlling the rate of decline of these 

elements with fractionation. Palladium in the ore-associated suite, in contrast, first increases 

with fractionation then decreases abruptly at 1.2 wt.% MgO. The sharp decrease is attributed 

to the onset of sulfide precipitation. Platinum on the other hand shows a moderate decrease 

starting from the highest MgO sample analysed but then decreases strongly from 1.2 wt.% 

MgO. The initial Pt decrease is attributed to precipitation of a Pt-rich alloy and the sharp 

decrease, at 1.2 wt.% MgO, to sulfide saturation. We suggest that the Goonumbla and 

Wombin suites are barren because early sulfide saturation locked most of the Cu and Au in a 

sulfide phase in the cumulus pile of a deep parental magma chamber well before volatile 



saturation, so that when the magma reach volatile saturation, it did not have access to the Cu 

and Au. This contrasts with the relatively late sulfide saturation in the ore-associated suite, 

which was followed shortly afterwards by the volatile saturation. Rayleigh fractionation 

concentrated incompatible Cu and Au by at least a factor of five before volatile saturation. 

The short crystallization interval between immiscible sulfide and volatile saturation allowed 

some Au and Cu to be stripped from the evolving magma. Gold, with its higher partition 

coefficient into immiscible sulfide melts, was more affected than Cu. The result is a Cu-Au 

deposit. Our study also suggests that Rayleigh fractionation is more important than the initial 

concentration of chalcophile elements in the parent magma in determining the fertility of 

felsic magma suites.  
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Introduction 

Porphyry deposits are the world’s most significant source of Cu, Au and Mo. Most of these 

deposits are associated with subduction zone-related intermediate to felsic magmas in areas 

of regional compression (Sillitoe, 2010). Many factors influence the style and location of the 

mineralization including: (i) fracture-control during buoyancy driven magma ascent 

(Richards, 2003),  (ii) the oxidation state of the magma, (iii) the composition of the ore fluid, 

(iv) the distance the ore fluid travels from its source (Cooke et al., 2005), (v) the timing of 

volatile exsolution and (vi) the timing of sulfide saturation in the fractionating magma that 

gave rise to the ore-associated porphyry. In this study we focus on the role of magmatic 

processes in determining the fertility of porphyry systems. Copper and Au are chalcophile 



elements and their geochemistry is therefore sulfide controlled. The aim of this project was to 

test the hypothesis that the timing of sulfide saturation, relative to volatile saturation, controls 

the fertility of felsic magma systems. Our initial hypothesis was that if an evolving magma 

becomes sulfide saturated early in its evolution the chalcophile elements, which include Cu 

and Au, become trapped in sulfides in the cumulate pile of a parent magma chamber deep in 

the crust and are unavailable to enter the ore fluid when the magma becomes fluid saturated. 

Alternatively if the magma becomes fluid saturated before it become sulfide saturated the full 

complement of chalcophile elements will be available to enter the ore-forming fluid.  

The platinum group element (PGE) geochemistry is the preferred method of identifying 

sulfide saturation in an evolving magma systems for two reasons: First, because their 

partition coefficients into immiscible sulfide melts are at least one to two orders of magnitude 

higher than Cu or Au, respectively, making them more sensitive indicators of sulfide 

saturation (Francis, 1990; Bezmen et al., 1994; Crocket and Fleet, 1997; Fleet et al., 1999; 

Fonseca et al., 2009; Mungall and Brenan, 2014), and second, because they are ca. 1000 

times less mobile in an ore environment than Cu or Au (Crocket, 2000; Park et al., 2016). 

The PGEs have been successfully measured in intermediate and felsic rocks and used to 

identify sulfide saturation in four felsic magmatic systems, including the Cu-only El Abra 

Porphyry (Park et al., 2013a, 2013b, 2015; Cocker et al., 2016). The Northparkes area, which 

includes four Cu-Au deposits, was chosen for study so that its PGE geochemistry could be 

compared with that of the Cu-only El Abra Porphyry. The El Abra suite study by Crocker et 

al. (2016) showed that sulfide saturation occurred shortly before fluid saturation. The amount 

of sulfide to precipitate was small, enough to remove most of the Au from the magma but 

little of the Cu because the partition coefficient for Au into an immiscible sulfide melt is 

about x10 that of Cu. The result is a Cu-only deposit. The prediction for the Cu-Au 



Northparkes suite is that sulfide saturation occurred later in this suite than in El Abra so that 

less Au was sequestered from the fractionating silicate melt. 

The Northparkes porphyry Cu-Au deposits are typical arc magma related porphyry deposits 

that develop different phases of volcanic and intrusive rocks some of which are barren 

whereas others are directly associated with mineralization. Both the barren and ore-associated 

suites provide a range of MgO contents that make them suitable for studying PGE 

geochemistry in an evolving magma system. The Northparkes region is an ideal target to 

determine the relative timing of sulfide and volatile saturation, and to evaluate their 

influences on the fertility of the magmatic systems. For this study, we analysed the trace 

elements, PGE, Re and Au concentrations in whole rock samples from the various phases of 

barren and ore-associated suites. We show that PGE geochemistry can be used to determine 

the timing of sulfide saturation and to distinguish ore-bearing from barren suites in the 

Northparkes region. We will argue that Cu, Au and Pd in the ore-associated suite are 

concentrated by Rayleigh fractionation prior to volatile saturation and that this process may 

be more important than initial concentration of chalcophile elements in the parent magma in 

determining the magma fertility. 

Regional Geology and Intrusive History 

The Northparkes porphyry Cu–Au deposits are located in the central-west of New South 

Wales, Australia (Fig. 1), within the Upper Ordovician Northparkes Group (Percival and 

Glen, 2007). This group forms part of the Ordovician to Early Silurian Junee-Narromine 

Volcanic Belt, which develops in the eastern Lachlan Fold Belt and represents the remnants 

of the Early Ordovician to Early Silurian Macquaire Island Arc (Glen and Walshe, 1999). 

Four economic porphyry Cu-Au deposits (Endeavour 22, 26, 27 and 48) were discovered in 

the Northparkes mining area on a north-northwest-trending structural corridor that is known 

as the Endeavour Linear (Jones 1985; Heithersay and Walshe 1995). Together the four 



Endeavour deposits had a combined resource of 131.7 Mt at 1.12wt.% Cu and 0.51g/t Au 

(Cooke et al., 2007) with the cooper-gold ores occurring in quartz sulfide stock-work and 

sheeted vein networks (Lickford et al., 2003). The cooper-gold mineralization is spatially 

associated with shoshonitic magmatism, of mantle origin and interpreted by Heithersay and 

Walshe (1995) to be the product of high-pressure fractionation in the subcontinental 

lithosphere.  

The rocks exposed regionally around the deposits include the Northparkes Group, composed 

of Middle-Upper Ordovician lavas, which has also been called the Northparkes Volcanic 

Group by Percival (2000). It comprises two barren volcanosedimentary packages, the Middle 

to Upper Ordovician Goonumbla Volcanics and the Upper Ordovician Wombin Volcanics. 

The Goonumbla Volcanics have been subdivided into two units: a basal mafic unit, generally 

represented by a sequence of thin basaltic andesite flows with some associated volcanic 

conglomerate and minor finer grained volcaniclastics (Crawford et al., 2007; Percival and 

Glen, 2007); and a more evolved trachyandesitic to trachytic unit (Crawford et al., 2007). The 

intermediate to felsic Wombin Volcanics consist predominately of dark-red polymictic 

volcanic breccias, porphyritic trachyandesites, trachyte lavas, and mixed ignimbrites 

(Simpson et al., 2005; Lickford et al., 2007). The intrusions associated with the Goonumbla 

Volcanics are mainly monzodioritic, with a monzodiorite intrusion from the basal unit of the 

Goonumbla Volcanics, which yields a zircon U-Pb (SHRIMP) age of 450±4.2 Ma (Butera et 

al., 2001). However, several of monzonite and quartz monzonite bodies have been recognized 

associated with the Wombin Volcanics, and two monzonite intrusions have zircon U-Pb 

(SHRIMP) ages of 439.1±4.5 Ma and 438.9±4.7 Ma (Butera et al., 2001). 

The concentrically zoned Northparkes deposits are centered on pipe-like quartz monzonite 

porphyry (QMP) complexes. Multiple intrusive phases have been identified in each of the 

QMP complexes, most of which are related to mineralization and alteration assemblages. 



Lickford et al. (2003; 2007) have shown that the order of intrusion of the complexes in the 

Northparkes deposits area, from oldest to youngest, is (1) Premineral coarse-granied 

monzodiorite (MD); (2) Weakly mineralized biotite-quartz monzonite (BQM); (3) Early 

mineralization biotite quartz monzonite porphyry (B-QMP early); (4) Synmineralization K-

feldspar-phyric quartz monzonite porphyry (K-QMP); (5) Late-mineralization augite-biotite-

K-feldspar quartz monzonite porphyry (KA-QMP); (6) Late-mineralization of a second phase 

of B-QMP (B-QMP late); (7) Postmineral intrusions, including basaltic trachyandesite dykes, 

mafic monzonite porphyry dykes (‘zero porphyry’) and minor mafic dykes of indeterminate 

age. Among these, the K-QMP and KA-QMP represent the most voluminous phases with 

abundant Cu-Au mineralization and hydrothermal alteration zones, and were named ‘QMP-1’ 

and ‘QMP-2’ by Heithersay and Walshe (1995). 40Ar/39Ar and U-Pb zircon (SHRIMP) ages 

are available for some of these intrusive phases (Perkins et al., 1990; Butera et al., 2001; 

Lickfold et al., 2003, 2007), and show a combined age range of between 445 to 437 Ma for 

the main period of magmatic-hydrothermal mineralization.  

Samples and Analytical Methods 

Thirty whole rock samples, covering most of the volcanic and intrusive units, were selected 

for analyses from samples previously analysed for major elements by Lickford (2002) and 

Crawford (2001). They have MgO contents that vary from 0.23 to 10.98 wt.%. Fresh samples 

were preferentially chosen, but where not available, some weakly altered samples were used. 

The sample numbers used are the same as those used by Lickford (2002) and Crawford (2001) 

and sample locations are given in these papers. 

Trace Element Analyses 

The trace element concentrations of all samples were analysed by laser ablation (LA)-ICP-

MS, using glass disks made at the Australian National University. The disks were prepared 

by mixing of 0.5g of sample powder mixed with 1.5g of flux, which consisted of 65% lithium 



metaborate and 35% lithium tetraborate. The mixture was fused in an induction furnace. The 

LA-ICP-MS analytical system used for the analyses consisted of a Lambda Physic Complex 

110 excimer laser (𝜆𝜆=193mm), an ANU-designed HelEx ablation cell and an Agilent 7700 

ICP-MS. The analyses were conducted using a spot size of 81µm with a laser plus rate of 5 

Hz. Each analysis consisted of 25s of background measurement and 40s of sample ablation. 

The NIST 610 glass (Jochum et al., 2011) was measured as the primary standard after every 

ten unknown analyses, and NIST 612 glass and BCR-2g (USGS) were measured after every 

30 analyses for quality control. The Iolite software package (Paton et al., 2011) was used for 

the data reduction. Analytical uncertainty for all elements is less than 3% (1σ) except for Ni 

and Ge (5%), obtained from multiple analyses of NIST 612 glass and BCR-2g 

(Supplementary material), and the measured values for NIST 612 glass and BCR-2g are in 

accordance with the reported values (Supplementary material).  

PGE, Re and Au Analyses 

PGE, Re and Au concentrations were determined, using the Ni-sulfide fire assay-isotope 

dilution method described by Park et al. (2012a). An Agilent 7700 x quadrupole ICP-MS 

system at the Australian National University, with sensitivities of 2.0 to 3.4 x 105 c.p.s. ppb-1 

for mass 89, 140 and 205, was used for the measurements. Selected samples were analysed in 

duplicate to evaluate heterogeneity within the sample powder. The isotope ratios measured 

were 191Ir/193Ir, 99Ru/101Ru, 195Pt/194Pt, 105Pd/108Pd, and 185Re/187Re, and these were used to 

calculate the concentrations of Ir, Ru, Pt, Pd and Re, respectively. The method described by 

Meisel et al. (2003) and Park et al. (2012b) was used to obtain the Rh concentrations, which 

is calculated from the count rates of 103Rh and 106Pd, and another mono-isotopic element Au 

was calculated from the ratio of 197Au and 194Pt, assuming that the Rh loss was similar to the 

Pd loss and the Au loss was similar to the Pt loss during the analytical procedure. 



Potential molecular interferences on the analysed isotopes, which result from Ni, Cu, Zn, Co, 

Hf, Mo, Zr and Ta argides or oxides, were subtracted by measuring these interferences in 

specially prepared solutions and then calculating the argide and oxide production rates. 

Argide and oxide production rates were from 0.001 to 0.002% and from 0.03 to 0.8%, 

respectively. The interference effects were <0.6% for most of the Ir, Rh, Pt, Pd and Re 

analyses and < 2.0 % for most of the Au analyses, but four Ir analyses (CSG245, CSG12-

duplicate, CSG195-duplicate-1, and CSG195-duplicate-2), one Pt analysis (E27/28/708.9-

duplicate) and one Pd analysis (VL10-3) have interference corrections of 1 to 2%. Two 

strongly mineralized samples (E48/11/531.5 and its duplicate, and E48/13w2/703.8 and its 

duplicate) have Mo-oxide interference corrections of 9 to 34% for Pd, one of these duplicates 

(E48/13w2/703.8) also has an interference of over 100% from Cu-oxide on Rh, three samples 

(E48/11/531.5, CSG17-duplicate and E27/28/708.9-duplicate) have Hf-oxide interferences 

from 7% and 15% for Ir, and four Wombin samples (CSG216, CSG245, VL11-1 and VL10-3) 

have from 4 to 30% Ta-oxide corrections for Au. The interference corrections for Ru are 

generally less than 50% except two analyses, VL11-1 that required a correction of 65%, and 

E26/286/173.2-duplicate, which required a 71% correction. However, the reproducibility of 

Ru (RSD <14%) suggests that the corrections are reliable. 

Average procedural blanks, based on five separate sample-free analyses, were 0.7 ppt for Ir, 

1.5 ppt for Ru, 0.8 ppt for Rh, 7.6 ppt for Pt, 14.8 ppt for Pd, 17.0 ppt for Re and 12.1 ppt for 

Au on the basis of a sample size of 5 g (Table 1). The method detection limits (MDL), taken 

to be three standard deviations of the procedural blanks after subtracting the average 

procedural blank data, were 0.4 ppt for Ir, 1.2 ppt for Ru, 0.6 ppt for Rh, 5.4 ppt for Pt, 14.7 

ppt for Pd, 2.5 ppt for Re and 19.4ppt for Au. In order to test the accuracy and precision of 

the analyses, four replicated analyses of the reference material TDB-1 (CANMET diabase) 

were performed. The RSD of TDB-1 results were <8% for all PGE and Re except for Ir and 



Au, which had an RSD of 26% and 46%, respectively. The results are in agreement with the 

data from previous studies (Meisel and Moser, 2004; Peucker-Ehrenbrink et al., 2003; Park et 

al., 2012a, 2013a, b, 2015; GeoRem database) (Table 1). 

Results 

Major and trace element geochemistry 

Variations in the concentrations of selected major elements with MgO are plotted in Fig. 2. 

K2O increases in most of the Wombin and ore-associated suites with decreasing MgO but 

then decreases abruptly at ~1.0 wt.% MgO (Fig. 2a). CaO decreases continuously with 

fractional crystallization (Fig. 2b). Al2O3 and TiO2 initially increase with decreasing MgO but 

then starts to decrease at ~2.5 and ~3.5 wt.% MgO, respectively (Fig. 2c & d). Total Fe 

plotted as Fe2O3 decreases with decreasing MgO, but at ~3.5 wt.%, it decreases more rapidly 

(Fig. 2g). P2O5 is constant in the Goonumbla Volcanics and intrusions, but decreases rapidly 

in the Wombin and ore-associated suites (Fig. 2h). 

The results of the trace element analyses are given in Table 2 and Ni, Cr, Sc, V, Sr and Y are 

plotted against MgO in Fig. 3.  Nickel, Cr, Sc and V decreases with MgO in all suites (Fig. 3a, 

b, c, d), but the rate of decrease in V, like Fe2O3 and TiO2, becomes greater at ~3.5 wt.% 

MgO (Fig. 3d). Strontium increases slightly with fractionation in the Goonumbla suite but 

decreasing in the Wombin suite (Fig. 3e). Yttrium increases in the barren suites but decreases 

in the ore-associated suite from ~2.5 wt.% MgO. 

The primitive mantle-normalized trace element and REE patterns for each suite are plotted in 

Figs. 4 & 5 respectively. The patterns, with the exception of one Goonumbla volcanic rock 

and one Wombin intrusion, both with low MgO (1.14 and 0.23 wt.% respectively), are 

subparallel to each other suggesting that the individual samples within the suites are related to 

each other by fractional crystallization. The patterns show enrichment in large ion lithophile 

elements (LILE; K, Rb, Ba and Sr) relative to adjacent elements on the diagram (Fig. 4), and 



depletion in high field strength elements (HFSE; Nb, Ta, P, Th), especially Nb and Ta (Table 

2; Fig. 4), all of which are typical features of arc magmas (Pearce and Stern, 2006). However, 

titanium depletion in the most evolved samples is greater than in most arc magmas.  

If the two anomalous samples noted earlier are ignored, the REE concentrations of 

Goonumbla suite increase during magma evolution and the Eu anomaly is weak or absent.  A 

notable exception is the most evolved sample (2.68 wt.% MgO), which has relatively high 

REE concentrations and positive Eu anomaly (Fig. 5a & d). The REE concentrations of 

Wombin suite are variable but generally increasing with fractional crystallization.  

In contrast the REE abundances in the ore-associated intrusions decrease with fractionatal 

crystallization, and the Eu anomalies, which are initially weakly negative, become gradually 

positive (Fig. 5c & d). The post-mineral intrusions have REE and mantle normalized trace 

elements patterns that are subparallel to Goonumbla Volcanics and intrusions, but are slightly 

more enrichment in LREE and depleted in HREE (Figs. 4a & 5a), which suggests that they 

have formed by similar processes. The composition of the high MgO post-mineral intrusions 

(Table 2; Figs 4a & 5a) may therefore be indicative of the parent magma to the Goonumbla 

Volcanics and intrusions. 

PGE, Re and Au geochemistry 

A common problem with the interpretation of precious metal analyses is the presence of 

micro-nuggets, which complicate sampling especially these elements are present at low levels, 

where the presence of one or more micro-nuggets can have a profound effect on their 

measured concentration. Previous studies of PGEs in evolving felsic system have identified 

two types of nuggets (Park et al., 2013b, 2015): (i) Pt-Fe alloys which can precipitate from 

magmas prior to sulfide saturation, and (ii) immiscible sulfide melts that precipitate after 

sulfide saturation. Their presence can be recognized from disagreements between duplicate 

analyses that lie outside experimental error. Pt-Fe alloys sequester Pt, Ru, Rh and Ir but not 



Cu, Au or Pd, whereas sulfide melts concentrate Cu, Au and all of the PGEs. These 

differences can be used to distinguish Pt-Fe alloy from sulfide nuggets. Park et al (2013b) 

also showed that the Pt-Fe nuggets in the Paul Ridge lavas are closely associated with 

phenocrysts. We interpret both the sulfide and alloy nuggets as being cumulus grains carried 

by the magma. Because we are interested in how the melt composition varies with fractional 

crystallization we have emphasised the aliquot with the lowest PGE concentration when 

drawing trend lines, making the assumption that this is the aliquot with the lowest nugget 

concentration. However, even these aliquots may contain one or more nuggets so the samples 

with the lowest measured concentration still a maximum concentration for the magma.  

The PGE, Re and Au data for all analysed samples are list in Table 3 and plotted in Figs. 6, 7, 

8. The Goonumbla Volcanics and intrusions contain 1.54-15.3 ppb Pd, 0.24-2.31 ppb Pt, 

0.001-0.017 ppb Ru, 0.001-0.094 ppb Rh, <0.0004-0.019 ppb Ir, 0.043-0.97 ppb Re and 0.11-

0.66 ppb Au (Table 3; Fig. 6). Abundances of all the PGE and Au decrease continuously with 

decreasing MgO content, but the Re concentrations remain almost constant (Fig. 7f). Two 

Goonumbla Volcanic samples, which were analysed in duplicate and shown in Fig. 6 with 

open symbols, differed by a factor of 2 to 4 in Ru, Rh and Ir. 

The PGE, Re and Au contents of Wombin Volcanics and intrusions range from 0.050 to 17.5 

ppb for Pd, 0.038 to 1.34 ppb for Pt, <0.0015 to 0.019 ppb for Ru, 0.001 to 0.042 ppb for Rh, 

<0.0004 to 0.021 ppb for Ir, <0.020 to 0.64 ppb for Re and <0.019 to 0.40 ppb for Au (Table 

3; Fig. 7). Most of the Rh values are at or below detection limit and will not be discussed 

further. The concentrations of the other PGE and Au decreasing with decreasing MgO, 

although the trends for Ru and Ir are poorly define due to scatter (Fig. 7c & d). Three 

duplicate analysed Wombin samples are shown in Fig. 7 with open symbols. Duplicate 

analyses of one of the Wombin Volcanic sample vary by a factor of 6 and 18 for Pt and Rh, 



respectively. The duplicates for a Wombin intrusion sample differed by a factor of 5 for Pt 

(Table 3, Fig. 7b).  

The Pd, Pt, Re and Au concentrations of the ore-associated intrusions vary from 0.50 to 5.42 

ppb, 0.024 to 3.09 ppb, <0.002 to 543 ppb and 0.53 to 136ppb, respectively. The 

concentrations of Rh, Ru and Ir are mainly below detection (Table 3). Based on the intrusive 

order as discussed under Regional Geology and Intrusive, a plot of Pd against MgO shows 

that Pd first increases slightly with decreasing MgO, then decreases abruptly at 1.2 wt.% 

MgO (Fig. 8a). Platinum on the other hand decreases gradually with decreasing MgO until 

1.2 wt.% MgO, where, like Pd, it drops sharply (Fig. 8b). Seven samples, which were 

analysed in duplicate and are shown with open symbols in Fig. 8a & b. Duplicate Pd analyses, 

for samples with MgO > 1.2 wt.%, lie within analytical error, but two of the three Pt 

duplicates differ by ca. 20%, which is outside analytical uncertainty. Three of the four 

duplicate Pd analyses, for samples with MgO < 1.2 wt.%, agree within error. The exception is 

a Pd-rich KA-QMP sample at 0.52 wt.% MgO, which lies off the trend defined by the other 

samples (Fig. 6a). Duplicate Pd and Pt analyses for this sample differ by 28% and 15%, 

respectively. Of the remaining three samples, two have duplicate Pt analyses that differ by ca. 

46% Pt despite their similar Pd values. Although the Re concentrations show considerable 

scatter, the samples with the lowest MgO generally have the highest Re (Fig. 7f), and the ore-

associated intrusions have distinctly higher Re than the barren suites.  

The PGE and Re duplicates for the post-mineral intrusions agree within uncertainty, and their 

concentrations are similar to those of the Goonumbla Volcanics and intrusions (Table 3). 

Given this similarity, and the similarity of the trace element patterns of the post-mineral 

intrusions to those of the Goonumbla Volcanics and intrusions, as discussed previously, the 

high-MgO members of the former may be indicative of the PGE concentration of the 

Goonumbla primitive magma. 



The primitive mantle-normalized patterns for PGE, Re and Au for the barren suite are 

moderately to highly fractionated with Pd/Ir ratios generally ranging between 25 to 850 but 

can be >1000 (Fig. 9). The ore-associated intrusions have higher Pd/Pt and Re/Pt than the 

barren suites. 

Discussion 

Magmatic evolution 

The variations in major and trace elements with MgO (Figs. 2 & 3) are consistent with 

fractional crystallization having a dominant control on the geochemistry of the studied suites.  

However, there is considerable scatter in the trends displayed by several elements, which 

could be due to the phenocrysts, in the cases of the lavas, or crystal accumulation in the case 

of the intrusions. Much of the scatter in the ore-associated porphyries is due to alteration, 

which overprints the primary igneous trends. This is especially true for feldspar-hosted 

elements such as Na, K and Sr.  

K2O increases in the Wombin and ore-associated suite with fractional crystallization but then 

decreases in both suites at ~1.0 wt.% MgO, which suggests that K-feldspar fractionation 

became important in the late evolution of these suites (Fig. 2a). The decrease in CaO could be 

due to plagioclase, clinopyroxene or amphibole crystallization or a combination of these 

phases (Fig. 2b). However, Al2O3 increases with decreasing MgO to ~2.5 wt.% MgO in the 

Goonumbla suite, showing that plagioclase did not start to crystallize in abundance until late 

in the evolution of that suite (Fig. 2c). There is no clear trend for the Wombin suite. TiO2 

increases and Fe2O3 decreases continuously with decreasing MgO but all changes to decrease 

abruptly at ~3.5 wt.% MgO. The early decrease in Fe2O3 could be due to pyroxene or 

amphibole fractionation and we attribute the high rate of decline of these two elements at 

~3.5 wt.% MgO to the start of magnetite precipitation (Fig. 2d & e). Similarly, the rapidly 

decreasing P2O5 in all suites from ~4 wt.% MgO (Fig. 2f) is attributed to apatite saturation.  



The conclusions that can be drawn from plots of Ni, Cr, Sc, V, Sr and Y against MgO (Fig. 3) 

are consistent with those drawn from the major elements. The decrease Ni, Cr and Sc with 

decreasing MgO (Fig. 3a, b, c) in all suites could be due to amphibole or pyroxene 

crystallization. However, because  amphibole and minor pyroxene are found as phenocrysts 

in the ore-associated suites and more pyroxene and rare amphibole in the barren suites 

(Lickford et al., 2003; Crawford et al., 2007), we suggest that amphibole is mainly 

responsible for Ni, Cr and Sc fractionation in former and pyroxene in the latter. The sudden 

drop in V at ~3.5 wt.% MgO (Fig. 3d) is consistent with our interpretation that magnetite 

crystallization starts at that stage in the fractionation. The Sr data are scattered, which we 

attribute to alteration. However, in the Goonumbla suite it appears to increase to 2.5 wt.% 

MgO (Fig. 3e), which supports our conclusion, based on the variation of Al2O3 with MgO 

(Fig. 2c) that plagioclase was not an important crystallizing phase until late in the evolution 

of this suite. The increase in Y with decreasing MgO in the Goonumbla and Wombin suites 

(Fig. 3f) indicates that pyroxene was the dominate ferro-magnesium phases to fractionate 

from these barren magmas whereas the decrease in Y in the ore-associated intrusion can only 

be explained by amphibole fractionation. 

The effect of fractional crystallization on the REE patterns have been modelled using the 

Rayleigh equation C=CoF(D-1), where Co is the concentration of an element of the most 

primitive lavas, F is the fraction of residual melt, D is bulk partition coefficient for the 

element between the crystallizing phases and the coexisting silicate melt, and C is the 

concentration of the element in the resultant melt, assuming closed system fractionation.  

The most primitive samples from the Goonumbla and Wombin suites have 6.79 and 4.17 wt.% 

MgO, respectively, and the most evolved samples 2.68 and 1.14 wt.%. We have used 

Petrolog (Danyushevsky and Plechov, 2011) to estimate the amount of fractional 

crystallization required to produce the observed drop in MgO, and obtained about 50% for 



the Goonumbla suite and 70% for the Wombin suite. The minerals included in the REE 

modelling were plagioclase, clinopyroxene, amphibole, K-feldspar, biotite, apatite, zircon 

and allanite and the partition coefficients used were taken from Setiabudi (2001), Fujimaki 

(1984, 1986), Nash and Crecraft (1985) and Mahood and Hildreth (1983). Petrolog cannot 

model amphibole fractionation so clinopyroxene has been used as a proxy. The REE partition 

coefficients for orthopyroxene are only slightly lower than those of clinopyroxene (Fujimaki, 

1984), so we use clinopyroxene to represent both types of pyroxene fractionation. For 

minerals that contain negligible REE, like olive and quartz, we have assumed partition 

coefficients of less than 0.01. 

The best fit for the parallel REE patterns of the Goonumbla Volcanics and intrusions is 

obtained by assuming a fractionating mineral assemblage consisting of 40% plagioclase, 40% 

clinopyroxene, 5% biotite, 0.008% allanite and about 15% olivine or quartz (Fig. 10a). The 

Wombin Volcanics and intrusions were well modelled assuming a fractionating assemblage 

with 45% plagioclase, 35% clinopyroxene, 5% biotite, 3.5% amphibole, 0.1% apatite, 0.03% 

zircon, 0.018% allanite and about 11% quartz, except for one sample with a slightly lower 

MREE (Fig. 10b). In summary the evolving REE patterns of the barren suites, which increase 

with fractionation crystallization, require no more than 50% plagioclase to avoid a stronger 

negative Eu than observed, about 40% pyroxene and only a trace of biotite, amphibole and 

other minerals.  

In contrast REE abundances of the ore-associated K-QMP and KA-QMP intrusions decrease 

with fractionation and their positive Eu anomalies increase. The most primitive BQM sample, 

which has 2.51 wt.% MgO, was chosen as the starting composition and the amount of 

fractionation required to reduce the MgO content to ~1.0 wt.% and ~0.5 wt.% were 

calculated from Petrolog (Danyushevsky and Plechov, 2011). The values obtained were 40% 

and 50% respectively.  



The REE pattern of the K-QMP sample with ~1.0 wt.% MgO can be reproduced from the 

assumed starting composition by 40% fractionation of an assemblage that includes 60% 

plagioclase, 13% amphibole, 5% K-feldspar, 10% biotite, 0.1% apatite, 0.03% zircon, 0.035% 

allanite and about 12% quartz (Fig. 10c); whereas 50% fractionation of an assemblage made 

up of 65% plagioclase, 19% amphibole, 5% K-feldspar, 5% biotite, 0.03% apatite, 0.08% 

zircon, 0.07% allanite and about 6% quartz is required to produce a REE pattern similar to 

the ~0.5 wt.% MgO K-QMP REE pattern (Fig. 10d). The REE pattern of the KA-QMP with 

~1.0 wt.% MgO sample can be reproduced by 40% fractionation of an assemblage with 60% 

plagioclase, 15% amphibole, 5% K-feldspar, 10% biotite, 0.3% apatite, 0.05% zircon, 0.065% 

allanite with about 13% quartz (Fig. 10e); whereas 50% fractionation of an assemblage of 65% 

plagioclase, 19.5% amphibole, 10% K-feldspar, 2% biotite, 0.2% apatite, 0.08% zircon, 

0.095% allanite with about 3% quartz is required to reproduce the REE pattern of ~0.5 wt.% 

MgO KA-QMP sample (Fig. 10f). That is the ore-associated K-QMP and KA-QMP REE 

patterns can be modelled by fractionation of 60-65% plagioclase + 13-19.5% amphibole + 2-

10% biotite + 5-10% K-feldspar + 0.03-0.3% apatite + 0.03-0.08% zircon + 0.035-0.095% 

allanite + 3-13% quartz from the assumed initial composition.  

The modelling also shows that amphibole fractionation is able to offset the negative Eu 

anomaly produced by plagioclase and can even lead to a weak positive Eu anomaly that 

increases with fractional crystallization, as observed in the data, but the magnitude of the 

increase is slightly greater in the model than observed in the data for the ~0.5 wt.% MgO 

samples. This difference is attributed to the high oxygen fugacity (fO2) of the magmas that 

produced the ore-associated porphyries.  Raising the fO2 of the magma converts Eu2+ to Eu3+ 

(Nagasawa and Schnetzler, 1971; Weill and Drake, 1973; Arth and Barker, 1976), which 

partition more readily into amphibole and raises the melt-amphibole partition coefficient. As 

a consequence, the calculated REE trends of the ore-associated intrusions, especially for the 



evolved samples, will have higher positive Eu anomalies than the observed data because the 

partition coefficient used for Eu is too low to be appropriate for an oxidized magma.  

It is noteworthy that during fractional crystallization the Sr/Y ratios of Gooonumbla and 

Wombin Volcanics and intrusions decrease to relatively low values, whereas the Sr/Y ratios 

of the ore-associated intrusions increase to values that are erratic but can be extremely high 

(Fig. 11). Because alteration produces an erratic trend in mobile Sr we attribute the high Sr/Y 

values to a decrease in Y, produced by amphibole fractionation in the ore-associated suite, 

rather than to an increase in Sr. The greater importance of amphibole in the fractionation in 

the ore bearing, compared with the Goonumbla and Wombin Volcanics and intrusions, 

suggests that the magma that produced the former was wetter than the magma that produced 

the latter.  

Sulfide saturation in the barren suite  

PGE geochemistry has been used, in several recent studies, to identify sulfide saturation in 

evolving magmatic systems (Park et al., 2013a, 2013b, 2015; Cocker et al., 2016).  The PGEs 

in the Goonumbla Volcanics and intrusions decrease with decreasing MgO from the most 

primitive sample analysed (6.79 wt.% MgO) (Fig. 6), indicating early sulfide saturation in the 

Goonumbla magmas. Sulfide saturation must therefore have occurred before the MgO 

content of the magma fell to 6.79 wt.%. The low rate of decline of the PGEs with decreasing 

MgO indicates that the fraction of sulfides to precipitate was small. Nevertheless it was 

enough to reduce the PGE content of the melt by ca. x10 and the Au content by ca. x3, 

although the later number is less certain because of scatter in the data. The agreement 

between duplicate Pt and Pd analyses suggest that the sulfide nuggets did not affect sampling. 

However, disagreement in the analyses of Ir, Rh and Ru duplicates suggest the presence of 

Os-Ir alloys, which are known from komatiites (Barnes and Fiorentini, 2008) but have not 

previously been recorded in intermediate magmas. The PGE trends of Wombin Volcanics 



and intrusions show the similar characteristics of early sulfide saturation to the Goonumbla 

suite, but the rate of decrease of the PGEs with MgO is higher (Fig. 7), which indicates a 

higher rate of sulfide precipitation. As a consequence Pd and Pt concentrations fall by a factor 

of ca. x100, and Au by x40. Iridium and Ru appear to decline at a lower rate but the data are 

scattered. The disagreement in the Pt analyses for two of the three Wombin duplicate 

analyses suggests the presence of Pt-rich alloys, which is unexpected in a system that has 

undergone extensive sulfide saturation. We can only suggest that the alloys were carried into 

the upper crust as inclusions in phenocrysts from a deep underlying magma chamber. 

Our conclusion that fraction of sulfide precipitation is higher for the Wombin suite than for 

the Goonumbla suite is supported by plots of Cu and Pd/Cu versus MgO (Fig 12a, b, c, d), all 

of which show a positive correlation. Cu declines by ca. 30% in the Goonumbra suite and at a 

higher rate in the Wombin suite, but the rate cannot be quantified due to scatter. Note that the 

rate of decline of the chalcophile elements in the both suites is PGEs>>Au>>Cu, which is in 

order of decreasing sulfide-melt: silicate-melt partition coefficients for these elements 

(Francis, 1990; Mungall and Brenan, 2014). The decrease in Pd/Cu ratios with decreasing 

MgO is due to Pd having a higher partition coefficient into an immiscible sulfide melt than 

Cu and is higher for the Wombin suite than the Goonumbra suite as expected. Plots of Pd/Pt 

against MgO also can also be used to indicate sulfide melt saturation because Pd is more 

chalcophile than Pt (e.g. Park et al., 2013b). Pd/Pt values are positively correlated with MgO 

content in Wombin suite as expected for a sulfide saturated melt, but the Pd/Pt values of 

Goonumbla suite remains constant or may even increase slightly with decreasing MgO 

content (Fig. 12e & f). An increase in Pd/Pt with fractionation in a sulfide-saturated melt 

requires the precipitation of an additional Pt-rich phase, and the most likely candidate is a Pt-

rich alloy. Park et al. (2013b) have shown that a Pt-rich alloy can precipitate from a 

fractionating magma prior to sulfide saturation but once the magma becomes sulfide saturated 



its Pt content is expected to fall below the level required for Pt alloy saturation, as 

demonstrated by Cocker et al. (2016) for the El Abra porphyry system. However, if the 

fraction of sulfide precipitated is very low, as is the case for the Goonumbra suite, the melt 

could remain Pt-alloy saturated if the decline in Pt solubility due to sulfide melt precipitation 

is offset by a decrease in Pt solubility produced by a combination of decreasing temperature 

and fO2, the latter resulting from magnetite fractionation.  If a Pt-rich alloy is responsible for 

the trend seen in Fig. 12e the amount required is ~3 x 10-7 wt.%.  However, there is no 

evidence for Pt-rich alloys in the duplicate analyses of the Goonumbla samples. 

The fraction of sulfide precipitation, after the melt becomes sulfide saturated, can be 

calculated from the rate decline Cu with decreasing MgO (Figs. 6b & 7b) if it is assumed that 

the fraction of sulfide precipitation remains constant. In the Magmatic Evolution section we 

use the rate of decrease in MgO to calculate that ~50% and ~70% fractionation are required 

to produce range of compositions found in the Goonumbla and Wombin suites, respectively. 

Taking the partition coefficient for Cu (DCu) to be 1300 (Ripley et al., 2002), the required 

fractions of sulfide melt are ~0.13 and ~0.16 wt.% (Fig 12a & b), respectively, which is 

similar to the ~0.2 wt.% sulfide fraction calculated for other sulfide-saturated magmas (e.g. 

Jamais et al., Park et al., 2013b; 2015; Cocker et al., 2016). We have then used the calculated 

sulfide fractions to calculate the apparent silicate to sulfide melt partition coefficients for Au 

and Pd required to obtain the trends observed for these elements when plotted against MgO 

(Figs. 6a, f, 7a, e). The results are DAu = 1.6 x 103 and DPd = 2.4 x 103 for the Goonumbla 

suite, and DAu = 2.2 x 103 and DPd = 2.7 x 103 for the Wombin suite. Note that these apparent 

D’s are at least an order magnitude lower than experimental determined values of 104-108 

(Peach et al., 1990; Bezmen et al., 1994; Fleet et al., 1999; Crocket et al., 1997; Mungall and 

Brenan, 2014), which we suggest is due to the disequilibrium between the silicate and sulfide 

melt. Campbell and Naldrett (1979) proposed the mass ratio of silicate to sulfide melt, or R-



factor, can have a controlling influence on chalcophile element geochemistry if R approaches 

or is less than D for the element of interest. They pointed out that rapid precipitation of an 

immiscible sulfide melt can limit the mass silicate melt the sulfide melt can access. Assuming 

the true partition coefficients for DPd = 2 x 105 (Mungall and Brenan, 2014), and using the 

Campbell and Naldrett (1979) equation, we find that R is ca. 2.43 x 103 for the Goonumbla 

suite and 2.73 x 103 for the Wombin suite. These R values produce a good fit to the Au and 

Pd against MgO trend as shown in Figs. 6 & 7 and are only slightly higher than the observed 

partition coefficients.  

Pt-alloy and sulfide saturation of the ore-associated suite 

The Pt contents of the ore-associated intrusions with MgO > 1.2 wt.% show a positive 

correlation with MgO (Fig. 8b), but Pd contents increase slightly with decreasing MgO (Fig. 

8a), as also seen in the Pual Ridge (Park et al., 2013b) and Niuatahi-Motutahi lavas (Park et 

al., 2015), and in the intrusions of the EI Abra-Pajonal complex (Cocker et al., 2016). The 

decrease in Pt is also attributed to fractionation of a Pt-rich alloy, which is a common feature 

of oxidized arc-related magma whereas the increase in Pd is attributed to it being 

incompatible into all crystallizing phases prior to sulfide saturation. The Pt-rich alloy also 

hosts Ir, Ru, Rh (and Os) but not Pd (Park et al., 2013b), leading the ore-associated intrusions 

being depleted in Ir, Ru and Rh, especially the most evolved samples.  

The agreement between two of the BQM Pt duplicates analyses lies outside uncertainty 

whereas the Pd values for the same samples agree within error. This observation supports our 

hypothesis that a Pt-rich alloy precipitated from the BQM magma.  

At 1.2 wt.% MgO, both the Pd and Pt decrease abruptly, indicating the onset of sulfide 

saturation. The scatter in the data and the disagreement between duplicates for both Pt and Pd 

are consistent with this interpretation. One point in particular, at 0.5 wt.% MgO, lies well 

above the trend line defined by the other data and the agreement for duplicate analyses for 



both Pd and Pt is outside uncertainty.  This samples is interpreted to contain an unusually 

high fraction of sulfide nuggets. The disagreement for Pd is greater than for Pt because Pd is 

more chalcophile than Pt.  

Sulfide saturation in the Northparkes ore-associated suite starts later than in El Abra where 

saturation occurs at 2.5 wt.% MgO (Cocker et al., 2016). Sulfide saturation in silicate melts is 

controlled by fO2, temperature, FeO content of the melt and its Cu content (Carroll and 

Rutherford, 1985; Luhr, 1990; O’Neill and Mavrogenes, 2002). The crystallization of 

magnetite at ~3.5 wt.% MgO decreased not only the Fe content but, more importantly, its 

Fe3+ / Fe2+, which lowers its fO2 value (e.g. Jenner et al., 2010). Decreasing temperature, fO2 

and Fe content of the melt and increasing its Cu content all lower the soluble of sulfide in the 

melt. Late sulfide saturation in the ore-associated Northparkes melts is attributed to the highly 

oxidised nature of the ore-associated intrusions (Lickford, 2002).  

The inference that the Northparkes ore-bearing suites formed at high fO2 is supported by the 

plot of Re against MgO (Fig. 7f). Although the data show considerable scatter the 

concentration of Re in the ore-associated suite is ca. x100 higher than in the barren suites. 

This difference can, in part, be explained by fractional crystallization if Re behaves as an 

incompatible element in the former but not the latter, which is expected if the ore-forming 

suite is more oxidized than the barren suite because Fonseca et al. (2007) have shown the Re 

behaves as incompatible at high fO2. However, an enrichment of two orders of magnitude 

cannot be explained by fractional crystallization alone. The high Re in several ore-associated 

samples is best explained by precipitation from the ore fluid as Re is soluble in ore-forming 

hydrothermal fluids (Park et al., 2016).  

The duplicate analyses of two K-QMP samples differ for Pt but not for Pd suggesting the 

presence of Pt-rich alloy nuggets in these samples. The K-QMP intrusion formed after sulfide 

saturation. The high rate of decline of Pt with decreasing MgO (Fig. 8b) for samples with 



MgO < 1.2 wt.%, requires a higher rate of sulfide precipitation compared with the 

Goonumbla suite, which is expected to lower the Pt content of the melt to well below the Pt 

alloy saturation level. Therefore the alloys cannot have precipitated within K-QMP intrusion. 

We suggest they formed in a deep chamber, prior to sulfide saturation, and were carried into 

the high level K-QMP chamber as inclusions in phenocrysts as Park et al. (2013b) 

demonstrated for the Pual Ridge lavas phenocrysts. 

Implications for the ore-forming process 

Sulfide saturation has been recognized in other evolved felsic systems (Park et al., 2013b; 

2015; Cocker et al., 2016) and its importance in the formation of an economic deposit 

discussed. Although we acknowledge that other factors such as the chalcophile element 

complement of magma source, its oxidation state, tectonic controls, magma emplacement and 

the composition of the ore fluid are important (Cooke, 2005; Sillitoe, 2010, Hildreth and 

Moorbath, 1988; Richards, 2003), our focus here is on the of magmatic evolution of the ore 

system, especially on the time interval between sulfide and volatile saturation, which we will 

argue plays a critical role in controlling the fertility of evolving felsic suites. 

As discussed above, sulfide saturation of the barren Goonumbla and Wombin magmas 

occurred early, before the magmas had fractionated to 6.79 and 4.17 wt.% MgO, respectively 

(Fig. 13), and the fraction of sulfide melt to precipitate was ca. 0.13 and 0.19 wt.%, 

respectively. As a consequence, most of the Cu and Au were locked in a sulfide phase in a 

deep underlying parent magma chamber prior to volatile saturation, and was not available to 

enter the hydrothermal fluid when the magma eventually became volatile saturated. In 

contrast, sulfide saturation in the intrusions associated with the Northparkes deposits occurred 

at 1.2 wt.% MgO towards the end of the magmatic evolution of that system (Fig. 13). Whole 

rock MgO values for the porphyry intrusions associated with volatile saturation and ore 

formation range from 0.52 to 2.53 wt.%, with most having MgO values at or below 1.2 wt.%. 



This suggests that the volatile saturation probably occurred at approximately or slightly after 

the magma had fractionated to 1.2 wt.% MgO. As a consequence, most of the Cu and Au 

were still available to dissolve in an ore-forming hydrothermal fluid to form the deposits. 

These differences between the suites suggest that PGE geochemistry can be used to 

distinguish barren from ore-associated suites in the Northparkes region.  

The effects of sulfide saturation on chalcophile element geochemistry of the Goonumbla suite 

can be modelled using the calculated apparent (i.e. after allowing for the effects of R) 

partition coefficients (D’s) for Cu, Au and Pd between immiscible sulfide and silicate melts 

from section of Sulfide Saturation in the Barren Suite, and the fraction of sulfide precipitating 

from the silicate melt, if the amount of fractionation prior to sulfide saturation is known 

(Cocker et al., 2016). This was estimated using Petrolog (Danyushevsky and Plechov, 2011) 

to calculate the percentage of fractionation required to lower the MgO content of the melt 

from an assumed initial value of 9.0 wt.% MgO to 6.8 wt.% MgO, the MgO content of the 

most primitive sulfide-saturated sample analysed from the Goonumbla suite. The value 

obtained was 45%. This value is approximate because the parent magma could have had 

MgO >9.0 wt.% and sulfide saturation must have started before 6.8 wt.% MgO. Furthermore, 

as noted earlier, Petrolog cannot model amphibole fractionation so pyroxene has been used as 

a proxy. However, because the Pd content of the highest MgO Goonumbla sample is 15.3 ppb, 

which is typical of primitive magmas (Dale et al, 2012), the PGE content of the parent 

magma is unlikely to have been much greater than that of the 6.8 wt.% MgO sample. As a 

consequence, the amount of sulfide to have separated for the melt before its MgO fell to 6.8 

wt.% is likely to be small. Sulfide saturation has been assumed to be gradational over 10% 

fractionation (Fig. 14a), as described by Keays and Tegner, (2015) for Skaergaard intrusion 

of East Greenland. Similar modelling has been carried out for the Wombin suite, again using 

the apparent partition for Cu, Au and Pd calculated in Sulfide Saturation in the Barren Suite 



section, assuming sulfide saturation starts 4.17 wt.% MgO, and that the fraction of sulfide 

melt reached 0.19 wt.% (Fig. 14b). The results for the Goonumbla and Wombin suite show 

that the concentration of all chalcophile elements in the melt starts to fall shortly after sulfide 

saturation and that the rate of decline is in order of increasing partition coefficients, that is 

Pd>Au>Cu. However, the rate of decline of Au and Pd is only slightly greater than that of Cu 

despite DPd>>DAu>>DCu (Francis, 1990; Mungall and Brenan, 2014). The relatively rates of 

decrease of Cu, Au and Pd with decreasing MgO are plotted in Fig. 15, for both the 

Goonumbla and Wombin suites, and compared with the calculated rates based the true 

partition coefficients (DAu=104, DPd=2x105). This is because R, which is the same for both 

elements, is less than DPd and DAu. As a consequence, R has the principal control on the 

apparent partition coefficients for these elements, which is why they are sub-equal and only 

slightly greater than R. Copper is less affected because R>DCu. The rate of decline of 

chalcophile elements is greater in Wombin suite, than in the Goonumbla suite because it has a 

higher R and precipitates a higher fraction of sulfide melt.  

Sulfide saturation in the ore-associated suite occurs at about 1.2 wt.% MgO, which is much 

later than in the barren suites. Following the same procedure to estimate the amount of 

fractional crystallization required to lower the MgO content of the melt from 9.0 wt.% to 1.2 

wt.% gives ~85% fractionation, which increases the concentration of incompatible Cu, Au 

and Pd in the melt to 6.5 times their initial concentration. Sulfide saturation is again assumed 

to be gradational reaching a maximum of 0.2 wt.%, following 10% fractionation after initial 

sulfide saturation. Partition coefficients are taken from Crocker et al. (2016) and R is 

assumed to be higher than DPd (Fig. 14c). The model shows that Cu and Au first increase 

following sulfide saturation, because in initial rate of sulfide precipitation is low so that the 

bulk partition coefficient for these elements is less than 1.0, and then decreases rapidly when 

the percentage of sulfide precipitation approaches 0.2 wt.%. The percentage of Pd, Au and Cu 



remaining in the melt is effectively zero following 90%, 95% and 100% fractionation 

respectively (Fig. 14c).   

Although the amount of silicate melt fraction before sulfide saturation is not tightly 

constrained we can be confident that it is greater for ore-associated suite than for the Wombin 

suite and greater for the Wombin suite than for the Goonumbla suite.  Despite this limitation 

the modelling shown in Fig. 14 serves to illustrate three important points.   

1. Most of the ore-associated porphyries have MgO contents around 1.0 wt.%. If this is 

taken to mark the timing of volatile saturation, then volatile saturation occurred 

shortly after sulfide saturation at ca. 90% fractionation. The ore fluid would emanate 

from a melt with Cu and Au contents that were ca. x10 and ca. x7 their initial 

concentration in the parent melt respectively. Therefore, if sulfide saturation occurs 

late the capacity of fractional crystallization to concentrate chalcophile elements, 

which can be greater than a factor of five, is more important than variations in the 

initial concentration of these elements in the parent magma, which is unlikely exceed 

a factor of x2 (Park et al., 2015). 

2. The early sulfide saturation, seen in the Wombin and Goonumbla suites, depletes the 

evolving melt in chalcophile elements in order of their partition coefficients, that is 

Pd>Au>Cu. The rates of chalcophile element depletion for the Wombin suite is 

greater than for the Goonumbla suite because the former precipitated a higher fraction 

of sulfide melt. 

3. The trends defined on the Pd vs MgO plot (Fig. 13) can be used to estimate the 

relative Pd concentrations in the parent melts for the three suites. This is 

straightforward for the ore-associated suite where the trend line defined by the pre-

sulfide samples has been projected to an assumed MgO concentration of the parent 

melt of 9.0 wt.%. The value obtained is about 1.2 ppb. The estimates for the barren 



suites assume that sulfide saturation occurs at the MgO content of the most primitive 

sample analysed and projects along the fractionation line, again to 9.0 wt.% MgO. 

The Pd concentrations obtained are about 10 ppb, which are reasonable for a primitive 

melt. However, because sulfide saturation could occur at higher MgO than assumed, 

these estimates are minimum values. That is it is likely that the Pd content of the 

barren parent melts for the barren suites was five to ten times that of the ore-

associated parent melts yet, by the time the magmas had fractionated to 1.2 wt.% 

MgO, the relative Pd concentration had reversed, with the ore-associated melt having 

ten times the Pd concentration of the Wombin suite and three times the concentrations 

of the Goonumba suite. The difference is, of course, that Pd in the ore-associated suite 

was concentrated by fractional crystallization whereas in the barren suites it was 

depleted by sulfide precipitation. A similar comparison between the ore-associated 

and barren suites cannot be made for Au and Cu because magmatic values are 

overprinted by the hydrothermal mineralization in the ore zone. Nevertheless it is 

likely that these elements follow Pd and were less concentrated in the parent magma 

to the ore-associated suite, and more concentrated in the fractionated magma by the 

time it had evolved to 1.2 wt.% MgO, than in their barren equivalents although not 

necessarily to the same extent.  

The timing of sulfide saturation relative to volatile saturation affects not only whether a 

system is mineralized but also, if it is mineralized, the type of mineralization to form. This 

can be illustrated by comparing the Pd geochemistry of Northparkes with that of the EI Abra 

porphyry Cu-only deposit in Northern Chile. Sulfide saturation at El Abra occurs at 2.5 wt.% 

MgO and volatile saturation, as defined by the MgO content of the ore-associated porphyries, 

at 1.2 wt.% MgO, a difference of 1.3%. At Northparkes sulfide saturation was later at 1.2 wt.% 

MgO and volatile saturation at ca. 1.0 wt.% MgO, a difference of 0.2% (Fig. 15). We suggest 



that El Abra is a Cu-only deposit because it reached sulfide saturation earlier than the 

Northparkes ore-associated magma and precipitated enough immiscible sulfide melt to 

sequester most the Au from the fractionating melt but little of the Cu, due to the lower 

partition coefficient of the later (Cocker et al., 2016). Precipitation of an immiscible sulfide 

melt also stripped some of the Au and Cu from the fractionating Northparkes ore-associated 

magma, and again more Au than Cu, but the amount for both elements were less than for El 

Abra because there was less fractionation between sulfide and volatile saturation. The result 

was a Cu-Au deposit.  

Conclusions 

1. The geochemistry of the ore-associated and barren suites indicates that the former 

suite is dominated by plagioclase-amphibole fractionation from a magma that was wet 

relative to the latter suite, which is characterized by plagioclase-pyroxene 

fractionation. 

2. PGE geochemistry can be used to distinguish ore-bearing from barren suites in the 

Northparkes district. 

3. Sulfide saturation occurred early in the barren suite, which locked Cu and Au in a 

deep underlying chamber where they were not accessible to a potential ore forming 

fluid. 

4. In contrast, sulfide saturation occurred late in the evolution of the ore-bearing suite, 

which allowed the incompatible Cu, Au and Pd to become concentrated by Rayleigh 

fractionation prior to volatile saturation. 

5. The calculated partition coefficients for Au and Pd required to model the observed 

change in these elements with MgO in the Goonumbla and Wombin suites are well 

below published partition coefficients, indicating that R played a significant role in 

decreasing the rate of decline of Au and Pd with fractionation. 



6. Rayleigh fractionation is more important than the initial concentration of chalcophile 

elements in the parent magma in determining the fertility of the Northparkes suites. 

7. The small time difference between the sulfide and volatile saturation in ore-bearing 

suite resulted in some depletion of Cu and Au in the magma. Gold, with its higher 

partition coefficient into an immiscible sulfide than Cu was more affected, which is 

why Northparkes is a Cu-Au deposit. 

8. Our study confirmed our prediction that sulfide saturation occurred later in the 

Northparkes Cu-Au porphyry system than in the El Abra Cu-only system. 
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Figure Captions 

FIG. 1. Regional map of Ordovician to Early Silurian volcanic and intrusive rocks in New South Wales 

(modified after Scheibner and Basden, 1998; Lickford et al., 2007). 

FIG. 2. Selected whole rock major element variation for the barren volcanic and intrusive rocks, and the ore-

associated intrusions of the Northparkes district. The continuous short dashed line with arrow is a fractional 

trend line. The solid arrow represents the onset of magnetite crystallization. Data from Crawford et al. (2001) 

and Lickford (2002) 

FIG. 3. Selected whole rock trace element variation for the barren volcanic and intrusive rocks and the ore-

associated intrusions of the Northparkes district. The continuous short dashed line with an arrow is a fractional 

trend line. The solid arrow represents the onset of magnetite crystallization. 

FIG. 4. Multi-element plots normalized to the primitive mantle (Sun and McDonough, 1989) for the volcanic 

and intrusive rocks of the Northparkes district. (a) Goonumbla Volcanics and intrusions and postmineral 

intrusions. (b) Wombin Volcanics and intrusions. (c) Ore-associated intrusions. 

FIG. 5. Chondrite-normalized (McDonough and Sun, 1995) REE patterns and Eu/Eu* ratios for the volcanic and 

intrusive rocks of the Northparkes district. (a) Goonumbla Volcanics and intrusions and postmineral intrusions. 

(b) Wombin Volcanics and intrusions. (c) Ore-associated intrusions. (d) Eu/Eu* ratios for the volcanic and 

intrusive rocks. The solid arrow represents the fractional crystallization trend. 

FIG. 6. Plots of PGE, Re and Au against MgO for the Goonumbla Volcanics and intrusions of the Northparkes 

area. Horizontal dashed lines indicate method detection limit (MDL) for Ru, Rh and Ir. The solid arrows 

indicate data below MDL. The continuous short dashed olivine lines with arrows are fitted trend lines using 

apparent linear fit plotted by Origin after deleting values below MDL. The continuous short dashed black lines 

with arrows are calculated modelling trends (see text for details). 

FIG. 7. Plots of PGE, Re and Au against MgO for the Wombin Volcanics and intrusions of the Northparkes 

district. Open symbols are duplicated samples. Vertical dotted lines link duplicated analyses. Horizontal dashed 

lines indicate method detection limit (MDL) for Ru, Rh and Ir. Solid arrows indicate data below MDL. The 

continuous short dashed blue lines with arrows are fitted trend lines using apparent linear fit plotted by Origin 

after deleting values below MDL. The continuous short dashed black lines with arrows are calculated modelling 

trends (see text for details). 

 



FIG. 8. Plots of Pd and Pt against MgO for the ore-associated intrusions of the Northparkes deposits. Open 

symbols are duplicated samples. The continuous short dashed lines and arrows are trend lines. The solid arrow 

represents the timing of sulfide saturation. Vertical dotted lines link duplicated analyses. 

FIG. 9. Primitive mantle-normalized (McDonough and Sun, 1995) PGE and Re concentrations of the barren 

volcanic and intrusive rocks and the ore-associated intrusions of the Northparkes district. (a) Goonumbla and 

Wombin Volcanics and intrusions. (b) Ore-associated intrusions. Open symbols are duplicated samples. 

FIG. 10. Calculated chondrite-normalized (McDonough and Sun, 1995) REE patterns for the barren and ore-

associated suites that have undergone varying degrees of fractional crystallization from their most primitive 

samples (6.79 wt.% MgO for the Goonumbla suite, 4.17 wt.% MgO for the Wombin suite, 2.51 wt.% MgO for 

the ore-associated suite). Mineral proportions of 40% plagioclase, 40% clinopyroxene, 5% biotite, 0.008% 

allanite and about 15% olivine or quartz were used for the Goonumbla suite calculation; 45% plagioclase, 35% 

clinopyroxene, 5% biotite, 3.5% amphibole, 0.1% apatite, 0.03% zircon, 0.018% allanite and about 11% quartz 

for the Wombin suite calculation; and 60-65% plagioclase, 13-19.5% amphibole, 2-10% biotite, 5-10% K-

feldspar, 0.03-0.3% apatite, 0.03-0.08% zircon, 0.035-0.095% allanite and 3-13% quartz for the ore-associated 

intrusion calculations (see text for details). The partition coefficients of REE between mineral and melt are from 

Setiabudi (2001), Fujimaki (1984, 1986), Nash and Crecraft (1985) and Mahood and Hildreth (1983).  

FIG. 11. Plots of Sr/Y (a-c) against MgO for the barren volcanic and intrusive rocks and the ore-associated 

intrusions of the Northparkes district. The continuous short dashed lines with arrows are fitted trend lines using 

apparent linear fit plotted by Origin. 

FIG. 12. Plots of Cu, Pd/Cu and Pd/Pt against MgO for the barren volcanic and intrusive rocks. Open symbols 

are duplicated samples. The continuous short dashed olivine and blue lines with arrows are fitted trend lines 

using apparent linear fit plotted by Origin. The continuous short dashed black lines with arrows are calculated 

modelling trends (see text for details). 

FIG. 13. Comparison of Pd against MgO for barren volcanic and intrusive rocks, and the ore-associated 

intrusions. The continuous short dashed olivine and blue lines with arrows are fitted trend lines using apparent 

linear fit plotted by Origin. The continuous short dashed red line with arrow is trend line. The continuous dotted 

lines are the projected trend lines to the assumed primitive magma at 9.0 wt% MgO. 

FIG. 14 Calculate enrichment factors for incompatible elements, Cu, Au and Pd against fractionation. (a) 

Goonumbla Volcanics and intrusions; sulfide saturation assumed to occur at 45% fractionation with the fraction 

sulfide melt reaching 0.0013. (b) Wombin Volcanics and intrusions: sulfide saturation assumed to occur at 68% 



fractionation with the fraction of sulfide melt reaching 0.0016. (c) Ore-associated intrusions: sulfide saturation 

assumed to occur at 85% fractionation with the fraction of sulfide to form reaching 0.002.  The partition 

coefficients used Pd, Au and Cu are the same as Cocker et al. (2016).  

FIG. 15 (a, b) Measured Cu, Au and Pd data for samples from the Goonumbla and Wombin suites normalized 

by the concentration in a primitive sample from the same suite. (a) The Goonumbla suite normalized by the 

sample with the highest MgO content. (b) The Wombin suite normalized by the concentration in the second 

most primitive sample (the most primitive sample lies off the trend defined by the other samples). The 

continuous short dashed blue, green and red lines with arrows are fitted trend lines using apparent linear fit 

plotted by Origin. Solid lines and arrows are the trend lines calculated using equilibrium partition coefficients 

(DAu=104, DPd=2x105). Cm, concentration of measured, Ci, concentration of the primitive sample. 

FIG. 16 Comparison of Pd ploted against MgO for ore-associated intrusions from the Northparkes deposits and 

EI Abra porphyries. EI Abra data are from Cocker et al. (2016). The continuous short dashed lines and arrows 

are trend lines. 

 

 

Table Captions 

Table 1. PGE, Re and Au analyses of blank and TDB-1 (ppb) 

Table 2. Whole rock trace element concentrations (ppm) of Goonumbla and Wombin Volcanics and intrusions, 

and the ore-associated intrusions from the Northparkes deposits area 

Table 3. PGE, Re and Au concentrations of Goonumbla and Wombin Volcanics and intrusions, and the ore-

associated intrusions from the Northparkes deposits area 
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Table 1. PGE, Re and Au analyses of blank and TDB-1 (ppb)
Sample Ir Ru Rh Pt Pd Re Au
Blank
#1 0.0007 0.0020 0.0008 0.0064 0.0107 0.0168 0.0016
#2 0.0005 0.0018 0.0005 0.0056 0.0098 0.0175 0.0205
#3 0.0008 0.0016 0.0009 0.0098 0.0220 0.0176 0.0093
#4 0.0008 0.0011 0.0011 0.0091 0.0153 0.0171 0.0203
#5 0.0006 0.0011 0.0009 0.0071 0.0162 0.0158 0.0089
Average (n=5) 0.0007 0.0015 0.0008 0.0076 0.0148 0.0170 0.0121
TDB-1
#1 0.086 0.181 0.347 4.82 23.6 0.762 3.710
#2 0.053 0.158 0.394 4.12 21.4 0.769 7.334
#3 0.050 0.154 0.396 3.99 22.4 0.736 3.317
#4 0.060 0.165 0.422 4.58 23.0 0.719 3.030
Average (n=4) 0.062 0.164 0.390 4.37 22.6 0.747 4.348
P a (n=16) 0.061 0.158 0.376 4.24 22.3 0.69
Lab mean b 0.062±0.004 c 0.162±0.008 c 0.382±0.015 c 4.30±0.13 c 22.4±0.7 c 0.713±0.03 c

M&M d (n=7) 0.075±0.018 0.198±0.016 0.471±0.078 5.01±0.34 24.3±3.4 0.79±0.04
P e (n=8) 0.078±0.006 4.40±0.30 24.8±1.4
GeoRem f 4.0-7.11
Certified g 0.15 0.3 0.7 5.8 22.4 6.3
a Park et al. (2012a, 2013a, b, 2015), Ni-sulfide fire assay-isotope dilution ICP-MS, for Ru and Re, n=11 and 14, repestively
b Average values of P a and this study
c 2σ standard error of lab mean value

f GeoReM database

d Meisel and Moser (2004), high pressure asher (HPA) digestion ID-ICP-MS. 
e Peucker-Ehrenbrink et al. (2003), Ni-sulfide fire assay ID-ICP-MS.

g Govindaraju (1994), note that Ir, Ru and Rh values are provisional values



 

Table 2. Whole rock trace element concentrations (ppm) for the Goonumbla and Wombin Volcanics and intrusions, and the ore-associated intrusions of the Northparkes deposits
Rock type

Sample No. CSG154 CSG112 CSG23 CSG17 CSG50 CSG114 CSG163 CSG15 CSG72 CSG177 CSG12 CSG195 CSG216 CSG245
Sc 36.9 35.0 21.8 23.7 18.3 11.1 18.8 24.8 17.3 21.6 13.5 9.9 9.8 5.94
V 246 224 179 218 164 151.2 92.8 203 150 190 166 151 101 43.7
Cr 223 183 99 32.2 10.6 6.97 19.3 35.1 9.7 133 7.90 8.17 6.51 6.27
Co 42.8 30.1 21.3 21.1 17.9 14.8 11.0 20.1 16.1 19.7 14.9 12.2 8.72 3.53
Ni 53.2 49.3 41.2 23.5 10.6 6.06 10.7 24.0 7.98 59.4 7.64 6.46 4.26 4.09
Cu 143 142 140 127 112 112 59.8 60.2 131 34.6 74.8 90.3 58.3 17.7
Zn 63.0 57.4 58.9 69.3 73.4 64.0 81.7 59.0 62.5 16.7 71.4 70.1 61.2 58.7
Ga 12.0 11.0 14.5 15.8 16.8 17.9 16.2 14.6 15.2 14.4 16.7 16.6 14.8 12.9
Rb 40.0 29.9 16.4 61.2 26.3 24.7 16.6 49.7 46.1 23.9 51.1 48.2 68.4 68.7
Sr 841 936 1050 1070 769 1289 1157 968 1065 908 1529 1429 1015 575
Y 12.1 12.2 16.5 20.3 20.5 16.0 27.7 20.1 19.5 16.6 18.7 21.4 17.9 17.1
Zr 36.8 36.0 92 113 122 67.5 206 107 105 100 84.7 93.5 110 124
Nb 7.99 7.67 9.20 13.4 9.72 6.06 10.8 7.61 7.66 7.71 6.68 10.1 11.8 13.0
Cs 1.10 0.21 0.09 0.22 1.09 0.16 0.05 0.30 0.23 0.16 0.74 0.18 0.36 0.36
Ba 533 549 523 530 442 552 1137 486 563 569 963 884 1145 881
La 11.0 11.0 14.2 15.8 15.7 12.0 35.1 15.3 14.3 12.2 17.2 16.9 18.5 17.8
Ce 18.8 18.1 26.0 30.4 30.2 22.7 71.8 28.6 26.6 24.4 32.3 30.7 33.5 31.8
Pr 2.34 2.29 3.46 4.00 3.89 2.94 9.4 3.86 3.53 3.32 4.16 4.01 4.14 3.83
Nd 10.3 10.1 15.4 18.1 17.6 13.6 40.7 17.2 15.8 15.3 18.8 17.9 17.8 15.9
Sm 2.40 2.30 3.60 4.16 4.12 3.22 8.21 4.07 3.72 3.64 4.32 4.16 3.90 3.33
Eu 0.76 0.75 1.04 1.17 1.19 1.16 1.80 1.16 1.16 1.07 1.34 1.34 1.16 0.91
Gd 2.37 2.34 3.35 4.02 3.92 3.16 6.45 3.93 3.73 3.41 4.00 4.12 3.57 3.08
Tb 0.33 0.34 0.48 0.56 0.57 0.45 0.81 0.56 0.53 0.48 0.55 0.59 0.49 0.44
Dy 2.20 2.23 3.04 3.75 3.81 2.99 5.20 3.75 3.52 3.10 3.50 3.90 3.31 2.96
Ho 0.44 0.44 0.59 0.72 0.74 0.58 0.96 0.73 0.69 0.60 0.67 0.77 0.64 0.59
Er 1.39 1.37 1.82 2.27 2.35 1.80 3.04 2.22 2.14 1.84 2.08 2.42 1.99 1.95
Tm 0.19 0.18 0.25 0.30 0.33 0.25 0.41 0.30 0.29 0.25 0.28 0.33 0.27 0.29
Yb 1.39 1.37 1.81 2.20 2.37 1.77 3.03 2.12 2.11 1.82 2.01 2.36 2.03 2.08
Lu 0.20 0.20 0.26 0.32 0.34 0.24 0.43 0.31 0.31 0.26 0.28 0.34 0.30 0.31
Hf 1.20 1.11 2.55 3.06 3.33 1.98 5.38 2.89 2.83 2.86 2.35 2.70 2.98 3.30
Ta 0.30 0.24 0.36 0.47 0.51 0.28 0.45 0.45 0.44 0.39 0.31 0.40 0.41 0.44
Pb 3.37 4.19 5.54 8.31 6.61 3.73 7.74 5.45 6.68 2.79 8.82 4.82 12.4 11.4
Th 1.64 1.66 2.22 2.56 2.51 1.26 6.33 2.45 2.10 2.47 2.57 2.57 3.53 3.88
U 0.69 0.63 0.93 1.21 1.16 0.53 3.91 0.99 0.87 0.80 1.20 1.11 1.65 1.76

Goonumbla Volcanics Goonumbla intrusions Wombin Volcanics



 

 

 

 

 

 

 

 

 

Table 2. (continued )
B-QMP late

CSG109 CSG220 VL11-1 VL10-3 E48/7/76.1 E26/287/220.6 E27/28/708.9 E26/132w2/765.6 E26/284/249.0 E26/287/132.6 E48/13w2/703.8 E26/286/173.2 E48/11/531.5 E26/264/235.3 E27/386/185.8 E26/46/1284.8
15.8 8.38 8.48 4.86 10.8 8.86 6.94 4.81 5.37 5.46 3.24 6.43 3.56 5.62 31.5 15.2
217 132 76.8 42.2 147 128 71.8 61.6 82.3 72.8 25.4 80.5 28.2 70.4 201 155
6.07 7.40 5.68 4.76 7.41 7.26 5.19 5.32 5.51 5.97 3.93 7.64 4.07 6.71 775 15.0
16.8 11.8 6.42 1.81 8.67 3.94 4.84 3.37 1.71 1.07 0.72 2.94 0.47 3.04 37.8 11.9
7.98 5.72 3.66 3.10 6.74 5.16 3.75 3.88 3.75 3.46 2.18 6.24 3.54 6.34 190 10.7
113 98 34.1 36.5 1228 3948 633 2206 3373 3644 3827 2103 3156 2521 80.7 72.4
90.5 76.4 61.4 20.9 52.4 32.8 39.8 37.4 47.9 42.5 49.2 23.9 30.7 32.1 52.7 108
16.3 17.8 14.8 12.5 17.8 14.5 13.3 13.4 14.3 16.3 9.5 16.8 9.0 17.5 12.4 15.4
38.5 39.4 74.8 41.1 56.9 57.5 58.6 36.1 42.0 36.8 27.7 42.9 52.5 47.8 22.7 111
1574 1849 1012 528 614 1093 454 927 695 799 193 1116 169 1115 1083 571
17.5 19.4 19.3 21.9 17.8 14.3 16.3 9.0 8.7 11.2 5.20 8.84 4.50 11.9 11.0 17.1
60.1 54.9 118 91 139 91 98 59.0 77.2 95 57.6 87.8 55.1 92.0 43.9 91.9
3.95 8.36 13.1 9.2 10.6 6.35 12.9 7.09 8.57 9.32 2.60 10.4 7.6 5.39 9.12 15.3
0.27 0.16 0.33 0.12 0.46 0.17 0.36 0.16 0.16 0.20 0.14 0.37 0.12 0.15 0.90 1.06
1061 884 1005 932 807 655 539 917 864 628 1092 1359 673 1380 275 1087
14.8 15.2 19.8 90 18.4 14.8 16.2 10.9 8.37 14.7 7.3 10.2 3.79 15.2 12.5 22.3
27.7 28.2 35.3 151 33.4 26.6 28.7 18.4 15.8 24.7 11.2 16.1 7.01 24.9 24.8 40.8
3.70 3.67 4.33 16.5 4.03 3.25 3.39 2.10 1.91 2.81 1.16 1.80 0.79 2.77 3.27 5.01
17.3 16.9 18.3 64 17.1 13.6 13.6 8.5 7.75 11.1 4.57 7.22 3.23 10.8 14.3 20.6
4.03 3.89 3.86 11.8 3.74 2.94 2.97 1.73 1.66 2.13 0.90 1.47 0.70 2.13 3.01 4.10
1.35 1.41 1.17 2.92 1.08 0.84 0.70 0.55 0.52 0.66 0.33 0.63 0.27 0.71 0.89 1.12
3.82 3.83 3.63 9.2 3.51 2.75 2.76 1.57 1.51 1.94 0.82 1.41 0.69 2.02 2.59 3.69
0.52 0.53 0.51 1.15 0.49 0.39 0.41 0.22 0.22 0.27 0.12 0.20 0.10 0.29 0.34 0.50
3.28 3.56 3.39 6.27 3.14 2.50 2.77 1.48 1.43 1.77 0.78 1.35 0.70 1.94 2.14 3.12
0.63 0.69 0.67 0.95 0.63 0.49 0.56 0.30 0.30 0.38 0.17 0.29 0.16 0.39 0.41 0.60
1.91 2.19 2.15 2.49 2.01 1.55 1.85 0.99 0.95 1.23 0.53 0.97 0.50 1.27 1.24 1.82
0.25 0.29 0.30 0.31 0.28 0.22 0.27 0.14 0.14 0.19 0.08 0.15 0.08 0.20 0.16 0.26
1.72 2.12 2.22 2.14 2.11 1.58 2.07 1.10 1.08 1.46 0.63 1.22 0.63 1.50 1.16 1.78
0.25 0.30 0.33 0.30 0.32 0.24 0.31 0.17 0.17 0.24 0.11 0.21 0.10 0.23 0.17 0.27
1.74 1.56 3.19 2.38 3.76 2.59 3.12 1.60 2.07 2.75 1.69 2.32 1.67 2.52 1.28 2.48
0.20 0.26 0.44 0.36 0.45 0.40 0.51 0.20 0.26 0.29 0.17 0.27 0.20 0.29 0.12 0.51
2.49 3.35 9.04 13.7 5.55 6.93 5.19 6.05 4.69 4.58 6.05 5.90 6.11 8.52 2.66 7.02
1.73 0.98 3.77 2.49 4.22 3.33 4.79 1.25 1.58 5.41 1.65 1.86 1.20 2.20 1.93 5.89
0.78 0.41 1.72 0.85 2.00 0.86 2.02 0.56 0.48 0.69 0.50 0.48 0.34 0.90 0.42 1.89

K-QMP KA-QMP Postmineral intrusionsWombin intrusions BQM B-QMP early



 

 

 

 

 

Table 3. PGE, Re and Au concentrations of Goonumbla and Wombin Volcanics and intrusions, and the ore-associated intrusions from the Northparkes deposits 
Sample MgOa Ir Ru Rh Pt Pd Re Au
Goonumbla Volcanics
CSG154 6.79 0.019 0.013 0.094 2.31 15.3 0.17 0.66
CSG112 6.07 0.013 0.011 0.071 1.63 6.60 0.072 0.64
CSG23 4.93 0.011 0.017 0.028 0.57 4.86 0.39 0.11
CSG17 4.39 0.002 0.006 0.042 0.50 3.02 0.057 0.15
CSG17-duplicate 4.39 0.001 0.003 0.010 0.49 2.90 0.063 n.d.
CSG50 3.38 b.d.l. b.d.l. 0.012 0.54 3.05 0.063 0.31
CSG114 2.68 b.d.l. b.d.l. 0.001 0.24 2.47 0.043 0.20
CSG163 1.79 0.002 0.004 0.012 0.27 1.54 0.97 0.26
Goonumbla intrusions
CSG15 4.55 0.003 0.006 0.012 0.36 3.08 0.077 0.33
CSG72 3.13 0.0007 b.d.l. 0.006 0.61 3.72 0.12 0.41
CSG72-duplicate 3.13 0.0005 0.001 0.006 0.69 3.70 0.12 n.d.
Wombin Volcanics
CSG177 4.17 0.021 0.019 0.042 1.34 17.5 0.020 0.40
CSG12 2.94 0.001 0.002 0.001 0.16 0.87 0.14 0.21
CSG12-duplicate 2.94 0.001 0.003 0.002 0.18 0.91 0.15 n.d.
CSG195 2.33 0.001 0.003 0.001 0.68 0.49 0.077 0.13
CSG195-duplicate-1 2.33 0.001 0.003 0.014 0.10 0.57 0.073 0.13
CSG195-duplicate-1 2.33 0.001 0.002 0.001 0.12 0.53 0.072 n.d.
CSG216 1.85 0.002 0.003 b.d.l. 0.038 0.17 0.64 0.037
CSG245 1.14 0.002 0.005 0.001 0.043 0.15 0.52 b.d.l.
Wombin intrusions
CSG109 3.80 b.d.l. b.d.l. 0.001 0.56 2.01 0.24 0.25
CSG220 2.17 0.002 0.056 0.001 0.038 0.061 0.071 0.081
VL11-1 1.69 0.0005 0.002 b.d.l. 0.23 0.26 0.34 0.035
VL11-1-duplicate 1.69 b.d.l. b.d.l. b.d.l. 0.046 0.26 0.43 n.d.
VL10-3 0.23 0.001 0.002 0.002 0.039 0.050 b.d.l. b.d.l.
Northparkes deposits intrusions
BQM
E48/7/76.1 2.51 b.d.l. b.d.l. b.d.l. 0.20 3.77 17.2 13.7
E48/7/76.1-duplicate 2.51 b.d.l. b.d.l. 0.001 0.20 3.58 14.5 5.13
E26/287/220.6 1.89 0.001 b.d.l. 0.002 0.17 3.00 b.d.l. 80.9
E26/287/220.6-duplicate 1.89 b.d.l. b.d.l. b.d.l. 0.21 3.35 b.d.l. 57.0
E27/28/708.9 1.24 b.d.l. b.d.l. b.d.l. 0.17 3.80 18.3 10.9
E27/28/708.9-duplicate 1.24 b.d.l. b.d.l. b.d.l. 0.14 3.90 13.8 19.7
B-QMP early
E26/132w2/765.6 1.04 b.d.l. 0.001 b.d.l. 0.038 0.50 7.33 28.8
E26/284/249.0 0.87 b.d.l. b.d.l. 0.003 0.11 2.38 10.0 67.6
K-QMP
E26/287/132.6 1.00 b.d.l. b.d.l. 0.001 0.097 0.60 1.37 137
E26/287/132.6-duplicate 1.00 b.d.l. b.d.l. 0.001 0.066 0.59 1.53 52.6
E48/13w2/703.8 0.59 b.d.l. 0.005 b.d.l. 0.024 1.18 51.5 39.7
E48/13w2/703.8-duplicate 0.59 b.d.l. b.d.l. 0.036 0.036 1.16 n.d. 48.7
KA-QMP
E26/286/173.2 0.98 0.002 b.d.l. b.d.l. 0.059 0.81 543 15.4
E26/286/173.2-duplicate 0.98 b.d.l. 0.002 b.d.l. 0.063 0.76 n.d. 11.3
E48/11/531.5 0.52 b.d.l. 0.003 b.d.l. 0.16 4.25 43.8 40.6
E48/11/531.5-duplicate 0.52 b.d.l. b.d.l. b.d.l. 0.14 5.42 30.2 75.4
B-QMP late
E26/264/235.3 0.92 b.d.l. b.d.l. b.d.l. 0.083 1.94 0.95 87.6
Postmineral intrusions
E27/386/185.8 10.98 0.098 0.11 0.11 2.57 3.58 0.36 0.53
E27/386/185.8-duplicate 10.98 0.11 0.17 0.13 3.09 4.02 0.33 0.45
E26/46/1284.8 3.53 b.d.l. 0.003 0.007 0.67 3.76 0.10 1.46
E26/46/1284.8-duplicate 3.53 b.d.l. b.d.l. 0.010 0.65 3.84 0.071 1.88
Note: MgO is in weight percent, PGE, Re and Au are in ppb.
a MgO data are taken from Lickford (2002) and Crawford (2001) after normalize the total major element concentrations of each sample to 100%. 
b.d.l., below detection limit. n.d., not determined.


