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A B S T R A C T   

The sediment hosted Nifty prospect is one of the most prominent Cu deposits in the Neoproterozoic Paterson Province, which girdles the eastern margin of the 
Archean Pilbara Craton in Western Australia. The timing of mineralization at Nifty has proved challenging to constrain despite several attempts to date it using a 
range of isotopic methods, including muscovite 40Ar/39Ar (total fusion) and solution ICP-MS apatite U–Pb geochronology. The region preserves a protracted and 
complex geological history, with potential for several generations of fluid flow/mineralisation, which necessitates a texturally-controlled geochronology approach. 
Here, we report in situ apatite and monazite U–Pb isotopes complemented with trace elements from both mineralized veins and matrix of the sedimentary host-rock 
collected via laser ablation split stream inductively coupled plasma mass spectrometry (LASS-ICP-MS). Apatite grains from pyrite- and quartz-bearing veins are 
enriched in middle rare earth elements (MREE) with prominent convex-upward chondrite-normalized REE profiles. This chemical signature is similar to hydro-
thermal apatite from the Olympic Dam high-grade bornite Cu deposit, commonly associated with MREE-enriched, lower salinity fluids, and alkaline pH conditions 
capable of mobilizing Cu. Hydrothermal apatite from pyrite-bearing veins associated with euhedral, concentrically zoned pyrite yields lower intercept ages of ca 810 
Ma, whereas hydrothermal apatite from quartz-pyrite veins associated with pyrite replacement microstructures have variable apparent ages. Monazite grains on the 
margins of pyrite-bearing veins (along micro-cracks) and monazite associated with chalcopyrite in veinlets yield a weighted mean 238U/206Pb age of ca 640 Ma. These 
results necessitate at least two distinct hydrothermal/fluid flow events related to the formation of the Nifty Cu deposit, with the former being temporally associated 
with ca 830 Ma mafic intrusions. Evidence for the latter hydrothermal event is cryptic, being highly localised at a grain scale, but is broadly coeval with ca 640 Ma 
granitic magmatism linked to Cu–Au mineralization elsewhere in the Paterson Orogen (e.g., Telfer & Winu deposits).   

1. Introduction 

Apatite is a Ca-phosphate present in various rock types, that crys-
tallizes under a wide pressure–temperature-fluid conditions and is an 
important repository for uranium (U) and other trace elements (e.g., rare 
earth elements, Sr, Y). Its diverse chemistry means it has the potential to 
record various petrogenetic processes (Belousova et al., 2001; Chew and 
Spikings, 2015; Chu et al., 2009; Dempster et al., 2003; Faleiros et al., 
2022; Harlov, 2015; Kirkland et al., 2018; Miles et al., 2014; Piccoli and 
Candela, 2019; Spear and Pyle, 2019; Watson and Green, 1981). Spe-
cifically, these characteristics means apatite is an important tool for 
mineral exploration given its ability to track fluid characteristics, based 
on trace element and halogen (Cl, F) composition, and date ore genesis 
using its U–Pb isotopic composition (Belousova et al., 2002; Cao et al., 
2012; Chen et al., 2019; Chew et al., 2011; Chew and Spikings, 2015; 
Corfu and Stone, 1998; Krneta et al., 2017; Mao et al., 2016; Pan et al., 
2016; van Daele et al., 2020; Zafar et al., 2020). Monazite [(Ce,La,Th) 

PO4] is another useful phosphate mineral which grows under different 
petrogenetic conditions to apatite, typically when the REE cargo of 
fluids, especially Th, is elevated due to metamorphic reactions (Engi, 
2018; Larson et al., 2022; Spear and Pyle, 2019; Zhu and O’Nions, 
1999). Monazite can retain chemical domains, representing successive 
growth phases or alteration stages, as volatiles are liberated by tectonic 
and/or (hydro)thermal events (e.g., Weinberg et al., 2020). frequently 
recrystallizes in part or entirety when fluids are present via coupled 
substitution process (2(Y + REE)3+ + ⇌ Th4+ + Ca2+) (Hetherington 
et al., 2010; Poitrasson et al., 1996; Williams et al., 2011). This process 
leaves the P–O framework of the monazite crystal intact, but variably 
purges the crystal of its radiogenic-Pb cargo, hence retaining a (variably) 
high-fidelity temporal record of fluid-mineral interaction. Thus, mona-
zite may provide a complementary U–Pb chronometer to apatite (e.g., 
Prent et al., 2020), expanding the compositional environment across 
which petrogenetic processes can be tracked. 

The Nifty deposit is one of the most significant Cu ore deposits of the 
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Neoproterozoic Paterson Province which girdles the eastern margin of 
the Archean Pilbara Craton in Western Australia (Fig. 1A, B). The timing 
of this sedimentary-hosted stratiform Cu deposit has been contentious 
and challenging to decipher (Anderson et al., 2002, 2001; Huston et al., 
2020). 40Ar/39Ar ages of mica linked to alteration were suggested to 
reflect deposit formation at ca 717 Ma (Anderson et al., 2001). In 
contrast, Huston et al. (2020) suggested an age interval spanning 
850–800 Ma for ore genesis based on complex hydrothermal apatite 
U–Pb–Nd data collected via solution-mode ICP–MS. In this study, we 
investigate the timing of mineralization at Nifty using in situ apatite and 
monazite U–Pb geochronology and trace element data collected via laser 
ablation split stream inductively coupled plasma mass spectrometer 
(LASS-ICP-MS). The use of LASS-ICP-MS offers the ability to collect in 
situ isotopic and trace element data from sample volumes that can be 
screened via a range of imaging techniques for homogeneity with ana-
lyses placed in the context of their mineral-ore textural relationship. 

2. Geological setting 

2.1. The Paterson Orogen 

The Paterson Orogen (Fig. 2) is a 2000 km long Paleoproterozoic- 
Neoproterozoic orogenic belt that extends from northern Western 
Australia to north-west South Australia (Bagas, 2004; Williams and 
Myers, 1990). It is the only exposed Proterozoic orogenic belt between 
the West and North Australian Cratons and is interpreted to record 
events related to their collision, during the formation of the early 
Australian continent (Bagas, 2004; Betts et al., 2015; Gardiner et al., 
2018; Lu et al., 2022; Myers et al., 1996). The north-western area of the 
orogen is exposed along the eastern margin of the Archean Pilbara 
Craton (Ferguson et al., 2005; Williams and Myers, 1990). The Paterson 
Orogen is bordered to the north by the Permian Canning Basin, to the 
south by the Neoproterozoic Canning Basin, and to the east by the 
Proterozoic Canning Basin (Fig. 1) (Anderson et al., 2001; Williams and 
Bagas, 1999). 

The southern exposure of the Paterson Orogen is subdivided into the 
Paleoproterozoic-Mesoproterozoic Rudall Complex and Neoproterozoic 
Yeneena and Officer basins (Ferguson et al., 2005; Williams and Myers, 
1990). The Rudall Complex consists of metamorphosed igneous and 
sedimentary rocks that are unconformably overlain by the Yeneena 
Supergroup of the Yeneena Basin and Tarcunyah Group of the Yeneena 
or Officer Basin (Williams and Bagas, 1999). The Yeneena Supergroup is 
comprised of the Lamil and Throssel Range Groups (Bagas, 2004). The 
Throssell Range Group is a sandstone-shale-carbonate succession 
comprised of the Coolbro Sandstone, the Broadhurst Formation, and the 
Isdell Formation (Bagas, 2004; Ferguson et al., 2005). The Broadhurst 

Formation conformably overlies the Coolbro Sandstone and is domi-
nated by carbonaceous shales and siltstones with interbedded sand-
stones and dolostones (Anderson et al., 2001; Bagas, 2004; Ferguson 
et al., 2005). The lower Broadhurst Formation is interpreted to reflect 
pelagic deposition following rapid basin subsidence, transitioning to a 
subtidal, low-energy shelf environment (Anderson et al., 2001). Detrital 
zircon grains from the Coolbro Sandstone provide a maximum deposi-
tion age of the Broadhurst Formation of ca 910 Ma (Huston et al., 2020; 
Nelson, 2002). 

Three major orogenic events have deformed and metamorphosed the 
rocks in the Paterson Orogen, namely the Yapungku, Miles, and Paterson 
orogenies (Fig. 2) (Anderson et al., 2001; Bagas and Smithies, 1998; 
Hickman and Clarke, 1994; Smithies and Bagas, 1997). The 1790–1760 
Ma Yapungku Orogeny has been regarded by some to reflect the amal-
gamation of the West and North Australian craton in an event that pre- 
dates the Yeneena Supergroup (Cawood and Korsch, 2008). This event is 
characterized by a regional metamorphic foliation and isoclinal folding 
in the Rudall Complex under upper-amphibolite to lower granulite 
facies conditions (Bagas, 2004; Clarke, 1991; Hickman and Bagas, 1999; 
Payne et al., 2021). A magmatic event at ca 1310–1286 Ma (Camel 
Suite) represents localised potassic magmatism associated with a me-
dium- to high-pressure metamorphic event (the Parnngurr Orogeny) 
(Gardiner et al., 2018). The tectonic setting for this magmatic suite is not 
currently well understood but Gardiner et al. (2018) highlighted it may 
reflect extension, possibly orogenic collapse or back-arc development 
following accretion. This event may represent the youngest possible 
timing for the amalgamation of West Australian Craton with the North 
Australian Craton. The Neoproterozoic Miles Orogeny (ca 680–630 Ma; 
Durocher et al., 2003) affected both the Rudall Complex and Yeneena 
Supergroup, which developed northwest-trending folds and thrusts with 
similar orientation to structures generated during the Yapungku 
Orogeny, but at lower metamorphic grade (typically greenschist facies) 
(Bagas, 2004; Gardiner et al., 2018). Following the Miles orogeny and 
slightly proceeding or contemporaneous with the subsequent Paterson 
orogeny, voluminous oxidized and reduced granites were emplaced 
throughout the belt. The granites range in age from ca. 650–630 Ma and 
are associated with the world-class Telfer Au-Cu deposit (Anderson 
et al., 2001) and the Cu-Au Havieron deposit (Duuring et al., 2022). The 
Neoproterozoic Paterson Orogeny (580–530 Ma; Payne et al., 2021) is 
interpreted to have involved transpression and dextral strike-slip 
movement on major northwest-trending faults, likely in intracratonic 
setting (Bagas, 2004; Gardiner et al., 2018) however, some authors have 
proposed a subduction driven model for the orogen (Martin et al., 2017). 

Numerous base metal deposits and prospects have been discovered in 
the Yeneena Basin (Fig. 2) (Duuring et al., 2022; Ferguson et al., 2005), 
including the Telfer Au-Cu deposit hosted in the Lamil Group, and the 

Fig. 1. A) Simplified tectonic framework of Australia highlighting the cratonic areas and the study area; B) Geological provinces of northern Western Australia.  
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Nifty Cu deposit hosted in the Broadhurst Formation (Anderson et al., 
2001). Prospects proximal to Nifty also hosted by the Broadhurst For-
mation include the Rainbow Cu, Warrabarty Pb-Zn, and Maroochydore 
Cu prospects (Anderson et al., 2001). Recent discoveries of Cu-Au 
mineralization in the northern Paterson Orogen at Obelisk, Winu and 
Havieron highlight the potential of further mineralization in the orogen 
(Duuring et al., 2022). 

2.2. Nifty Cu deposit 

The Nifty deposit (Fig. 2) is hosted within the carbonaceous- 
dolomitic shale-dominated Broadhurst Formation (Anderson et al., 
2001). The deposit is structurally controlled, with mineralisation typi-
cally forming stratiform lenses within the keel of a west-north-west 
trending open syncline (Anderson et al., 2001; Huston et al., 2020; 
Maidment et al., 2017). The deposit is subdivided into four stratigraphic 
members: footwall beds, the Nifty member, the pyrite marker bed, and 
hanging wall beds (Anderson et al., 2001). Ore mineralisation is hosted 
in the Nifty member, predominantly consisting of interbedded 

carbonaceous and chloritic shales and dolomitic mudstone (Anderson 
et al., 2001). The primary ore zone is overprinted by quartz-dolomite 
alteration, accompanied by apatite and carbonaceous matter (Ander-
son et al., 2001; Huston et al., 2020). The dominant sulphide minerali-
sation consists of chalcopyrite and pyrite, with minor sphalerite, galena 
and uranium-oxide present (Ferguson et al., 2005; Huston et al., 2020). 
Secondary copper mineralisation at Nifty occurs as supergene 
carbonate-hosted oxide and chalcocite mineralisation, and as remobi-
lised shale-hosted mineralisation including malachite and azurite 
(Anderson et al., 2001; Ferguson et al., 2005; Maidment et al., 2017). 

2.3. Samples of interest 

Samples were recovered from diamond drill core NUG0399 at 101.7 
m, 104.05 m, and 104.10 m depth, which crosscut the orebody close to 
the syncline axis, sampling the footwall bed of the deposit. The drill hole 
collar was located about 600 m from the centre of the Nifty open pit 
(latitude − 21.664300 and longitude 121.575499). The three samples 
are shales of the Broadhurst Formation with quartz-bearing fine-grained 

Fig. 2. Simplified geological map of the Neoproterozoic Paterson Orogen located at the eastern margin of the Pilbara Craton (simplified from Gardiner et al., 2018). 
The dashed-line rectangle locates the Nifty deposit. 
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mica matrix containing disseminated pyrite, apatite, chalcopyrite, and 
fine-grained muscovite and garnet along incipient planar bedding. Pri-
mary sedimentary layering is crosscut by apatite-pyrite-quartz 
(±chalcopyrite and monazite) veins and veinlets (i.e., narrow veins). 
The veins have fine-grained apatite in the margins (laminated zones) 
with coarse-grained apatite in the core (fibrous zone), variably oriented 
with respect to the vein boundaries (Fig. 3). These structures are 
consistent with antitaxial vein growth (Cox, 1987). The samples 101.7 
m, 104.05 m, and 104.10 m were selected for in situ apatite and 
monazite U–Pb–trace element via LASS-ICP-MS. 

3. Methods 

In situ U–Pb–trace element analysis was performed on polished thin 
sections via LASS-ICP-MS at the John de Laeter Centre, Curtin Univer-
sity. Prior to isotopic analysis, the thin sections were scanned with TIMA 
(TESCAN integrated mineral analyzer) at the Microscopy and Micro-
analysis Facility of the John de Laeter Centre, Curtin University, to 
characterize the mineral assemblage of all samples. TIMA mapping was 
carried out with an accelerating voltage of 25 kV, a beam intensity of 19, 
probe current of 6.74–7.01nA, spot size of 67–90 nm, and nominal 
working distance of 15 mm. A pure Mn standard was used for EDS 

Fig. 3. Mineral assemblages and textures of the studied samples collected from different depths along the drill core. Sample number associated depth is located in the 
lower left corner of each photomicrograph. All mineralogical classification was performed using the TIMA software internal library. 
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spectra standardisation. Backscatter electrons (BSE) and energy- 
dispersive x-ray spectroscopy (EDS) analyses were referenced to a 
mineral library for automatic mineral classification. 

3.1. U–Pb–trace element 

The analytical setup includes a RESOLution SE excimer laser 
equipped with a Laurin Technic S155 cell connected to an Agilent 8900 
QQQ ICP-MS for U–Pb measurements and to an Agilent 7900x Q ICP-MS 
for trace element measurements. Apatite analysis was conducted with a 
50 µm spot size, 5 Hz repetition rate and laser energy of 3.2 J.cm− 2 

measured above the laser cell. The sample cell was flushed with ultra-
high purity He (320 ml.min− 1) and N2 (1.2 ml.min− 1), both of which 
were passed through an inline Hg trap. Each analysis consisted of 30 s of 
baseline acquisition followed by 40 s of sample data acquisition and 
another 15 s of baseline counting. Unknowns were bracketed by a suite 
of reference glasses and apatite. Madagascar apatite (474 ± 1 Ma; 
Thomson et al., 2012) was employed as primary reference material for 
U–Pb, which yielded a weighted 238U/206Pb age of 474 ± 4 Ma (MSWD 
= 0.4, N = 18). McClure Mountain (Schoene and Bowring, 2006), FC- 
Duluth (Schmitz et al., 2003; Thomson et al., 2012) and Otter Lake 
(Barfod et al., 2005; Chew et al., 2011) apatite was employed as sec-
ondary reference material and treated as unknown. McClure Mountain 
apatite yields an unanchored regression lower intercept age of 517 ± 11 
Ma (MSWD = 1.4, N = 17) and the FC-Duluth apatite yields an unan-
chored regression lower intercept age of 1057 ± 28 Ma (MSWD = 1.8, N 
= 18), in agreement with expected U–Pb ages. Otter Lake apatite yields 
an overdispersed, unanchored regression lower intercept age of 855 ±
44 Ma (MSWD = 4.3, N = 18), indicating minor grain-scale isotopic 
heterogeneities as previously observed (Thompson et al., 2016). 

Monazite analysis was conducted with a 10 µm spot size, 4 Hz 
repetition rate and laser energy of 2.3 J.cm− 2 measured above the laser 
cell. The sample cell was flushed with ultrahigh purity He (320 ml. 
min− 1) and N2 (1.2 ml.min− 1), both of which were passed through an 
inline Hg trap. Each analysis consisted of 30 s of baseline acquisition 
followed by 15 s of sample data acquisition and another 15 s of baseline 
counting. Unknowns were bracketed by a suite of reference glasses and 
monazite. Monazite 44,069 (430 ± 1 Ma; Aleinikoff et al., 2006) was 
employed as primary reference material for U–Pb, yielding a weighted 
mean 238U/206Pb age of 423 ± 3 Ma (MSWD = 0.7, N = 15). Stern 
(Horstwood et al., 2016) and Trebilcock monazite (Tomascak et al., 
1996) were employed as secondary reference material and treated as 
unknowns. The secondary monazite reference material yielded the 
following weighted mean 238U/206Pb ages: 506 ± 3 Ma (Stern, MSWD =
0.9, N = 15), 275 ± 2 Ma (Trebilcock, MSWD = 0.4, N = 16). Data 
reduction was performed in Iolite4 (Paton et al., 2011) using the 
‘VizualAge UComPbine’ data reduction scheme (Chew et al., 2014) for 
apatite and the built-in ‘U-Pb Geochronology’ data reduction scheme for 
monazite U–Pb isotopic data with an exponential with linear equation to 
correct for downhole isotopic fractionation. U–Pb ages were calculated 
using IsoplotR (Vermeesch, 2018), with ages and uncertainties being 
presented at the 2 σ confidence level. Apatite and monazite 207Pb-cor-
rected ages were calculated using Isoplot (Ludwig, 1991) considering a 
fixed 207Pb/206Pbi isotopic ratio based on Stacey and Kramers (1975) 
terrestrial Pb evolution model, which were used to calculate Kernel 
density estimates were using IsoplotR (Vermeesch, 2018). 

The international glass NIST610 was employed as primary reference 
material for trace element concentrations, and NIST612 was used as the 
secondary reference material and treated as an unknown to evaluate the 
reproducibility of the data. The results from the secondary standards 
indicate an accuracy of better than 5 % in comparison to the references 
values. 43Ca and 140Ce were used as internal standards for apatite and 
monazite, respectively, assuming an average stochiometric proportion. 
Trace element data reduction was performed using the built-in Trace 
Elements data reduction scheme in Iolite4. Trace element data from the 
reference materials employed in this study are consistent with published 

reference values (Chew et al., 2016; Yang et al., 2014). Apatite and 
monazite U–Pb–trace element data are presented in supplementary 
material S1 and S2, respectively. 

4. Results 

4.1. Petrographic summary 

TIMA maps efficiently classify the mineral assemblages of a rock 
with complex deformation and/or alteration histories such as those 
presented in this study (e.g., Hrstka et al., 2018). All samples are pre-
dominantly composed of quartz + chalcopyrite + pyrite + apatite ±
calcite ± ankerite ± garnet ± muscovite in different modal proportions 
(Fig. 3). Pyrite is the main sulfide phase and chalcopyrite is a minor 
phase in the studied samples. Sample 101.7 m has a fine-grained matrix 
composed of quartz + muscovite ± garnet crosscut by veins composed of 
quartz + pyrite + muscovite + apatite ± garnet ± chlorite (Fig. 3A). 
Samples 104.05 m and 104.10 m are similar, likely originating from the 
same stratigraphic layer, displaying a foliated matrix composed of fine- 
grained quartz + muscovite + garnet + apatite + granular pyrite 
crosscut by veins composed of quartz + pyrite + muscovite + apatite ±
garnet ± chalcopyrite ± monazite (Fig. 3B-C). 

4.2. Sulphide textures 

We texturally classified three types of pyrite (Py0, Py1 and Py2) based 
on reflected light photomicrographs and BSE images (Fig. 4). The matrix 
from all samples contains small pyrite grains (< 30 µm diameter), mostly 
rounded, typical of framboidal pyrite (Py0; Fig. 4A–C) formed by the 
coalescence of individual pyrite grains as revealed by high-resolution 
BSE images (Fig. 4B, C; Sawlowicz, 1993). The pyrite-bearing vein 
from sample 101.7 m contains coarse-grained euhedral pyrite grains 
(Py1). Many of these pyrite grains exhibit concentric zoning, visible in 
reflected light photomicrographs (Fig. 4D) and BSE images (Fig. 4E), 
containing small chalcopyrite inclusions. Although the zoning may 
represent trace element variations in Py1, no trace element zoning was 
observed in the EDS elemental maps (Fig. 4F) likely due to the low 
sensitivity of the detectors. Alternative high-resolution mapping tech-
niques such as laser ablation mapping is required to resolve the meaning 
of the concentric zoning of Py1. Quartz-bearing veins from samples 
104.05 m and 104.10 m display evidence of pyrite overgrowth textures 
(Fig. 4G, H). This texture indicates that Py1 was modified by anhedral, 
porous and quartz-rich pyrite (Py2), likely associated with secondary 
hydrothermal processes. We observed a Co element enrichment in the 
boundary between euhedral Py1 and porous quartz-rich Py2 in the 
elemental map collected from EDS analysis (Fig. 4I). Chalcopyrite is low 
abundant is the quartz-bearing veins (<5 %), commonly occurring as 
dispersed single grains. Yet, it is more frequent in microcracks along the 
vein walls and in veinlets crosscutting the sample, commonly associated 
with monazite. 

4.3. Apatite textures 

Apatite is present in both the host-rock matrix and veins in all 
samples. Sample 101.7 m has a low abundance of anhedral fine-grained 
apatite randomly dispersed in the matrix, and anhedral inequigranular 
apatite grains in the veins. Vein apatite are concentrated along the vein- 
matrix boundary, and in the pyrite-quartz boundaries commonly asso-
ciated with garnet (Fig. 5A, D). Samples 105.05 m and 104.10 m also 
have anhedral to subhedral fine-grained apatite grains randomly 
dispersed in the matrix, but often contain apatite agglomerations par-
allel to the sedimentary layering, that are associated with pyrite, quartz, 
garnet, muscovite, and rare chlorite (Fig. 5B–C). The vein apatite grains 
from samples 104.05 m and 104.10 m are coarse-grained (up to 500 
μm), euhedral to subhedral prismatic crystals, which are variably ori-
ented with respect to the vein boundaries (Fig. 5B). 
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4.4. Monazite textures 

Monazite grains from all samples are generally very fine-grained 
(<15 µm), anhedral and commonly developed along the interface be-
tween the larger quartz-pyrite veins and the host-rock matrix (Fig. 5A, 
D) and also in thinner chalcopyrite-bearing veinlets that crosscut sedi-
mentary layering (Fig. 5E, F). In sample 101.7 m, the monazite grains 
define a trail along the matrix-vein interface in association with fine- 
grained pyrite, commonly filling microcracks (Fig. 5D). Monazite 
grains from samples 104.05 m and 104.10 m are present in fine veins 
mainly composed of quartz, chalcopyrite, pyrite and ± garnet. In these 
samples, the monazite grains are associated with chalcopyrite resem-
bling a corona texture (Fig. 5F), typical of hydrothermal monazite from 
ore systems (e.g., de Melo et al., 2019; Milton et al., 2017). 

4.5. Apatite U–Pb–trace element 

We collected a total of 40 U–Pb analyses from vein apatite grains in 
sample 101.7 m. The data define a discordia array in the Tera- 

Wasserburg diagram indicating a lower intercept age of 809 ± 12 Ma 
(MSWD = 3.6) with an 207Pb/206Pbi of 0.85 ± 0.02 (Fig. 6A). The 
elevated MSWD implies the scatter exceeds analytical uncertainties 
alone and may be attributed to minor radiogenic-Pb loss. 

A total of 47 U–Pb measurements were collected from matrix apatite 
of sample 104.05 m, and 60 U–Pb measurements were collected from 
vein apatite grains. The matrix apatite U–Pb data define an over-
dispersed discordia in the Tera-Wasserburg diagram suggesting a lower 
intercept age of 810 ± 5 Ma (MSWD = 5.6) with an 207Pb/206Pbi of 0.84 
± 0.02. The MSWD implies scatter around the regression as a conse-
quence of either or both radiogenic-Pb loss or recrystallization (Fig. 6B). 
The vein apatite U–Pb data also define a discordia with a more radio-
genic 207Pb/206Pbi ratio, yielding a younger lower intercept age of 775 
± 7 Ma (MSWD = 10) with an initial of 207Pb/206Pbi 0.89 ± 0.03, 
identical to that predicted by the Stacey and Kramers (1975) terrestrial 
Pb evolution model for this age. 

From sample 104.10 m, a total of 16 U–Pb measurements were 
collected from matrix apatite and 54 U–Pb measurements were collected 
from vein apatite grains. The matrix apatite dataset defines an 

Fig. 4. Pyrite textures from samples 101.7 m, 104.05 m and 104.10 m. A) Reflected light photomicrograph of framboid pyrite (Py0) from sample 101.7 m; B-C) 
Electron backscatter images of framboidal pyrite (Py0) from sample 104.05 m; D) Reflected light photomicrograph of euhedral pyrite (Py1) displaying concentric 
zoning from sample 101.7 m; E) Electron backscatter image of euhedral pyrite (Py1) from sample 101.7 m; E) Elemental map of euhedral pyrite (Py1) from energy 
Dispersive Spectroscopy (EDS) analysis; G) Reflected light photomicrograph of pyrite overgrowth textures from sample 104.05 m; H) Electron backscatter images of 
pyrite overgrowth textures from sample 104.10 m; I) Elemental map of pyrite overgrowth textures from sample 104.10 m from EDS analysis. Mineral abbreviations 
follow Whitney and Evans (2010). 
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overdispersed discordia between common and radiogenic components, 
suggesting a lower intercept age of 795 ± 17 Ma (MSWD = 5.3) with an 
207Pb/206Pbi of 0.86 ± 0.01 (Fig. 6C). The vein apatite U–Pb data define 
an overdispersed discordia in the Tera-Wasserburg diagram suggesting a 
lower intercept age of 747 ± 8 Ma (MSWD = 11) with an initial 
207Pb/206Pb 0.95 ± 0.04. The dispersion on the mixing array is similar to 
the other samples implying post crystallization modification. 

Chondrite-normalized REE patterns of the matrix apatite are similar 
across all three samples, suggesting they grew from the same fluid, or 
fluids of similar composition (Fig. 6D–F). Both matrix and vein apatite 

grains have a prominent convex shape with a dominance of medium- 
REE (MREE) over light-REE (LREE) in comparison to igneous apatite 
patterns (Belousova et al., 2001; O’Sullivan et al., 2020; Piccoli and 
Candela, 2019). Despite the predominance of convex chondrite- 
normalized REE patterns for most matrix and vein apatite grains, 
some matrix apatite grains from sample 104.10 m are distinct with a 
higher REE content (average of ~1060 ppm) and steeper REE patterns 
with average (La/Yb)N ratio of 2.2, diverging from the typical REE- 
depleted convex patterns with lower average (La/Yb)N ratio of 0.6. 

Fig. 5. Apatite and monazite textures from samples 101.7 m, 104.05 m and 104.10 m. A) Phase map from the vein texture of sample 101.7 m; B-C) Phase map of the 
matrix texture of samples 104.05 m and 104.10 m; D-F) Backscatter electron images focusing on the monazite textures along matrix-vein/veinlets boundaries from 
samples 101.7 m, 104.05 m and 104.10 m, respectively. Mineral abbreviations follow Whitney and Evans (2010). 
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4.6. 4.6. Monazite U–Pb–trace element 

Sixteen monazite U–Pb measurements from sample 101.7 m were 
undertaken, which define a radiogenic/common-Pb mixing array 
yielding a lower intercept age of 648 ± 12 Ma (MSWD = 4.2) with an 
initial 207Pb/206Pbi of 1.11 ± 0.10. (Fig. 7A). Although the results did 
not yield any concordant data, the lower intercept age is consistent with 
the 207Pb-corrected weighted 238U/206Pb mean age of 643 ± 8 Ma 
(MSWD = 3.1), calculated using an 207Pb/206Pbi as predicted by the 

Stacey and Kramers (1975) terrestrial Pb evolution model for Neo-
proterozoic crust (i.e., ~0.86 for 650 Ma). From sample 104.05 m, we 
collected 12 monazite U–Pb measurements, but the majority of the ratios 
are overdispersed with respect to a single radiogenic-common mixing 
line, implying various secondary modification processes. Three analyses 
yield a lower intercept age in the Tera-Wasserburg diagram of 675 ± 21 
Ma (MSWD = 0.1) with a 207Pb/206Pbi 1.40 ± 0.28 (Fig. 7B). Two 
concordant analysis yields a concordia age of 675 ± 21 Ma (MSWD =
0.1). Twenty-one monazite U–Pb analyses from sample 104.10 m were 

Fig. 6. A–C) Tera-Wasserburg diagram of apatite U–Pb data from samples 101.7 m, 104.05 m and 104.10 m, respectively. The U–Pb data is differentiated into matrix 
(green ellipsis) and vein apatite (red ellipsis) based on the TIMA maps. Ellipse uncertainties and errors are presented at 2 σ level of confidence. Tera-Wasserburg 
diagrams were calculated using IsoplotR (Vermeesch, 2018); D-F) apatite chondrite-normalized REE of samples 101.7 m, 104.05 m and 104.10 m. Rare earth 
element concentrations were normalized by the chondrite reference values from McDonough and Sun (1995). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

B.V. Ribeiro et al.                                                                                                                                                                                                                               



Precambrian Research 388 (2023) 107018

9

performed. Seven spots define a discordia trend in the Tera-Wasserburg 
plot yielding a lower intercept age of 530 ± 18 Ma (MSWD = 1.5) with a 
207Pb/206Pbi of ~ 0.74 ± 0.03 (Fig. 7C). Four spots within a maximum 
± 10 % (207Pb/235U age/206Pb/238U age) discordance threshold, yield a 
concordia age of 641 ± 13 Ma (MSWD = 1.6) (Fig. 7C, inset), defining 
the most concordant age component among the three samples. 

The monazite chondrite-normalized REE patterns are similar across 
all three samples, displaying highly fractionated patterns with LREE 
dominance indicated by the high (La/Yb)N ratios and slightly negative E 
anomalies with Eu/Eu* varying from 0.5 to 0.9 (Fig. 7D-F). These 

patterns are consistent with hydrothermal monazite from ore deposits 
(Zhu and O’Nions, 1999). 

5. Discussion 

5.1. Significance of apatite and monazite trace element patterns 

Apatite is known to display fractionated chondrite-normalized REE 
with (La/Nd)N ratios commonly higher than 1 and negative Eu anoma-
lies due to usual co-crystallization with feldspar (Belousova et al., 2001; 

Fig. 7. Tera-Wasserburg diagrams of monazite U–Pb data (A–C) and chondrite-normalized REE (D-F) of samples 101.7 m, 104.05 m and 104.10 m. Ellipse un-
certainties are 2 σ and errors are studentized at 95 % confidence with no common-Pb correction applied. Tera-Wasserburg diagrams were calculated using IsoplotR 
(Vermeesch, 2018). Rare earth element concentrations were normalized by the chondrite reference values from McDonough and Sun (1995). 
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Cao et al., 2012; Long et al., 2023; O’Sullivan et al., 2020). These 
chemical characteristics can be preserved despite metamorphic over-
printing, which might reset the age via thermally activated Pb volume 
diffusion in dry conditions (Cabrita et al., 2022; Ribeiro et al., 2022, 
2020b). However, apatite trace element systematics are very susceptible 
to reactions with fluids, typically causing LREE, Th/U, and Y depletion 
accompanied by Sr increases (Harlov, 2015; Henrichs et al., 2019, 2018; 

Odlum et al., 2022; Odlum and Stockli, 2020; O’Sullivan et al., 2020; 
Ribeiro et al., 2022, 2020a). These characteristics highlight the key use 
of apatite geochemistry to track fluid-rock interaction (Belousova et al., 
2002; Mao et al., 2016; Pan et al., 2016). 

The vein apatite grains and the vast majority of the matrix apatite 
grains are LREE- and HREE-depleted resulting in convex chondrite- 
normalized REE patterns as demonstrated by the λ1 (slope) and λ2 

Fig. 8. Trace element diagrams based on the vein and matrix apatite data from samples 101.7 m, 104.05 m and 104.10 m. Filled circles represent vein apatite grains 
and hollow squares represent matrix apatite grains. Diagram (A) uses the lambda coefficient (λ1 and λ2) to mathematically represent the slope and the concavity of 
the chondrite-normalized REE patterns (see O’Neill, 2016 for details). The lambda coefficients were calculated using the online BLambdaR tool (Anenburg, 2020; 
Anenburg and Williams, 2022). The inset (A) demonstrates the slope and concavity increase towards lower λ1 and λ2 values, which is accompanied by a decrease in 
total REE (B), Th/U and Y (ppm) (C) and Sr and Sr/Y increase (D). 
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(concavity) coefficients (Fig. 8A). The lambda parameter (λn) is a shape 
coefficient that mathematically describes the chondrite-normalized REE 
pattern with λ1 and λ2 describing the linear slope and quadratic curva-
ture components, respectively (see O’Neill (2016) for details). The in-
crease in slope (lower λ1) and concavity (lower λ2) is accompanied by a 
decrease in total REE content, Th/U, and Y, accompanied by the Sr 
concentration and Sr/Y increase (Fig. 8B–D). These apatite trace 
element characteristics are generally associated with hydrothermal en-
vironments and fluid-assisted recrystallization, with LREE and fluid- 
mobile Sr being transferred to REE-Sr enriched phases such as mona-
zite, epidote, allanite, and micas or into the fluid itself (Harlov, 2015; 
Henrichs et al., 2019, 2018; Odlum and Stockli, 2020; Ribeiro et al., 
2020a; Spear and Pyle, 2019). We note that 11 matrix apatite results 
from sample 104.10 m display higher total REE content, shallower slope 
(higher λ1) and concavity (λ2), associated with higher Y concentration 
and Th/U ratios (Fig. 8B, C). These apatite results also plot separately 
from the Sr vs. Sr/Y array defined by the majority of vein and matrix 
apatite grains (Fig. 8D). Given the sedimentary protolith of these rocks 
and the distinct characteristics of those 11 matrix apatite results from 
sample 104.10 m, it seems reasonable to interpret these grains as likely 
detrital apatite that were less affected by metasomatism, allowing them 
to partially preserve their primary trace element characteristics. 
Conversely, this mineral chemistry may represent an early syn- 
sedimentary carbonate fluorapatite (francolite), an authigenic mineral 
that precipitates from pore water during sedimentation (Mcarthur, 
1985). 

The apatite convex-shape of the REE-chondrite normalized profiles 
are similar to those from hydrothermal apatite from the Olympic Dam 
high-grade bornite (Cu5FeS4) deposit (Krneta et al., 2017). Numerical 
models based on oxygen fugacity, pH, salinity, ionic complex activity 
and temperature parameters have demonstrated that these MREE- 
enriched apatite with convex chondrite-normalized REE patterns are 
best associated with low saline and alkaline MREE-enriched fluids 
(Krneta et al., 2018). Such fluids have a higher capacity to mobilize Cu 
due to the transition from EuCe4

-2 to EuO2
-2 (Brugger et al., 2008; Krneta 

et al., 2018), which may explain the predominance of pyrite (FeS2) over 
chalcopyrite (CuFeS2). 

Monazite grains from all three samples are commonly found in the 
matrix-vein boundaries or fine veins associated with chalcopyrite, 
defining a “corona-like” texture (Fig. 4D–F). These monazite grains 
display highly fractionated chondrite-normalized REE patterns with 
weak negative Eu anomalies. These textural and chemical characteris-
tics suggest hydrothermal origin, similar to monazite from other ore 
deposits worldwide (de Melo et al., 2019; Milton et al., 2017; Zhu and 
O’Nions, 1999). The strong HREE depletion may be caused by coeval 
garnet crystallization in the fluid source (see Fig. 4F), which has a higher 
HREE affinity than monazite (Larson et al., 2022; Zhu and O’Nions, 
1999). 

In summary, we conclude that the apatite vein and most of the 
apatite matrix were crystallized or re-equilibrated during hydrothermal 
events, likely with fluids of high pH and low salinity during an early-mid 
Tonian fluid event (ca 810 Ma) (Fig. 9). The apatite-chalcopyrite and 
apatite-pyrite petrographic association in these samples may indicate 
that the Cu-Fe mineralization was associated with the aforementioned 
fluid. The scarcity of monazite in larger veins and its dominant presence 
in thin veinlets and microcracks along the interface between large veins 
and host-rock matrix, implies that monazite developed as a minor late- 
stage hydrothermal mineral. The association between monazite and 
chalcopyrite in some veinlets (Fig. 4E, F) indicates this late-stage hy-
drothermal event may have also (re)mobilised Cu. We highlight that the 
samples from this study were sampled from a single drill core at Nifty 
and hence may not represent the entire deposit history. Thus, more 
studies and samples are required to investigate the extent of the features 
observed in this study throughout the deposit. 

Fig. 9. Kernel density estimate diagrams of apatite and monazite 207-corrected 
ages (Ma). The initial 207Pb/206Pb was calculated using Stacey & Kramers 
(1975) and the values are presented in parenthesis in the top right of each 
diagram. The 207-corrected ages were calculated using initial 207Pb/206Pb of 
0.88 (monazite; 650 Ma) and 0.89 (apatite; 810 Ma) consistent with the 
timespan constrained by the isochron and with galena Pb isotopic from the 
Nifty deposit (Anderson et al., 2002). Insets represent the correlation between 
207-correct apatite ages vs. U (ppm). Red and green circles represent vein and 
matrix apatite grains. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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5.2. Significance of apatite and monazite U–Pb ages 

The apatite U–Pb isotopic results demonstrate age differences be-
tween matrix and vein apatite grains. Matrix apatite grains from samples 
104.05 m and 11 matrix apatite grains from sample 104.10 m with 
distinct trace element characteristics (average 207Pb-corrected of ca 825 
Ma) indicate older ages spanning early-mid Tonian, whereas the vein 
apatite grains define a younger population of ca 780–750 Ma (Fig. 9). 
Apatite U–Pb results from sample 101.7 m are the least scattered, 
whereas the results from samples 104.05 m and 104.10 m are highly 
scattered indicating some modification to the U–Pb isotopic systematics 
occurred. The correlation between apatite Th/U and Sr/Y and 207Pb- 
corrected ages (Fig. 8E, F) implies that fluid-assisted recrystallization is 
the dominant process resetting the apatite U–Pb system rather than 
volume diffusion alone (e.g., Harlov, 2015; Ribeiro et al., 2020a), 
modifying the trace element of most vein and matrix apatite during the 
Tonian-Cryogenian. The trace element similarity among all three sam-
ples suggests that most of the matrix apatite and the vein apatite grew 
from/or equilibrated with fluids of similar composition, if not the same 
fluid. Hence, based on the apatite data alone, it is unclear if the different 
apparent ages obtained from this mineral reflect real discrete hydro-
thermal and potentially mineralisation events, or are related to other, 
potentially more recent, partial secondary modification processes. 

Monazite U–Pb data from samples 101.7 m and 104.10 m provide 
evidence for younger hydrothermal events around ca 670–640 Ma and 
ca 550–510 Ma. Yet, these hydrothermal events did not significantly 
modify the rock textures, in some places intragranular fluid flow 
through the rock mass during this event likely affected the apatite U–Pb 
isotopic system, causing the spread in apatite ages from ca 810 Ma to 
750 Ma. This interpretation is well illustrated in the Kernel density es-
timate diagrams (Fig. 9). Matrix apatite grains from samples 104.05 m 
and 104.10 m define a maximum age of ca 850–800 Ma, whereas 
monazite grains from samples 101.7 m and 104.10 m define a minimum 
age of 670–640 Ma for the Nifty deposit (Fig. 9). Vein apatite from 
sample 101.7 m, however, preserves older ca 810–800 Ma ages, likely 
due to shielding by the vein fill from younger fluids that localised into 
the vein margins. This shielding potentially allowed the vein apatite 
from sample 101.7 m to maintain its isotopic cargo. 

Since the vein apatite 207Pb-corrected ages from sample 101.7 m 
match with the minimum age of ca 810 Ma from matrix apatite in 
samples 104.05 m and 104.10 m, we suggest these dates represent the 
best estimate for the age of vein formation. At that time, the matrix- 
hosted apatite grains underwent fluid-driven recrystallization affecting 
their primary U–Pb systematics and trace element composition. Given 
the similar trace element patterns and age similarity between the vein 
apatite and most of the matrix apatite, it is likely that most matrix- 
hosted apatite also crystallised during vein formation. However, some 
apatite in sample 104.10 m preserve apparently older 207Pb-corrected 
U–Pb dates that are compositionally distinct, indicating they may 
represent detrital apatite grains or authigenic material that precipitated 
from pore water (francolite). 

Previous studies on the Nifty deposit using solution ICP-MS apatite 
U–Pb geochronology also yielded variable isotopic results. Huston et al., 
(2020) used five small splits of apatite containing 4–20 grains from two 
samples for trace element measurements via solution-mode ICP-MS and 
another four splits containing 4–5 mg for solution-mode U–Pb isotopic 
measurements via multi-collector ICP-MS. The trace element results of 
Huston et al., (2020) show convex chondrite-normalized REE patterns 
similar to those in this study, however, the solution U–Pb results yielded 
variable U-Pb ratios with apparent ages spanning 850–600 Ma. In an 
attempt to calculate U–Pb and Pb–Pb ages, Huston et al. (2020) were 
forced into some difficult data filtering choices, such as excluding 
apparent outliers in small populations to calculate an age estimate. On 
the basis of their approach, apatite crystallization and ore formation was 
suggested to have occurred at 822 ± 23 Ma (MSWD = 1.5). The recal-
culation of the Pb–Pb ages using the complete apatite dataset yields a 
207Pb/204Pb vs. 206Pb/204Pb isochron age of 908 ± 28 Ma (MSWD = 14), 
demonstrating significant variability in Pb isotopic ratios in that dataset. 
Although the age estimate of 822 ± 23 Ma from Huston et al. (2020) is 
consistent with the matrix apatite U–Pb age spanning 850–800 Ma 
determined via in situ LASS-ICP-MS in this study, the matrix and vein 
apatite age variability implies that the over-dispersed apatite U–Pb re-
sults from Huston et al. (2020) represent real variability due to mixing of 
matrix and vein apatite components, in addition to variability inherent 
to the apatite itself. Such mixtures would be inevitable given the inti-
mate association of veins and matrix that would be all but impossible to 
separate using solution-based isotopic analysis methods. 

5.3. Evolution model 

We propose an evolution model for the vein formation of the Nifty 
deposit involving a minimum of two-stages based on the new apatite and 
monazite U–Pb–trace element and pyrite textures in this work (Fig. 10). 
Although this model may represent only a snapshot in the evolution of 
Nifty, it contributes to a more comprehensive understanding of this 
complex mineral system. 

Stage 1 represents pyrite-bearing vein formation composed of 
euhedral pyrite (Py1) + quartz + garnet + apatite ± chlorite and ±
chalcopyrite (<1 %). The timing of stage 1 is constrained by 

Fig. 10. Schematic evolution of the vein formation stages of the Nifty deposit 
based on apatite and monazite ages and pyrite microstructures. 
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hydrothermal apatite crystallization during early to mid-Tonian (ca 
850–800 Ma; Fig. 10), accompanied by fluid-assisted recrystallization of 
matrix apatite as observed in samples 104.05 m and 104.10 m (Fig. 9). 
Stage 2 represents a late-stage fluid percolation through quartz-bearing 
veins, cracks along the interface between the pyrite-bearing vein and 
host-rock matrix, and thin veins (veinlets) through the matrix. The 
timing of this stage is constrained by hydrothermal monazite crystalli-
zation at 670–640, with a potential later event at 550–510 Ma, associ-
ated with the formation of Py1-Py2 replacement textures and 
precipitation of chalcopyrite. These younger hydrothermal events may 
have enhanced recrystallization and partially reset apatite U–Pb sys-
tematics in the quartz-bearing veins of samples 104.05 m and 104.10 m, 
leading to greater apparent age dispersion (Fig. 6B-C and 9). The 
changes in vein mineralogy suggest a change in fluid composition from 
stage 1 to stage 2. We infer that fluids from stage 1 are more capable of 
dissolving and transporting Cu as inferred from the apatite geochemistry 
as discussed elsewhere (e.g., Krneta et al., 2018, 2017), hence the low 
abundance of Cu-bearing minerals such as chalcopyrite. The crystalli-
zation of Cu-bearing minerals texturally associated with monazite dur-
ing stage 2 implies that Ediacaran-Cambrian hydrothermal events in the 
Paterson Orogen had favourable conditions to precipitate Cu-bearing 
minerals (Reed, 2006; Zhong et al., 2015). 

5.4. Regional inferences 

The Paterson Orogen hosts diverse mineralization, in addition to 
sediment-hosted Cu at Nifty, intrusion-related/orogenic Au–Cu is 
known from Telfer, vein and disseminated Cu–Au–Ag at Winu, 
unconformity-associated U at Kintyre, skarn W–Cu–Zn at O’Callaghans 
and Mississippi Valley-type Pb–Zn at Warrabarty deposits (Huston et al., 
2020; Maidment et al., 2017). The tectonic setting and evolution of the 
Nifty deposit is in some respects poorly understood due to the 
complexity of the published geochronology on this deposit, in part a 
function of the type of minerals investigated (low U, high common Pb). 
Nifty lies within the Broadhurst Formation of the Yeneena Basin, a 
Neoproterozoic basin exposed on the northeastern margin of the West 
Australian Craton and deposited on extended crust of the Archean Pil-
bara Craton and the Proterozoic Capricorn Orogen (Rudall Province). 
The basin was deformed and metamorphosed within the Proterozoic 
Miles and Paterson orogens. Emplacement of mafic intrusions into the 
basin is constrained to the <950–830 Ma interval (Maidment et al., 
2017), which saw extensive juvenile addition into the crust to the east of 
the Rudall Province at this time. Mafic magmatism of this age also 
overlaps an 835–830 Ma mafic intrusive event documented elsewhere in 
the Paterson Orogen (Maidment et al., 2017). Early formation of quartz- 
pyrite veins at Nifty is constrained by hydrothermal apatite to ca 
850–800 Ma, similar to the age of 830 Ma mafic intrusions emplaced 
during basin extension (Maidment et al., 2017). Mafic magmatism 
occurred before regional deformation involving east-northeast – west- 
southwest-directed shortening and was possibly coeval with regional 
metamorphism. The Keene Basalt in the northwest Officer Basin and its 
intrusive equivalents in the Pilbara Craton likely also reflect expressions 
of this extensional process (Haines et al., 2004; Zi et al., 2019). Inversion 
of the basin by southwest verging thrusting and associated dextral 
strike-slip faulting took place during the Miles Orogeny at between ca 
830 and 650 Ma. A range of granites in the Paterson Orogen have 
yielded ages of ca 650–630 Ma including rocks at the Venus prospect 
(Bagas, 2004; Quentin de Gromard et al., 2019). We date a second hy-
drothermal stage and Cu bearing veins at Nifty to around this age by 
monazite, consistent with the mobilisation of crustal fluids at this time. 
More generally, Au–Cu and W mineralisation appears associated with 
650–610 Ma intrusions such as the Mount Crofton Suite (Goellnicht 
et al., 1991) and widespread emplacement of granite in the Percival 
Lake Province, a Proterozoic Terrane rooted on ca 1950 Ma oceanic 
crust that lies to the east of the Rudall Province (Lu et al., 2022), which 
conversely is built on Archean Pilbara Craton substrate. The most 

conservative interpretation of magmatism, which led to crustal fluids 
and mineralisation at ca 670–640 and 550–510 Ma at Nifty, is its pro-
duction during the intracratonic Paterson orogeny, in which pre-existing 
crust was extensively reworked (Cawood and Korsch, 2008; Maidment 
et al., 2017). 

6. Conclusion 

The petrographic observations and in situ apatite and monazite 
U–Pb–trace element and data presented in this study reveal a minimum 
of three distinct hydrothermal events in the Nifty Cu deposit in situ, 
shedding light on the evolution of one of the most prominent, yet 
cryptic, Cu deposits in Western Australia. Hydrothermal apatite associ-
ated with euhedral vein-hosted Py1 defines the first known hydrother-
mal event at early-mid Tonian (ca 810 Ma), which variably reset the 
U–Pb isotope system in pre-existing apatite grains in the host-rock ma-
trix. This first stage is temporally linked to the emplacement of mafic 
intrusions at 835–830 Ma in the Paterson Orogen. Monazite grains 
crystallized in interfacial cracks between the vein and host-rock matrix, 
and in discrete monazite-chalcopyrite veinlets within the matrix, define 
a later hydrothermal stage at ca 670–640 Ma and 550–510 Ma. Intra-
granular fluid flow during these Ediacaran–Cambrian events generated 
Py1-Py2 replacement textures, and likely chemically modified the 
apatite from older quartz-bearing veins leading to dispersion in apparent 
U–Pb ages spanning 810–640 Ma interval as bracketed by the first 
generation of apatite and late-stage monazite ages. This 670–640 Ma 
hydrothermal event is temporally linked with ca 650–630 Ma granitic 
magmatism in the Paterson Orogen associated with regional Au-Cu 
mineralization, whereas the later 550–510 Ma event may be associ-
ated to intracontinental reactivation of the Paterson Orogen. Ore- 
textures preserved in the Nifty Cu deposits are highly diachronous, 
separated by an interval of almost 200 million years. This work high-
lights the importance of applying in situ geochronological and 
geochemical tools to unravel discrete mineralisation and/or fluid flow 
events in regions with long-lived geological histories. 
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Horstwood, M.S.A., Košler, J., Gehrels, G., Jackson, S.E., McLean, N.M., Paton, C., 
Pearson, N.J., Sircombe, K., Sylvester, P., Vermeesch, P., Bowring, J.F., Condon, D.J., 
Schoene, B., 2016. Community-Derived Standards for LA-ICP-MS U-(Th-)Pb 
Geochronology – Uncertainty Propagation, Age Interpretation and Data Reporting. 
Geostandards and Geoanalytical Research 40 (3), 311–332. https://doi.org/ 
10.1111/j.1751-908X.2016.00379.x. 

Henrichs, I.A., O’Sullivan, G., Chew, D.M., Mark, C., Babechuk, M.G., McKenna, C., 
Emo, R., 2018. The trace element and U-Pb systematics of metamorphic apatite. 
Chem. Geol. 483, 218–238. https://doi.org/10.1016/j.chemgeo.2017.12.031. 

Henrichs, I.A., Chew, D.M., O’Sullivan, G.J., Mark, C., McKenna, C., Guyett, P., 2019. 
Trace element (Mn-Sr-Y-Th-REE) and U-Pb isotope systematics of metapelitic apatite 
during progressive greenschist- to amphibolite-facies Barrovian metamorphism.pdf. 
Geochem. Geophys. Geosyst. 20, 4103–4129. https://doi.org/10.1029/ 
2019GC008359. 
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